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ABSTRACT

RETRAN-3D has proven to be a versatile and reliable computer program for use in best-estimate
transient thermal-hydraulic analysis of light water reactor systems. The RETRAN-3D computer
program is an extension of the RETRAN-02 program designed to provide analysis capabilities
for (1) BWR and PWR transients, (2) small break loss-of-coolant accidents, (3) anticipated
transient without scram, (4) long-term transients, (5) transients with thermodynamic
nonequilibrium phenomena, (6) mid-loop operation with noncondensable gas present, (7)
transients where three-dimensional power shapes and reactivity feedback effects are important,
and (8) BWR stability events. RETRAN-3D also maintains the complete analysis capabilities of
RETRAN-02.
This report (the fifth of a five-volume computer manual) outlines recommended modeling
guidelines for the RETRAN-3D code user. The four companion volumes describe the theory and
numerical algorithms, programming details, the user input requirements and sample problem
input and output files, and the verification and qualification performed with RETRAN-3D.
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OVERVIEW OF RETRAN-3D

RETRAN-3D is a best-estimate transient thermal-hydraulic code designed to analyze operational
transients, small break loss-of-coolant accidents, anticipated transients without scram, natural
circulation, long-term transients, and events involving limited nonequilibrium conditions in light
water reactors. It can also be used to analyze the steady-state and transient response of any
thermal-hydraulic system using water as the cooling fluid.
The field equations solved include the integral form of the one-dimensional, homogeneous
equilibrium mixture equations for the conservation of continuity, flow and energy, with options
to also use (1) a slip equation based on either dynamic or algebraic models, and (2) a slip
equation and a vapor mass equation. The addition of a slip equation in the second and third
options allows each phase in a two-phase mixture to move with a separate velocity. This is
important in the analysis of many two-phase flow transients. The fluid in the homogeneous
mixture and slip equation option is treated using an assumption of equilibrium thermodynamic
conditions. In the third field equation option (referred to as the "five-equation" option),
nonequilibrium conditions are allowed for a two-phase mixture, with the vapor phase in the
mixture constrained to saturation conditions.
To all of the above options is added an additional mass conservation equation for
noncondensables (when present). Noncondensables and/or water-vapor are lumped together to
create what is referred to as the "gas" or "gas-phase". The components of this gas phase are
always well mixed and at a single temperature. Slip equations, when used; treat this gas phase as
a second fluid that "slips" relative to the liquid phase. When homogeneous equilibrium
assumptions are used, all of the phases (regardless of composition) exist at a single temperature.
When nonequilibrium conditions are permitted, the gas temperature is mass weighted between
the liquid temperature and the saturation temperature. That is when the gas contains solely
noncondensables, its temperature is the liquid temperature; when the gas contains solely watervapor, its temperature is the saturation temperature. Between these endpoints the gas
temperature is mass weighted, linearly, as a function of vapor mass to total gas mass.
Input models for the code are developed by assembling the basic building blocks consisting of
fluid control volumes, flow paths or junctions, and components (e.g., heat conductors, pumps,
energy sources, valves, and control systems) into a representative model of the system to be
analyzed. Node and component number assignments for the building blocks may be assigned in
random order which allows the addition or deletion of components to be done with relative ease.
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Overview of RETRAN-3D

RETRAN-3D has options to use the following features:
·

iterative solution of the steady-state field equations and the control system and other
component equations;

·

an implicit, two-surface heat conduction model that allows internal power generation;

·

models for one-dimensional and point reactor kinetics;

·

trip logic;

·

control system models;

·

natural circulation, forced flow, and condensation heat transfer correlations;

·

flow and pressure boundary conditions;

·

component models for pressurizers, steam separators, centrifugal pumps, valves, and
accumulators; and

·

special purpose models for modeling the movement of a temperature front or impurities.

Implicit solution methods are used for the steady-state and transient form of the field equations.
Both linear and iterative nonlinear solutions of the transient field equations are available. The
iterative transient solution method includes a number of algorithms used to provide automated
time-step size control.
The equation-of-state properties are generally valid between 100 and 6000 psi, allowing for the
analysis over a wide range of operating conditions. Separate numerical algorithms (algebraic
and finite difference in form) are also used for the solution of other equations (e.g., equation of
state, heat conduction, neutron kinetics, control system, and pump behavior) as required.
The running times required to analyze a particular transient with RETRAN-3D are dependent on
the detail of the geometric model, the type of event to be analyzed, and the computer performing
the calculation. The solution of the steady-state field equations typically requires between four
and ten iterations for a PWR and between fifteen and thirty iterations for a BWR. An iteration in
the solution of the steady-state equations is approximately equivalent to a time step for the
transient equations. The time required for the solution of the transient field equations is
dependent on the equations being solved (three-, four-, or five-equation and/or noncondensable
options), the conditions for the problem (e.g., slowly varying or rapidly varying conditions), and
the duration of the transient to be analyzed.
The user has control of edit information (with respect to frequency and type), and the capability
is provided to archive solution information on a data file for later use in restarting a calculation
or to plot or edit results from a previous calculation.
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Overview of RETRAN-3D

The documentation for RETRAN-3D supplements a four-volume code manual published as an
EPRI report.[EPRI NP-7450-CCML] The content of these volumes is


Theory and Numerics - discusses the theoretical development of the general equations,
the constitutive relationships, and numerical solution techniques.



Programmer's Manual - presents the general coding philosophy, code installation and
maintenance instructions, descriptions of the code modules, subroutines and data files,
and information on auxiliary programs that can be used with the code.



User's Manual - provides the input data requirements and sample problem input and
typical output data for each of the RETRAN-3D modules.



Assessment Manual - describes the verification and validation tasks for the code
development phase and presents results of analyses used to evaluate and qualify the code
for various applications.

The Modeling Guidelines is a supplementary document for the RETRAN-3D manuals that
describes general modeling guidelines for RETRAN-3D such as geometric modeling, modeling
of physical phenomena, modeling options, and system nodalization.
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I
INTRODUCTION

RETRAN-3D is a computer code designed to perform overall system response analyses of
reactor power plants. The RETRAN-3D code uses plant geometry, initial thermal-hydraulic
states, component data, control function descriptions, and physics data as input to calculate the
overall plant system thermal-hydraulic response during a transient. Where additional detail is
required, the overall system response calculated by RETRAN-3D can be used as a boundary
condition for the detailed analysis. The RETRAN-3D-01 code was released by EPRI in
December 1978, the RETRAN-02 code was released in May 1981, and the RETRAN-3D code
was released in January 2001. Extensive documentation, including a theory manual, a
programmer's manual, a user's manual, and an applications manual, has been prepared for all
three codes
Since the RETRAN-02 User Guidelines were released, many users have expressed the desire to
have an updated document which discusses "how to model thermal-hydraulic systems" with
RETRAN-3D and is extended to include the new RETRAN-3D models. While this document is
not a "cookbook" approach to modeling, the sections in this manual present various methods of
modeling both simple and complex systems which are generally employed by RETRAN-3D
users.
The RETRAN-3D code uses the "node-flow path" approach for representing fluid volumes. In
SII, various methods of modeling combinations of single and multiple volumes are discussed.
Both single-phase and two-phase flow and heat transfer occur in reactor transients. Chapter III
discusses these and other physical phenomena (e.g., energy generation, front motion), which
have to be considered in modeling some transients.
The transient behavior of nuclear reactor systems is affected by system components such as
piping, pumps, steam separators and a pressurizer. In Chapter IV, the function(s) of these
components and the important parameters and modeling considerations are discussed. The
modeling suggestions presented in Chapters II and IV offer possible methods of representing
portions of nuclear systems.
In the system model, the user is required to prepare a considerable amount of data to completely
describe the system. Sources of information for data such as geometry, control systems,
measurement devices, and setpoints are indicated in Chapter V. General modeling guidelines for
performing RETRAN-3D analyses of the BWR and PWR system transients are presented in
Chapter VI. The final chapter lists the references used in this manual. There are two appendices
for this manual. A brief summary of the limitations of the RETRAN-3D code is presented in
Chapter VII and VIII provides suggestions to help users initialize their RETRAN-3D input
model.
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II
GEOMETRIC MODELING

The RETRAN-3D computer code calculates the transient thermal and hydraulic behavior of a
network of fluid regions, including energy exchange with the fluid boundaries. RETRAN-3D
uses simplified geometry concepts to approximate actual and often complex situations. Thus,
geometric modeling of these networks is of primary importance.
There are a number of parameters and options that dictate the behavior of the various terms in
the fluid field equations and conduction equations. This section addresses the geometry
information that appears on the volume and junction input cards for the fluid system and on
various cards for the conductors. Because some of the input parameters are used in more than
one term or equation, the manner in which input is prepared is important. Section II.2.0
describes input that appears on the volume cards (05XXXY) and Section II.3.0 discusses input
for the junction cards (08XXXY). Section II.4.0 presents three examples to clarify the
information given in Sections II.2.0 and II.3.0. Section II.5.0 describes inputs for heat
conductors that pertain to the geometry.
1.0

FLUID FLOW MODEL PARAMETERS

1.1

Fluid Flow Model Equations

RETRAN-3D assumes the hydraulic network being analyzed is one-dimensional. This network
is represented as a group of "control volumes" connected by junctions. A RETRAN-3D control
volume is a simple fluid region that has a given fixed volume, length, and flow area. If the actual
region is a section of uniform pipe, the RETRAN-3D model matches the actual case. If the
actual region is not a segment of a uniform duct, the RETRAN-3D model is an approximation of
the actual case.
Most analyses involve complex geometries that must be approximated. Since RETRAN-3D uses
one-dimensional flow equations, a major question is how to best model the real threedimensional geometry in a one-dimensional sense. Absolute rules regarding modeling methods
do not exist and the information is presented here as guidelines rather than rules. Sensitivity
studies or the use of alternate modeling methods should be considered for all situations.
Geometry inputs on both the volume and junction cards are important parameters in the solution
to the mixture flow and energy equations and the slip equation.
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1.1.1

HEM Model

The three mixture equations in RETRAN-3D are the mass conservation equation, the flow
equation, and the energy equation. This set of three equations is referred to as the homogenous
equilibrium model (HEM) or the three-equation model. The HEM model is the default equation
set and implies the vapor and liquid phases are in thermal equilibrium and move at the same
velocities. The flow and energy mixture equations presented below contain a Vsl term
representing the difference in the vapor and liquid velocity  Vl  Vg  for completeness however,
the HEM equation set assumes VSL = 0. When Vsl is zero, many of the terms drop out in the
mixture many of the flow and energy equation terms drop out.

The mixture mass conservation equation (Section II.3.1 of Reference II.1-1) is written as:
d
M K   Wj   Wj .
dt
in
out

(II-1-1)

The mass conservation equation is quite simple and is not influenced by the slip option, but is
supplemented by an additional continuity equation when the five-equation model is used
(discussed later).
The mixture flow equation (Section II.3.1 of Reference II.1-1) is written as
2
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(II-1-2)

The left-hand side of the equation represents the rate of change of total flow for the fluid within
the flow cell. The terms on the right-hand side are the forces divided by area and represent








the static pressure difference (Term 3),
momentum flux (Terms 1, 2, and 7),
wall friction (Term 4),
irreversible junction friction losses (Term 8),
elevation head (Term 5),
centrifugal pump head (Term 6), and
jet pump head (included in Term 6).
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The cosine multipliers to Terms 1, 2, and 7 are used to account for branching flows and the affect
on the momentum flux terms.
The mixture energy equation (refer to Section II.3.1 of Reference II.1-1) is
d
m m
U k =   W h - X g X   A V SL  h g - h   p   j
dt
j T k

-   W h - X gm X m A V SL  h g - h     Q K .
j

(II-1-3)

j I k

The left-hand side of the energy equation is the rate of change of total internal energy. This
derivative is determined based on the energy fluxes across the boundary. The terms in the
energy equation are




the energy flux convected into the volume (Term 1);
the energy flux convected out of the volume (Term 2); and
Term 3 energy deposited directly into the fluid from energy from
heat conductor wall heat flux,
viscous dissipation of heat from centrifugal pumps,
reactor kinetics direct moderator heating, or
nonconducting heat exchanger model option.

As discussed above, the HEM assumes the vapor and liquid phases are in thermal equilibrium
and move at the same velocities. The flow and energy mixture equations above contain a VSL
term representing the difference in the vapor and liquid velocity (Vl-Vg) for completeness;
however, for the HEM model VSL is zero and many of the equation terms vanish.
1.1.2

Four-Equation Models

The HEM equations can be optionally supplemented by an additional equation that defines VSL.
This equation is referred to as a slip equation. RETRAN-3D has several options for the slip
equation that can be selected by the ISFLAG parameter on the problem dimension data field
(01000Y). These options are






Zolotar-Lellouche algebraic slip correlation (ISLFLAG =2),
Chexal-Lellouche algebraic slip correlation (ISLFLAG =3),
dynamic slip (ISLFLAG =1),
dynamic slip with the Zolotar-Lellouche algebraic slip correlation used for the interphase
friction term (ISLFLAG =4), and
dynamic slip with the Chexal-Lellouche algebraic slip correlation used for the interphase
friction term (ISLFLAG =5).
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1.1.2.1

Algebraic Slip Model

The algebraic slip velocity is dependent on the drift velocity and concentration parameter
determined using a drift flux correlation. It is based on steady-state conditions and is given by
 W

 A 1 - C o  - V gj

j
V SL, j =
1 -  g  j SW  - Co g  - g  j



(II-1-4)



where all the variables are computed for conditions at the junction j. The absolute value and SW
were added to guarantee consistency with the drift flux sign convention where
SW

= 1 for W > 0
= -1 for W < 0

The drift velocity Vgj and the concentration parameter C0 come from the specific drift flux
correlation. There are two available in RETRAN-3D, the Chexal-Lellouche or the ChexalLellouche[II.1-2] correlation and the Zolotar-Lellouche[II.1-3] correlation. Both are empirical
correlations fit to void fraction data. The Zolotar-Lellouche correlation was fit to void fraction
data representative of upflow in BWR core type geometry. The Chexal-Lellouche correlation
was fit to void fraction data base containing not only the Zolotar-Lellouche data, but data for
different flow patterns and geometries. Consequently, it is applicable to a wider range of
conditions and geometry. The Zolotar-Lellouche correlation was retained in RETRAN-3D
primarily to provide backward compatibility with RETRAN-02. The Chexal-Lellouche model is
recommended for general use as the preferred correlation.
1.1.2.2

Dynamic Slip Model

The dynamic slip equation is a differential equation solved implicitly with the mixture equations
when this option is chosen. This equation (refer to Section II.3.1 of Reference II.1-1) is
ˆ mi
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where
Sv a

=

Â m j

=

̂ j

=



1 for v a  0 ,
-1 for v a < 0
A m
and
1+
 g g   

1 1 1
 - .
L j     g 

The left-hand side of the dynamic slip equation represents the rate of change of the difference
between the liquid and vapor phase velocities. Am is an "added mass" term and reflects the fact
that whenever one phase accelerates (or decelerates) it affects the other. It is analogous to the
inertia term in the flow equation. The terms on the right-hand side of the dynamic slip equation
are


Term 3 represents the static pressure gradient,



Terms 1 and 2 represent the vapor and liquid velocity gradient terms and are flow flux
terms,



Terms 4 and 5 are wall friction terms for liquid and vapor respectively and the junction
local loss terms for liquid and vapor respectively where k is the junction loss coefficient,
and



Term 6 represents the friction between the vapor and liquid phases and is typically the
dominant term in the equation.

The Svg and Sv terms are to maintain the proper sign when the velocity is squared.
The Fwg and Fwℓ terms contain the product of wall contact area (Awg and Awℓ) and phasic friction
factors (Bwg and Bwℓ), respectively. The wall contact area is evaluated based idealized flow
patterns based on the flow regime selection. For wall friction, the vapor and liquid wall contact
area is much different than for a bubbly flow regime versus an annual flow regime. For instance,
the vapor wall contact area is zero for annual flow versus a nonzero value for bubbly flow. The
flow regime is selected from either a horizontal or vertical flow regime map that is highly
empirical and may not be applicable to the geometry modeled. In addition, flow field models are
not available for every flow regime so interpolation between known flow field models may be
required. Transitions between flow field models must also be smoothed so abrupt changes do
not occur.
The contact area between the phases is also flow regime based. If the contact area is large as in
bubbly flow, the phasic velocity difference is not as much as compared to the smaller contact
area for annular flow. The interphase friction term dominates the dynamic slip equation
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behavior with the interphase area being the most important. The interphase area can change
significantly with the flow regime selection. Slip Options 4 and 5 replaces Term 6 with an
algebraic slip form for interphase friction. This model is referred to as the “Taugl” model and is
discussed later.
The junction hydraulic diameter, although not shown explicitly in the equation, is used in
evaluating the wall friction factor “B” terms.
As discussed earlier, the interphase friction in the dynamic slip equation is highly dependent
flow regime selection and discontinuous forms are available for each flow regime where flow
field models are known and in flow regimes where friction models are unavailable, the values
must be interpolated. Although smoothing of this friction term is done, the way it is smoothed or
interpolated may not accurately represent the transition. An alternate method to define
interphase friction is the “taugl” model which uses the drift flux parameters Vgj and C0 to define
interphase friction. The void fraction correlation for these parameters is smooth and continuous.
The taugl interphase friction (refers to Section III.5.1.3 in Reference II.1-1, for further
information on the equation development).
  - g 
p eSv
2
2

a1V SL + a 2 W  .
F g = 
2
 g   z k + z k+1 V gj

(II-1-6)

where
Sv

=

a1

=

a2

=

- V gj / V gj ,

C o g -  C o - 1 X g - 1 , and
1 - Co  .
A

Equation II-1-6 is used to provide the interphase drag for use with the dynamic-slip model when
one of the “taugl” options is used. Either the Chexal-Lellouche or the Lellouche-Zolotar driftflux correlation can be used to complete this model. The empirical drift-flux correlation of
Chexal-Lellouche has been fit to data from a wider range of flow patterns and geometries than
that of the Lellouche-Zolotar correlation and is consequently more generally applicable to
complicated flow structures.
1.1.3

Five-Equation Model

To remove thermal equilibrium constraints in the HEM and four-equation models the mixture
continuity equation is supplemented by a vapor continuity equation. The additional continuity
equation (fifth-equation) permits unequal vapor and liquid temperatures. The objective for
development of the unequal-temperature model for RETRAN-3D is to extend the range of
applicability of RETRAN-3D analyses. The assumption that the temperatures of the liquid and
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the vapor phases in a mixture are equal, limits the physical phenomena that can be described
rigorously. The equal-temperature model, for example, cannot describe subcooled boiling for
which vapor is generated in a subcooled liquid (a liquid for which the average energy is less than
the saturation value). Subcooled boiling is an important phenomenon in BWRs relative to power
generation and power distribution in the reactor core.
Other unequal-temperature phenomena arise in both PWR and BWR systems. In order for
RETRAN-3D to be applied to analyses of these phenomena, the equal-temperature assumption
must be removed from the model equations.
The unequal-temperature model available in RETRAN-3D is based on the assumption that the
vapor phase in a two-phase mixture will be at the local saturation state corresponding to the local
pressure. This constrained vapor temperature approach, relative to a more general unequaltemperature model, is sufficient for most of the analyses of interest for RETRAN-3D. The
resulting model can describe vapor present in a subcooled liquid and injection of cold water into
a two-phase mixture.
The unequal-temperature model, with the vapor phase constrained at the saturation state
(noncondensables omitted), requires only one additional fluid balance equation beyond those
used for the unequal-velocity or slip model described in the previous section. All that is required
is that the phasic properties be defined so they represent the phasic conditions. For example, the
liquid properties may be for subcooled, saturated, or superheated conditions, while those for the
gas phase are saturated. For this reason, the slip balance equations are an integral part of the
five-equation model, but are not repeated here. The additional required equation is the mass
conservation equation for the vapor phase that gives the mass of vapor, Mv, as an additional
dependent variable. The vapor mass balance for Volume k is given by
d
m
m m
M v k =   X g 1 - X nc  W + X g X  1 - X nc   A V SL  j
dt
j T k

-   X gm 1 - X nc  W + X gm X gm 1 - X nc   A V SL  j + m
 g k V k .

(II-1-7)

j I k

The nc subscript refers to noncondensable gas which is an option described below and is
included in the equation for completeness. The left-hand side of the equation represents the rate
of change of vapor mass within a volume. The terms on the right-hand side are




vapor mass entering the volume,
vapor mass exiting the volume, and
the vapor mass condensed within the volume.

The mass exchange between the liquid and vapor phases, m
 g  , is the net exchange of mass per
unit volume and time. The mass exchange models are described in Section III.6.0 of Reference
II.1-1.
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The equation-of-state for the five-equation model is changed from thermal equilibrium solution
used with the homogeneous equilibrium and slip models. The pressure is now a function of three
independent variables and is given by
p k = p(M k , M v k , U k ) .
1.1.4

(II-1-8)

Noncondensable Flow Model

RETRAN-3D has an option that allows the modeling of noncondensable gases flowing through a
system with or without water being present. The noncondensable gas can be present initially or
introduced to the system during a transient. Past versions of RETRAN had limited modeling
capabilities for noncondensables. The current RETRAN-3D version allows noncondensables to
flow through the system and also influence the system hydraulic behavior. This model can be
used with the three-, four-, or five-equation sets.
Several general assumptions are implicit to the "noncondensable flow" model.


The noncondensable behaves as an ideal gas.



The noncondensable is in thermal equilibrium with the water that may accompany it. If
the water is two-phase, the noncondensable shares the vapor temperature. If the water is
single-phase, the noncondensable is in thermal equilibrium with the phase that is present.



The noncondensables are thoroughly mixed with, and travel in tandem with, any vapor
that is present.



The partial pressures of the noncondensable (pnc) and the water vapor (pv) sum to the total
pressure.



The vapor and noncondensable occupy the same space and hence the density of the
resulting gaseous mixture (g) is the sum of the component densities (nc and v).

The principal limitations of this model center on the assumed temperature constraints. For
example, when the four-equation model is used, humid air in the presence of liquid occurs with
the assumption that all phases are in thermal equilibrium. When the five-equation solution is
used, a humid air mixture accompanied by liquid will always be at a temperature higher than the
liquid temperature. When water is not present, the noncondensable temperature has no such
constraints.
The underlying reason for the various temperature constraints is that only one energy balance
equation is used. That is, the independent variables do not separate the energy between the gas
and liquid phases and, consequently, an assumption of some sort is required for closure of the
state equations. As implemented, this assumption is simply the linking of the vapor temperature
to the saturation temperature. An alternative method might be to link the liquid temperature to
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saturation. But regardless, an assumption of some sort is required unless an additional energy
balance equation is introduced that specifies the energy split between the liquid and vapor.
The noncondensable continuity equation is
d
m
m m
M nc k =  X g X nc W - X g X  X nc A V SL
dt
j T K

-  X gm X nc W - X gm X m X nc A V SL .

(II-1-9)

j I k

The left-hand side of the equation represents the rate of change of noncondensable mass within a
volume. The terms on the right-hand side are



noncondensable mass entering the volume, and
noncondensable mass exiting the volume.

When noncondensables are present, another independent equation-of-state variable is added and,
hence, the volume pressure for the HEM model is



p k = p M k , M nck , U k )



.

(II-1-10)

When noncondensables are present and the five-equation model is used, the volume pressure
becomes a function of the three mass values and the total internal energy,
p k = p(M k , M v k, M nc k, U k ) .
1.2

(II-1-11)

Conductor Parameters

One of the source terms in the energy equation (Eq. II-1-4) is associated with heat transfer to or
from metal surfaces. Examples of heat conduction in reactor systems include (1) the core, (2)
steam generators, (3) feedwater heaters, and (4) vessel and pipe walls and other structural
components. RETRAN-3D uses a one-dimensional heat conduction solution to represent heat
transfer between the fluid and structural elements.
The core and steam generator are generally modeled geometrically correct and in a fair amount
of detail as they are the primary source and sink of energy in the system. Some metal mass
geometry is well defined, but for complex internal structures, this is not the case. Simplifications
and consolidations of the some nonheated heat conducting structures are generally made when
preparing the conductor input for RETRAN-3D. The justification for this approach lies in the
fact that the energy exchange rate between the conductor and fluid is small relative to other
energy equation terms for the associated volumes.
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As a minimum, the core is modeled and for PWRs the steam generator tubes. The remainder of
the system metal mass will influence the results for severe heat-up or cooldown transients. In
some instance omission of the metal mass for an analysis is conservative or vice versa. For long
term transients, the metal mass stored energy can also be important to the outcome. The system
metal mass should be modeled if best-estimate results are desired,.
The one-dimensional conduction model in RETRAN-3D is based on the definition of the
geometry (cylindrical or rectangular) and the definition of the computational mesh within the
conductor. Each conductor can consist of one or more materials (regions) which can be
subdivided into meshes. Each mesh defines a transient energy cell within the conductor that has
a certain volume, heat capacity, and conductivity. The conductor input parameters are discussed
in Section II.5.0. The conduction equation for a rectangular geometry is written as (refer to
Reference II.1-1, Section VIII.7-0)



 C p  h vi +  C p  h riv  T i = k  i h s i  T i  + k ri h sri  T i  + Q  i h vi + Q ri h riv

 t
i
ri
  x 
  x r

(II-1-12)

where
v
v
h  i and h ri

s

s

h  i and h ri
T i
t
 T i 


  x 
 T i 


  x r

=
=
=
=
=

are material volumes to the left and right of the temperature node
mesh center line,
are surface areas on the left and right-side nodal mesh,
m+1
m
Ti - Ti ,
t
m+1
m+1
T i - T i-1
, and
h i
m+1
m+1
T i+1 - T i .
h ri

The terms on the left-hand side of the equation within the brackets represent the heat capacity of
conductor node i. Tim 1 is the temperature of node i at time step m+1. It is the variable for which
this expression will be solved. The first and second terms on the right side of the equation are
the heat transfer rates to the adjoining nodes i-1 and i+1. The third and fourth terms are the
volumetric heat generation terms.
2.0

CONTROL VOLUME PARAMETERS

RETRAN-3D is based on the concept of "control volumes" that are also referred to as "nodes" or
"mass-energy cells". A control volume represents a particular, fixed region of the fluid flow
network and often encompasses obstructions that retard the flow of the fluid. Even though the
volume may represent a complex geometry with internal structures, RETRAN-3D assumes the
volume flow area is uniform. RETRAN-3D volumes are connected by "junctions" or "flow
paths". Mass and energy are conserved within the control volumes while momentum is
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conserved at the junctions. Figure II.2-1 shows two volumes (mass and energy cells) and one
junction (flow cell). Note that the mass and energy cell is staggered in relation the flow cell.
The flow cell occupies half of the upstream and downstream volumes. The continuity and
energy equations are solved for the volume and the flow and slip equations are solved for the
junction flow cell.

VSL j1
M K+

q wm K

P K+1

1

A K+

1

VSL j
LK
2

Wj

MK
Aj

PK

HK

W
L

W j+1

VSL K

HK+1

1
K

1
K

2

AK
WK

VSL K

VSL j1

ZK+1
Zj

W j- 1

ZBK+1

ZK

ZBK
Zref

Figure II.2-1. Typical Computational Mesh for Two Volumes

This staggered cell approach requires that some parameters in the conservation equations must
be extrapolated from values computed directly. For instance, note that the energy equation
(Eq. II-1-4) has junction enthalpies for the energy convection terms. The volume enthalpy is
known and the junction enthalpy must be extrapolated from the volume center. There are several
options for the junction enthalpy extrapolation that will be discussed later. Another extrapolation
example can be observed in the flow equation (Eq. II-1-2). There are volume flows and slip
velocities in the flow flux terms, yet the flow and slip velocities are solved for the junction, so
these volume quantities must be extrapolated.
There are nongeometric inputs for volumes that select options. User guidelines for these other
input parameters are given in the User Input Manual, (Volume 3) Section IV.7.6.1 and are not
repeated here.
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The geometric properties that must be input to define each RETRAN-3D control volume are






fluid volume, VK;
overall height of the volume, HK;
flow length of the volume, LK;
flow area, AK;
hydraulic diameter of the flow channel, DhyK ; and



base elevation of the volume relative to a chosen reference elevation, ZBK.

Table II.2-1 summarizes these parameters and their use in the mixture energy equation, mixture
flow equation, and slip equation.
2.1

Volume

The total initial inventory of fluid mass and its energy is determined from the fluid volume (VK)
and the initial thermodynamic conditions (i.e., pressure, enthalpy, temperature, or quality).
During the transient, the mass and energy balance equations determine the total mass and
internal energy in a. node. Using the node volume, VK, and the node mass, the specific volume
and energy are then used with the equation-of-state to determine the node pressures. These
volume thermodynamic pressures define the differential pressure term (PK – PK+1) on the righthand side of the flow equation (Eq. II-1-2).
The fluid volume that is input to RETRAN-3D is the actual volume occupied by the fluid within
the boundaries of the control volume. For complex regions, this normally involves calculating
the gross volume and then subtracting the volume of structures contained within that region.
2.2

Elevation

The volume elevation (ZBK) is used along with the volume height in the flow to determine
elevation head. The elevation should be input as the lowest elevation of the volume and must be
referenced to a fixed point for all volume and junction input in a given model. The reference
elevation can be any point in the system, but all elevations within a model must be relative to one
single point.
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Table II.2-1
Volume Geometric Parameters
INPUT
PARAMETER

05XXXY CARD
LOCATION

USE

EQUATION
NUMBER

Volume

W6 - VOL

Volume State Properties, Flow1 - pressure gradient
i.e., pressure, enthalpy
and density terms
Energy2 - volume
enthalpy and density
terms
Dynamic Slip3 pressure gradient
and density terms

Volume Height

W7 - ZVOL

Density Head

Flow1 - Term 7

Flow Length

W8 - FLOWL

Wall Friction
Pressure Gradient

Flow1 - Term 5
Dynamic Slip3Term 1
Dynamic Slip3Terms 2, 3, 4, and 5

Momentum Flux
Volume Area

W9 - FLOWA

Momentum Flux
Wall Friction

Hydraulic
Diameter

W10 -DIAMV

Wall Friction
Wall to Fluid Friction
Interphase Friction

Volume Bottom
Elevation

W11 – ELEV

Density Head

Wall Roughness

W12 – EOVRD

Wall Friction

Flow1 - Terms 2, 3, 4
and 5
Flow1 - Term 5
Dynamic Slip3Terms 2 and 3
Flow1 - Term 5
Dynamic Slip3 –
Terms 4 and 5
Dynamic Slip3 –
Term 6
Flow1- Term 7
Flow1 - Term 5
Dynamic Slip3 –
Terms 4 and 5

1 Eq. II-1-3
2 Eq. II-1-4
3 Eq. II-1-5
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2.3

Height

The volume elevation (ZBK) and height (HK) are used in the flow to compute the pressure
difference due to the elevation changes. In the flow equation, the density head term computed
from the center of Volume K (ZBK + HK/2) to the junction elevation (ZJ), (see Section II.3.0) and
then from the junction elevation to the center of Volume K (ZBK + 1 + HK+ 1 /2). The volume
height is the dimension from the base or bottom to the top of a control volume.
2.4

Flow Length

The flow length (LK) appears in the wall friction for the mixture flow equation and in the
pressure gradient and flow flux terms of the dynamic slip velocity equation. The value provided
for the flow length should be a typical fluid path length through the region being modeled for
simple pipe volumes. It may need to be adjusted for complex geometries to obtain the correct
wall friction pressure drop.
2.5

Relative Roughness

The relative roughness (/Dhy) is used in the Colebrook correlation for the turbulent wall friction
(see Section III.2.1.2). It is the ratio of the absolute roughness and the pipe diameter Dhy which
is defined below. A value of 0 indicates smooth pipe. The Blasius model for the turbulent wall
friction does not account for wall roughness, so the input value is unused for these models. The
Moody model for the turbulent wall friction accounts for wall roughness through a model
coefficient (see Section III.2.1.1), so the input value is also unused.
2.6

Flow Area

The volume flow area (AK) is used in the mixture flow and dynamic slip equations flux and wall
friction terms. The volume flow area should be based on the actual area at the point in space that
corresponds to the flow cell boundary within the volume. This point is characterized in two
ways



with respect to elevation, the location is at ZBK + HK/2, and
with respect to flow length, the location is at LK/2 in the region.

These two specifications may not always result in points that coincide. In such a case, the value
selected should be determined by evaluating the relative magnitude of the results produced. In
general, difference introduced by small changes in the volume area will generally not influence
the outcome of the problem. If a large change in the volume area results because of the
difference in these two criteria, then perhaps the nodalization of the geometry should be
reconsidered.
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If a specific pressure measurement is available corresponding to a RETRAN-3D node pressure,
the area at the location of the pressure tap may be used and the other criteria disregarded.
2.7

Hydraulic Diameter

The hydraulic diameter or wetted equivalent diameter is defined as
D hy = 4xFlow Area/Wetted Perimeter
or
D hy = 4xVolume/Wetted Surface .
3.0

JUNCTION PARAMETERS

The control volumes discussed in the previous section are regions where fluid mass and energy
are conserved. The connections between these mass-energy cells are called "junctions".
Technically, the "junction" cell is a fluid region existing between the centers of the adjacent
mass-energy control volumes. In RETRAN-3D, the mass flow rate, Wj, in this cell is assumed to
be the flow occurring at the connection ("junction") between control volumes.
In the general case, the connection between mass-energy volumes has a flow area, Aj. that may
be different than the flow areas of the Volumes A k and A k 1 . For clarity, the term "control
volume" (or simply "volume") is reserved for the RETRAN-3D fluid mass and energy balance
region, whereas "junction" refers to a region (or cell) for the fluid flow balance. Subscript K or
K+l refers to a volume and subscript j refers to junction. Geometric parameters that are input to
define each RETRAN-3D junction are


junction flow area, A j ;



junction elevation, Z j ;



junction inertia, I j ;



forward and reverse form loss coefficients, e j* ;



junction hydraulic diameter, D h j , and



junction angle,  j .

These parameters and their use in the mixture flow, mixture energy, or slip equation are
summarized in Table II.3-1. This information, when combined with the geometric data supplied
in the "volume" cards, is used by RETRAN-3D to solve the flow equation for every junction.
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Table II.3-1
Junction Geometric Parameters
INPUT
PARAMETER

08XXXY CARD
LOCATION

USE

TERM NUMBER*

Junction Flow
Area

W6 - AJUN

Junction Friction

Flow1 Term 6
Dynamic Slip3 Terms 4 & 5
Vapor Continuity4 Terms 1 & 2
Noncondensable Continuity5 Terms
1&2

Junction Elevation

W7 – ZJUN

Density Head

Flow1 Term 7

Junction Inertia

W8 – INERTA

Inertia

Flow1 Left-Hand Side

Forward Form
Loss Coefficient

W9 - FJUNF

Junction Friction

Flow1 Term 6

Reverse Form
Loss Coefficient
Junction Hydraulic
Diameter

W10 - FJUNR

Junction Friction

Flow1 Term 6

W15 - DIAMJ

Interphase and Wall
Friction

Dynamic Slip3
Terms 4, 5, and 6

Junction Angle

W21 - ANGLJ1

Momentum Flux
Momentum Flux

Flow1 Term 2
Dynamic Slip3 Term 2

Junction Angle

W22 – ANGLJ2

Momentum Flux
Momentum Flux

Flow1 Term 3
Dynamic Slip3 Term 3

1 Eq. II-1-3
2 Eq. II-1-4
3 Eq. II-1-5
4 Eq. II-1-8
5 Eq. II-1-10
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There are nongeometric inputs for junctions that select options. User guidelines for these other
input parameters are given in the User Input Manual (Volume 3), Section IV.8.3, and are not
repeated here.
3.1

Junction Inertia

The time rate of change of flow for a fluid segment occupying the flow cell volume is
Vj

 
dV ,
A

t

(II-3-1)

which in RETRAN-3D is identified as I j

dWj

and has the units of pressure (force per unit area).
dt
The typical definition for the motion of an element of mass can also be used to develop the lefthand side of the RETRAN-3D flow equation
d[Mv]

dt

F

,

(II-3-2)

where
m
v

F

=
=
=

mass,
velocity, and
accelerating force.

Substituting  V = M and v =
 VW 
d
 A  
dt

F

W
results in
A

,

(II-3-3)

or
V dW

A dt

F

,

(II-3-4)

and dividing both sides by A yields
V dW

A 2 dt

P

,

(II-3-5)
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where

P
V
W
A

=
=
=
=
=

fluid density,
pressure,
volume,
mass flow rate, and
flow area.

The expression for inertia (volume divided by area squared) is equivalent to
dL


Flow Path A

(II-3-6)

for each element of mass in the flow cell moving at a particular velocity. To calculate a single
for a combined flow path inertia, the flow path is divided into several separate paths (parallel or
serial) that have constant properties.
The inertia for a single series path with several changes in area is
Is 

Li

 A  I
i

i

,

(II-3-7)

i

where each segment has the inertia Li /Ai.
For a set of parallel paths, the inertia is

Ip 

1
,
Ai
i L
i

(II-3-8)

where each parallel path has a flow area, Ai, and length, Li. The inertia calculated using the
parallel path equation (Eq. II-3-8) is valid only to the extent that values of the geometric
parameters remain constant during the transient. If one of the parallel paths has a valve that
closes partially or fully during the transient, the input inertia is no longer accurate for the
configuration. If it is deemed important to model this effect accurately, the model should be
nodalized to include the details of the parallel paths.
As displayed in Figure II.2-1, the momentum cell includes half the upstream volume and half the
downstream volume. Therefore the general expression for junction inertia is
1L
L 
I   k  k 1 
2  A k A k 1 

(II-3-9)
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where
k
k+1

=
=

upstream volume and
downstream volume.

RETRAN-3D will compute the junction inertia using this general expression if JCALCI = 2 or 3
on the junction data card.
The inertia for all geometries can be calculated using these formulas. It should be stressed that
the inertia values obtained from these formulas are normally adequate, but if the geometry being
modeled is a simplified representation of a complex situation, the calculated response may not
adequately represent the real system. If this happens, the most common method to improve the
analysis is to use more volumes to describe the system.
For large, multiple path volumes such as plenums and downcomers, the active flow path may
involve only a portion of the apparent geometric volume. If this is the case, engineering
judgment must be used to determine the active flow path and inertia of that element of the
region. In almost all complex cases, the effective one-dimensional flow path inertia is larger
than would be calculated by pure geometric considerations. The following discussion illustrates
this concept.
Figure II.3-1 and Figure II.3-2 illustrate the three-dimensional nature of the downcomer and
lower plenum. Flow from a cold leg enters the downcomer annulus and spreads around the
annulus as shown in the plan view, while also turning downward as shown in the elevation view.
The downward flow enters the lower plenum, then turns and flows upward through the core. The
detailed wall shear and turbulent forces that determine the flow path are not resolved by the
RETRAN -3D flow equation. In reality, the approximate flow pattern, or flow length, is input to
RETRAN-3D via the inertia.
For two- and three-dimensional components, the inertia is determined by the actual fluid flow
path as shown in Figure II.3-1 and Figure II.3-2. As indicated in these figures, the actual inertia
can be significantly different than the geometric inertia that would be obtained using the onedimensional geometric detail. The geometric inertia is given by the average flow times the
integral along the flow path divided by the appropriate area. For complex geometries with
multidimensional flow the inertia is approximated by Eq. II-3-6.
The inertia for steady flow corresponds to the integral along the stream line defining the flow
pattern. These are generally approximated using engineering judgment. During a transient, the
flow patterns can change significantly, indicating that the inertia may change during a transient
for a region that experiences multidimensional flow. When these changes occur, it is necessary
to perform sensitivity studies on the inertia to establish a satisfactory bounding analysis.
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Figure II.3-1. Downcomer Flow Pattern

Plan View

Elevation View

Figure II.3-2. Lower Plenum Flow Pattern
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Inertia in a BWR separator can be a key parameter in determining how a pressure wave moves
through the core and the resultant reactivity feedback. Separator inertia can change during the
transient. The separator forces the liquid to the wall creating vapor flow path upward.
Inertia becomes a significant term in limiting the rate of flow change when rapid flow changes
occur such as a large break in system piping or in the surge line when the pressurizer is rapidly
draining or filling.
As the transient progresses, the amount of liquid carried into the separator will change the vapor
flow path area, thus changing the inertia. Therefore a constant inertia may not be appropriate.
An option is an available to allow the junction inertia to be defined by the control system for this
purpose.
Other than thus, specific examples, the flaw behavior is somewhat insensitive to inertia,
particularly if large flow accelerations in constricted regions are not expected.
The general scheme for calculating the inertia of a "junction" is (1) to visualize the flow streams
from the beginning of the cell to the end and use that to define the length in the inertia
calculation, (2) to determine the inertia of each series path within parallel paths, (3) to then
combine the parallel paths, and (4) finally determine the total inertia within the RETRAN-3D
flow cell.
In many RETRAN-3D models, there are more than two junctions connected to a volume, which
complicates the calculation of junction inertia. Recall that when calculating the inertia for a
RETRAN-3D junction we are trying to conserve Mv from the actual geometry. The choices for
computing inertia in this situation are


Use the volume geometric parameters without regard to the fact that only a portion of the
total flow passes through each junction.



Use an approach that is much the same as if there were parallel paths through the region,
each having the same velocity and with a mass proportional to their mass flow rate.

Choice number (1) is incorrect for both junctions at steady state and in the transient unless all but
one of the paths is closed during the transient. Choice number (2) is correct for each junction at
steady state but is not correct during a transient if the flow distribution changes. Although this
second method is not entirely accurate, it presents the best alternative available. In equation
form, this procedure may be expressed as
I j (K) 

 W (Exit) I
j

Wj

GEO
(K )

,

(II-3-10)
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where
Wj

 W (Exit)
j

I

GEO
(K )

=
=

the junction mass flow rate,
the sum of all the junction mass flow rates leaving Volume K or all

=

the flows entering Volume K, and
the inertia calculated for Volume K based purely on the geometry.

Recommendations for evaluating junction inertia also appear in References II.3-1 and II.3-2.
3.2

Junction Elevation

The junction elevation is typically a real geometric value (see Figure II.3-3). The junction
elevation for horizontal junctions is at the juncture of the adjoining control volumes. For vertical
junctions, such as the inlet to the reactor vessel or between horizontal runs of pipe, the junction
elevation is normally defined at the center of the flow area. However, there are no limitations on
the elevation as long as it is within the boundaries of the adjoining volumes. Junction elevation
is used in the flow equation density head.
The junction elevation may have an additional significance depending on the option selected for
Word 11, JVERTL, on the junction input cards (08XXXY). If JVERTL = 0 or 1 and the junction
is connected to a volume with a bubble rise model, the out flowing junction enthalpy depends on
the junction elevation relative to the volume mixture level. Modeling considerations for bubble
rise models and JVERTL = 0 or 1 is discussed in Sections IV.2.4 and IV.2.7.
The junction flow area appears in the flow equation term for unrecoverable losses (Eq. II-1-2).
This variable, Aj(t), is the full open junction area (Aj) multiplied by the normalized junction
area. The normalized area may be a dynamic term that is simply a function of time or is a
control block output which is typical for a valve.
The full open junction area for use in RETRAN-3D depends on the selection of noding for the
model of the actual system. In general, the junction area should be the actual full open area at
the juncture of the two adjoining volumes. The unrecoverable loss coefficients within the flow
cell must be corrected to the full open junction area specified on the junction cards. This process
is discussed further in Section II.3.3 and is illustrated in example in Section II.4.1. If the path
through the flow cell includes a flow area that is smaller than the junction area and critical flow
is expected in the region, the minimum area should be used as the junction area and the loss
coefficients adjusted accordingly.
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Figure II.3-3. Junction Elevation

3.3

Form Loss Coefficients

Many references for form losses (k or e *j ) exist. Most textbooks on fluid flow contain tables of
form losses for common shapes such as sharp-edge contractions, expansions, and bends. One of
the most complete tables of form losses is the book by Idel'chik.[II.3-3] Another good reference
for form losses in common components is the Crane handbook on the “Flow of Fluids Through
Valves, Fittings, and Pipe”.[II.3-4]
Tabulated values of k (or e *j ) are only approximate since, as shown in several textbooks,[II.3-5,
II.3-6] the best value involves a knowledge of the velocity profile. For the purpose of
RETRAN-3D applications, the velocity profiles are always considered to be flat (nearly total
turbulence).
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Form losses (forward and reverse) are associated with the junction (flow cell) and are input on
the junction cards (08XXXY). The evaluation of k is similar to the friction loss input;
unrecoverable form losses within the boundary of the flow cell must be determined and properly
combined to arrive at the input value for both the forward and reverse flow situation. If a flow
area change occurs, the loss coefficient should be based on one of the velocities, i.e., areas. Each
loss coefficient must be adjusted to the full open junction area and summed to arrive at the total
for the flow cell. The examples in Section II.4.0 demonstrate the preparation of junction
unrecoverable loss coefficient input.
In many instances, friction losses may occur due to structures or restrictions with in a control
volume that is not captured by wall friction. For these cases, the inlet and outlet loss coefficients
must be adjusted to account for these losses. Typically, a design core pressure drop is known
and it is desirable to simulate this drop with RETRAN-3D by adjusting junction loss coefficients.
There is both a forward and reverse loss coefficient. The forward loss coefficient is used when
the flow is positive and the reverse is used when the flow is negative. A huge reverse loss
coefficient >1.0E8 can be used to prevent reverse flow when simulating a check valve.
Equations for a sharp-edge expansion and contraction loss coefficients from Reference II.3-3 are
included in RETRAN-3D. They use the input junction area and donor or receptor volume flow
areas, depending on the flow encounters an expansion or contraction. Use of these equations for
determining the appropriate forward or reverse loss coefficient is controlled through the JCALCI
parameter on the junction data card. If JCALCI = 1 or 3, the appropriate expansion or
contraction model equation is used to determine either the forward or reverse loss, depending on
the flow direction.
The sharp-edge expansion loss coefficient for a fluid flowing through a junction to a receptor
volume with a flow area larger than that of the donor volume uses
 Aj 
k = 1 
 Ak 

2

(II-3-11)

where Aj is the junction flow area and Ak is the flow area of the receptor volume. For positive
flow, the receptor volume will be the “to” volume, but for negative flow it will be the “from”
volume.
The sharp-edge contraction loss coefficient for a fluid flowing through a junction to a receptor
volume with a flow area smaller than that of the donor volume uses
 Aj 
k = 0.45 1 
 Ak 

(II-3-12)

where Aj is the junction flow area and Ak is the flow area of the donor volume. For positive
flow, the donor volume will be the “from” volume, but for negative flow it will be the “to”
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volume. Note that an expansion for positive flow becomes a contraction for reverse (negative)
flow and vice versa.
The form loss model is primarily affected by use of the fixed value forward and reverse loss
coefficients described above, or the sharp-edge model options. In addition, other special purpose
models can be used to determine the form loss coefficient. The grid loss model is one such
special purpose model and is discussed in Section III.2.1.3.1. Use of a control system to
compute loss coefficients is another special purpose model described in Section III.2.1.3.2.
3.4

Junction Hydraulic Diameter

The junction hydraulic diameter D hy j , is used to determine the wall-to-phase, the phase-to-phase
flow exchange forces in the dynamic slip equation and in the void fraction correlations that
define Vgj and C0 in the algebraic slip equation. . The significance of this input is largely
eliminated if the dynamic slip or algebraic slip options are not used. In this situation, D hy j , is
used only for the bubble model junction enthalpy integration where a vertical junction connects
to a separated volume. Defining D hy j is essentially the same as in the case of the volume
hydraulic diameter.
RETRAN-3D uses the donor volume hydraulic diameter in the dynamic slip drag models if the
junction hydraulic diameter is input as zero.
3.5

Junction Angles

The junction angles can be used to simulate the vector nature of the momentum flux terms in the
flow equation. It can be used to represent converging or diverging streams to or from a single
control volume such as tees, manifolds, or multi-dimensional regions (open flow fields). For
elbows, the flow losses are generally modeled through the junction from loss coefficients instead
of using the junction angle.
There are two angles associated with the junction input (ANGLJ1 and ANGLJ2). These angles
specify junction orientation relative to the upstream and downstream volumes respectively.
These angles affect the manner in which the momentum flux is computed. The angles are
intended to correctly adjust the momentum flux terms for special cases when there is a flow split
and one junction splits off at an angle relative to the main flow such as in tees, wyes, or
manifolds. In most instances, there is one junction in and one junction out of a volume in which
the angles should be specified as zero (the default value) to indicate the junction flow paths are
parallel. The angle information is not intended to represent turns in a single flow path such as
elbows.
An important application of these angles to PWR analyses would be the connection of a branch
from the hot or cold leg such as the pressurizer surge line or spray line. In the example of a
junction that connects the hot leg (from volume) to the surge line (to volume), the correct input
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should be ANGLJ1 = 90 and ANGLJ2 = 0. Other instances where an angle should be consider is
on valves off of the steam line and cross flow paths in complex geometry arrangements
By supplying ANGLJ1 = 90 degrees at a tee branch junction the momentum flux terms are in the
upstream volume side are eliminated and the junction and downstream volume side are
maintained. In many cases such as these, the momentum flux terms (upstream and downstream)
for the junction are removed by setting the junction parameter MVMIX = 3.
A special use of these angles is to indicate a “negative fill” which is a flow boundary condition
that removes fluid from a volume. When a negative fill is used to model flow exiting a volume
from the end opposite that of the inlet flow, ANGLJ2 = 180 is required to obtain the correct
momentum sense. If ANGLJ2 = 0, the exiting fill flow is removed from the same side of the
volume that the inlet flow enters. The momentum affects for the two cases can be significantly
different.
Additional discussion related to use of the junction angles to obtain the correct representation to
the momentum flux term in the flow equation are provided in Section III.2.1.1.
4.0

EXAMPLES

The RETRAN-3D input must represent the actual geometry for the regions being modeled as
well as possible.
Modeling complex geometries (e.g., a reactor vessel lower plenum) or consolidating a number of
regions (such as piping network) into a single region requires careful consideration of how the
input parameters are used in the solution. The input must be consistent with the needs of the
equations to as great an extent as possible. And although every effort may have been made to
provide theoretically consistent input, the model of the "consolidated" region may not produce
transient results with the required accuracy because the spatial resolution of the model is not
adequate to represent the physical phenomena involved. In addition, the noding for the model
should be consistent with the need for information. Do not consolidate a number of regions into
one if specific information from one of the constituent regions is required. Nodalization that is
too simplified can produce inaccurate or distorted results. Therefore it is prudent to use more
detailed nodalization than not. This is particularly true in regions where two-phase flow exists or
may exist and in regions where heat transfer has a significant impact on transient results.
4.1

Simple Pipes

Figure II.4-1 illustrates the example that is addressed in this section. It consists of two horizontal
pipes of different diameters on the same centerline. In this case, the RETRAN-3D noding
diagram will look the same as the real geometry because the larger pipe and the smaller pipe are
two different volumes. The following paragraphs discuss each of the volume and junction
parameters presented in Sections III.2.0 and III.3.0.
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Volume VK
Volume Vk+1

Aj Zj

Ak

Hk

Ak+1

ZBk+1

1
Lk 1
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ZBK

Lk

1
Lk
2

Hk+1

Lk+1

Junction Cell
Figure II.4-1. Simple Pipes

Volume Parameters
Volume

-

The volumes, VK and VK+1, are simply the free volume within
regions K and K+1.

Flow Length

-

The flow length for each volume in this example is
straightforward; it is simply the length of each section of pipe, LK
and LK+1.

Height

-

The heights, HK and HK+1, of each horizontal pipe in this example
are the pipe diameter.

Elevation

-

The elevations, Zbk and ZBK+1, of each pipe are the bottom of the
fluid
region relative to a fixed elevation reference.

Flow Area

-

The flow area for the K volume is equal to the area at one-half the
flow length Lk/2 from the junction and similarly for the K+l
volume.

Hydraulic

-

The simple geometry of this example, the hydraulic diameter for
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Diameter

each diameter for each volume can be determined from the basic
definition, 4xFlow Area/Wetted Perimeter. In this case, this
reduces to the pipe diameter.

Junction Parameters
Junction Flow
Area

-

The junction area is selected to be the area of the small pipe, K+1,
to give the correct kinetic energy flux between K and K+1. The
minimum area is also most appropriate if choking were to occur.

Junction

-

The junction elevation, Zj, is the centerline elevation of Elevation
the pipe or ZBK+1 +1/2 the pipe diameter.

Junction Inertia

-

The inertia is established to conserve the total momentum within
the flow cell. If a minimal contraction of the flow across the area
change is assumed, the inertia is simply the sum of the contribution
from the K and K+l volumes, (LK / 2AK) + (LK+1 / 2AK+1).
However, if not all of the mass is moving at the same velocity
around the area change, then the area used in the denominator
should be smaller than the actual pipe area. Visualizing the flow
streams from Volume K to K+l and vice versa, the use of a smaller
area is a reasonable approach.

Form Loss
Coefficients

-

The form loss coefficients from K to K+l and vice versa may be
determined from one of the several handbooks. One widely used
reference is Idel'chik.[II.4-1] Recall that the loss coefficients from
this handbook will be referenced to a particular area within the
geometry. For the purposes of this example, assume that
ej* (K to K+1) is defined relative to the area AREF. Therefore, the
input value to RETRAN-3D must be adjusted to be relative to Aj.
The unrecoverable loss is proportional to area squared; hence,
e

R
j

 K to K  1  e

HB
j

A 2J
 K to K  1 2 ,
A REF

(II-4-1)

where

Junction
Hydraulic
Diameter

-

e Rj

=

RETRAN-3D input and

e HB
j

=

calculated from handbook.

The hydraulic diameter should be based on the junction geometry
and the method described earlier.
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Junction Angles

4.2

-

Since the volumes are aligned along the same centerline, the angles
of Junction j are zero degrees.

Pipe with Obstruction

For a slightly more complex geometry, consider a region that is a segment of a uniform duct that
contains an obstruction, as shown in Figure II.4-2. The unblocked flow area is A, and the
obstruction has a Volume V0 that extends over a length L0. The two control volumes have been
chosen such that the obstruction is contained in Volume K and ends at the junction. Volume
Vk+1 is a region free of obstructions. The selection could have been made differently, such as
including half of the obstruction in each volume or using three fluid nodes. Based on the
information provided here, there is no basis for selecting one noding or the other.
The following paragraphs discuss each of the volume and junction parameters for this situation.
Volume Parameters
Volume

-

The free volume of node K is equal to L1A - Vo, and for node K+l is
L2A.

Flow Length -

The flow length is the typical fluid path length over the region being
modeled. If no substantial disruption of the typical path length results
from the obstruction, the flow length, LK, is L1 and LK+1 is L2.

Height

-

The heights, HK and HK+1, of each of these control volumes is equal to
the pipe diameter.

Elevation

-

The elevation, ZBK and ZBK+1, of each pipe is the bottom of the fluid
region relative to a fixed elevation reference.

Flow Area

-

The flow area for the K volume is the area at the beginning of the K to
K+l flow cell, and similarly the area for the K+l volume is the area at
the end of the flow cell.

Hydraulic
Diameter

-

The hydraulic diameter for Volumes K and K+l is straightforward
from the and should be based on the volume center geometry
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Aj

Real Pipe

A
Obstruction

AO

Length LO
Volume VO

L1

Vk

L2

Aj

Vk+1

RETRAN
Volumes

Figure II.4-2. Pipe with Obstruction

Junction Parameters
Junction Flow Area

The junction area, Aj, is the area A-A0. This provides the proper
area for critical flow limitations.

Junction
Elevation

The centerline of the obstructed area will be established as the
junction elevation, Zj. This example will be used to make a point
about the density head term in the flow equation. Examining the
seventh term of Eq. II-1-2, it is evident that if ZK = ZK+1, then there
will be no density head pressure differences in the flow equation.

-

The junction elevation need only lie between the bottom and top of the
K and K+l volumes.
Junction
Inertia

-

The inertia should be specified to conserve the total flow, Mv, of the
flow cell in the actual geometry. As in the first example, assume that
there is no contraction of the flow streams around the obstruction.
(Example 3 accounts for flow stream effects around an area change.)
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The inertia that is defined for Junction j is based on the inertia of the
path for one-half the flow length into each adjoining volume.
The inertia contribution to Junction j from Volume K is calculated
based on two elements: one from L1/2 to L0 and the second from L0 to
j
I j(K) 

L1 / 2  L0
L
 0 .
A
A0

(II-4-2)

The inertia contribution from Volume K+l is
I j(K 1) 

L2 / 2
A

(II-4-3)

and the total, I j, is the sum of the contribution from K and K+1 (refer
to Eq. II-3-1).

5.0

Form Loss
Coefficients

-

The form loss coefficients for Junction j consist of a contraction
from area A to A0 and an expansion from A0 to A in both the forward
and reverse directions.

Junction
Hydraulic
Diameter

-

Based on Junction geometry

Junction
Angles

-

Since the volumes are aligned along the same centerline, the angle of
Junction j is zero degrees.

HEAT CONDUCTOR DESCRIPTION

The geometric parameters that must be input to describe each RETRAN-3D conductor are












elevation of the conductor midpoint,
heat transfer surface (left and right),
conductor volume,
hydraulic diameter (left and right),
heated equivalent diameter (left and right),
channel length (left and right),
conductor geometry flag,
number of material regions within the conductor,
number of space steps within each region,
inside dimension, and
thickness of each region.
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User guidelines for nongeometric model options are given in the User Input Manual (Volume 3),
Section IV.17.1, and are not repeated here.
The geometric information associated with heat conductors is illustrated in Figure II.5-1, and the
user input requirements for RETRAN-3D are given in Table II.5-1.
The right-side and left-side convention used in RETRAN-3D to associate heat conductors with
the proper control volumes can be summarized as follows
Solid Fuel Rods: Solid core fuel rods with internal heat generation are required to have
the RETRAN-3D control volume on the right side of the conductor. The left-side
corresponds to the fuel centerline.
Steam Generator Tubes: Modeling of steam generator tubes requires the primary-side
coolant to be on the left side of the conductor and the secondary-side coolant to be on the
right side. Since cylindrical geometry is described from the left (center line) to the right.
Feedwater Heater Tubes: For feedwater heater models, the energy transfer should be
from right to left. In other words, the high/low pressure extraction system side coolant
must be on the right side of the conductor and the condensate side coolant is on the left
side of the conductor.
Piping and Other Structures: For flow inside of pipes (or other channels) or flow on
both sides of a structure, with or without internal heat generation, there are no limitations
relative to the side of the conductors on which the RETRAN-3D control volumes must
be.

The conductor illustrated is for rectangular geometry, but the following discussion also applies to
cylindrical geometry. A conductor can have one or more regions for different materials with
differing thermal properties.
This example has two material regions. Each material region can be subdivided into space steps
for the conduction finite difference equation solution. The number of space steps is defined on
the conductor geometry cards (17XXYY). A nodal temperature is computed at the interface of
each space step. If the nodal temperature distribution is expected to be highly nonlinear (i.e.,
fuel pellet), several space steps are required. If the conductor internal temperature distribution is
quite linear, minimal space steps are required. The material thickness is and the fraction of
power generated in a region is also supplied on the geometry data cards. The region power
fraction is normalized to the total power generated in this conductor and supplied on Data Card
010005. Consider a fuel pin as an example which is typically divided in to three material
regions, fuel pellet, gap, and cladding. The power fraction for the fuel pellet would be one while
the remaining two regions are zero.
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Figure II.5-1. Typical Conductor
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Table II.5-1
Conductor Geometric Parameters
INPUT
PARAMETER

LOCATION
CARD,
WORD

USE

Elevation

15XXXY, W4

Local Conditions Heat Transfer

Surface Area

15XXXY, W7 & W8

Heat Deposition to Fluid Node

Volume

15XXXY, W9

Used to Calculate Local Geometric
Variables for Conduction Solution

Hydraulic Diameter

15XXXY, W10 & W11

Film Heat Transfer and CHF
Correlations

Heated Equivalent
Diameter

15XXXY, W12 & W13

Film Heat Transfer and CHF
Correlations

Channel Length

15XXXY, W15 & W16

Barnett and Modified Barnett Critical
Heat Flux Correlations
Local Conditions Heat Transfer

Conductor Length

15XXXY, W18

Condensing Heat Transfer
Correlation for the Option ICONDN
= -2

Geometry

17XXYY, W1

Geometry Weight Factors in
Conduction Equation

Number of Regions

17XXYY, W2

Conduction Material Properties

Number of Space
Steps

17XXYY, W3

Number of Mesh Points in
Conduction Solution

Distance to
Left Surface

17XXYY, W5

Region Width

17XXYY, W6

= 0 for solid cylindrical rods and
slabs, >0 for tubes
Conduction Equation
Thickness of Material Region
Conduction Equation
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The conductor volume (including all material regions) and the conductor left and right surface
areas in contact with the fluid are specified on the conductor data card (15XXXY).
The core conductor data cards (16XXX0) define the total conductor power fraction normalized
to the core power supplied on Data Card 010005.
It is noteworthy that the conductor geometry is over specified by the input with the region
thickness from the geometry data cards and the conductor volume and surface area on the
conductor data cards. RETRAN-3D will check for consistent geometry data and if alt he terms
are not consistent, a warning message will be written in the output file at the conductor input is
processed. It is important to make sure the geometry is consistent for well defined heat
conductors. If it is not, there is an error in one of the geometry terms that should be corrected or
an improper solution will be obtained. For complex reactor vessel or steam generator internal
structures, it is generally not possible to make all the geometry terms consistent. Thus for
complex geometry, the mismatch between geometry input can be ignored.
Additional information for each specific situation is available in the RETRAN-3D User's
Manual, Reference II.5-2.
Brief descriptions of the geometric information summarized in Table II.5-1 are given in the
following paragraphs.
5.1

Elevation at the Conductor Midpoint

The local conditions heat transfer model option is described in Section VII.3.0 of the
RETRAN-3D Theory Manual (Volume 1).
The elevation at the conductor midpoint is used in the local conditions heat transfer model option
to locate the mixture level with respect to the conductor stack. The input is simply the elevation
at the conductor midpoint relative to the bottom of the local conditions volume (bubble rise
volume). This parameter does not have a direct input to the conduction equation but is used to
decide whether a steam or a mixture film coefficient should be applied as the conductor
boundary condition.
If the conductor is not part of a conductor stack using the local conditions heat transfer model,
the parameter is not used and can be input as 0.0.
5.2

Heat Transfer Surface

The heat transfer surface is used along with the heat flux to determine the heat transfer across the
conductor boundary to a fluid control volume.
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The conduction solution and surface heat flux is determination uses from derived geometric data
from the conductor volume (supplied on the 15XXXY data card) conductor geometric
information from the 17XXYY data card. In addition, these data determine the initial conductor
stored energy which can be important to the transient response. The energy transfer rate to the
coolant is obtained by multiplying the heat flux with the conductor surface area (supplied on the
15XXXY data card). For simple geometries such as tubes and fuel rods, the conductor surface
area must be consistent with the other geometric parameters to obtain the correct power to the
coolant. The RETRAN-3D conductor input processing will check for this consistency and write
a warning message if there is an inconsistency. Consistency is very important for these simple
geometries or incorrect volume energy addition rates will be computed.
The complex conductor geometry simplification is typically needed for system metal mass. For
simplifications of complex structures or structures that are consolidations of different sizes and
shapes, the geometric parameter definition can be more complicated. In fact it is generally not
possible to obtain agreement between the conductor surface area and the other geometric
parameters discussed in the earlier paragraph. In this case conservation the surface area and the
conductor volume from the actual geometry should be preserved. The correct surface area
provides the fluid conductor contact and the volume the correct initial stored energy. Because of
inconsistency with other geometric parameters, the conduction solution will be an
approximation. The input warning message about geometric inconsistencies can be ignored in
this instance.
5.3

Volume

The input conductor volume represents the entire volume of the conductor from the left to the
right surface regardless of the number of materials within the conductor. As was the case with
the surface, structures can be consolidated into simplified conductors in order to limit the number
of conductors in the RETRAN-3D model. The conductor volume should be conserved from the
actual geometry.
5.4

Hydraulic Diameter

The hydraulic diameter is used in some transfer coefficient correlations to determine the film
coefficient. This parameter has been defined on the RETRAN-3D volume cards to provide the
correct total friction force on the fluid region being represented. However, if there is a dominant
structure whose surface is not exposed to the hydraulic diameter as defined on the volume cards,
a value appropriate for that conductor should be calculated and supplied with the conductor
input. The fact that more than one conductor may be attached to a given volume provides
flexibility in defining heat conductors and their parameters. If heat transfer is important and
there are large variations in geometry over the region being modeled, the region should be
nodalized with increased detail.
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5.5

Heated Equivalent Diameter

The heated equivalent diameter is used in the various CHF correlations. The definition of heated
equivalent diameter is then effectively the same as hydraulic diameter except that the wetted
surface is replaced by the heated surface. Scaling this term to try to match some consolidated
parameters for a number of different conductors can be difficult. The same considerations stated
for hydraulic diameters can be applied here.
5.6

Channel Length

The channel length for the conductor is used in both the CHF correlations and the local
conditions heat transfer model. If 0.0 is supplied for this parameter, the channel length is set
equal to the adjacent volume height.
The channel length appears in the denominator of the Barnett and Modified Barnett CHF
correlations. A consistent evaluation of these correlations in RETRAN-3D requires that the
actual conductor length be used. Conservative evaluation of CHF with these correlations can
usually be obtained if the entire core length is input for this parameter. A less conservative
evaluation is obtained by using the length from the core inlet to the exit of each conductor.
The local condition heat transfer model interprets this input as the vertical height of the
conductor and is used to determine the energy transfer rate to the coolant when the volume
mixture level is within the conductor elevation.
This may seem like conflicting uses of the channel length, however, the CHF correlation logic is
probably inappropriate for steam generator conductors where local conditions heat transfer
model may be used.
5.7

Geometry Description

The geometry flag allows selection of a cylindrical or rectangular geometry and should
correspond to the actual geometry as closely as possible. If a number of conductors have been
collapsed into a single conductor, in order to simplify and streamline the analysis, one of the
conductors that forms the consolidated conductor will generally be dominant in terms of metal
volume, heat transfer surface, or both. The geometry of this primary or dominant conductor
should be used.
5.8

Material Regions

Material regions are used to define different material properties for a sandwiched heat conductor
comprised of different materials. They are also used to specify different mesh spacing. In either
event it is necessary to define the number of regions where either the material or mesh spacing
change, or both. The parameter is most often used to denote different material regions, e.g., a
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fuel rod where there is a fuel region, a gap, and finally cladding. This parameter can also be used
to change the mesh spacing and material properties within a single material type. This approach
could be important when modeling high exposure fuel with significantly different radial material
properties or a thick conductor with a fairly low conductivity where a fine mesh is necessary near
the surface to accurately model steep spatial temperature gradients.
5.8.1

Material Properties

Material properties for heat conductors must be supplied as input data to RETRAN-3D.
Accordingly, the properties supplied should be appropriate values corresponding to the material
of the physical component being modeled, i.e., stainless steel for pipe walls and uranium oxide
and Zircaloy for fuel rods.
Two properties must be defined for structural material: thermal conductivity and volumetric heat
capacity. The input specifications require these to be tabulated as a function of temperature and
in the order of ascending temperature. Some material properties that are dependent on operating
history, such as U02 and gap properties, should be input appropriately. The coefficient of linear
expansion is required only if the fuel gap expansion model option is chosen. The coefficient of
linear expansion is not used any other purpose.
The MATPRO program reference [II.5-1] provides an excellent source for reactor conductor
thermophysical properties.
5.9

Region Space Steps

The spatial discretization within a region defines accuracy that can be obtained in determining
temperature gradient within the region. Steep temperature gradients are generally associated
with boundaries with high cooling or heating rates exist. They could also occur in interior
regions with large volumetric heat sources local to a material region (or sub-region). The
conduction solution computes a temperature at the interface between each space step. The
greater the number of space steps, the better the accuracy of the calculation. The minimum
number of nodes that will produce a converged system solution should be used to minimize the
computer time used by the conduction solution. This number depends on the material properties
of the conductor, heat capacity, and conductivity, as well as the temperature gradient imposed on
the conductor surface(s). The primary manner of determining the proper number of nodes for a
conductor is via noding sensitivity studies. Care must be taken to insure that the study cases
bound the conditions for subsequent analyses.
For regions where the material temperature distribution is nonlinear, such as a fuel pin, the
number of space steps needed in a fuel pellet to obtain a converged solution is > 6. One space
step must be used for the gap and 3 to 5 in the cladding. In general, when the temperature
distribution through the region is nearly linear, accuracy is not improved by a large number of
space steps.
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5.10

Inside Dimension

The inside dimension is simply the left-hand coordinate of the conductor. For a rectangular
geometry, it is typically set at 0.0. For a solid cylindrical object, it is the centerline and, hence, is
0.0. For a hollow cylinder such as a steam generator tube, the inside dimension is the inside
radius.
5.11

Thickness of Each Region

The thickness of each region is based on the geometry, inside dimension, volume, and surface.
For simple structures, there should be a complete consistency between each of the dimensional
variables. For complex structures or those that are consolidations of several structures, the
thickness, surface, and volume may not be geometrically consistent.
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III
MODELING PHYSICAL PHENOMENA

This chapter provides a brief overview of modeling the physical phenomena that occur in a
nuclear steam supply system (NSSS) and the use of models and options in RETRAN-3D to
represent certain phenomena. Additional information, including the theoretical development of
the models discussed in this manual, is presented in the RETRAN-3D Theory Manual,
Volume 1, Reference III-1.
1.0

INTRODUCTION

Many physical phenomena associated with mass, momentum, and energy transport exchange
occur in NSSSs at both steady-state and transient conditions. These phenomena occur in the
fluid coolant, in solid material bounding the fluid, in the reactor core and fuel rods, and in the
complex engineering equipment and control systems that make up the NSSS and balance of plant
(BOP). The mathematical models in RETRAN-3D have been developed and verified to describe
these phenomena and to predict the behavior of the NSSS thermal-hydraulic and energy
exchange processes.
The thermophysical properties for the fluid system do not require any user input specification.
Single phase and two-phase properties for water, the thermal conductivity and dynamic viscosity
for liquid water and steam, and the surface tension between the liquid and vapor phase are
defined as functional fits. Similarly, all properties for noncondensable gases are defined as
functional fits. The transport properties for mixtures of noncondensable gas and water vapor are
obtained using accepted methods for combining the constituent gas properties. The various
property fits and mixing methods are described in the RETRAN-3D Theory Manual, Volume 1,
Reference III-1. While there is no input required to describe the various material properties for
the fluids that will be used by the RETRAN-3D fluid flow models, the user must define the
composition of the noncondensable gas used (if any). This will be done using the
Noncondensable Gas Composition Data Card 010010.
Many of the phenomena that can be predicted by RETRAN-3D are summarized in Table III.1-1.
The first column in Table III.1-1 lists the phenomena that can be modeled with RETRAN-3D.
The next column lists some components of NSSS that may require special consideration. In
general, special consideration is required because of (1) the geometric complexity of the
component, (2) the complexity of the physical phenomena that may occur, or (3) the component
and its associated phenomena being especially important for some off-normal conditions.
Centrifugal pumps, for example, are both geometrically complex and very complex phenomena
occurring within them even for steady, single-phase flow.
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Table III.1-1
Physical Phenomena Models in RETRAN-3D

PHENOMENA

Fluid Flow
(Single-phase and
Two-phase)
-Wall Friction
-Local Losses
-Momentum Flux
-Area Change p
-Hydrostatic Head
(Additional TwoPhase Affects)
-Slip
-Interphase Friction
-Thermal
Nonequilibrium

-Void Fraction

Convection Heat
Transfer
-Convection
-Boiling
-Condensation

NSSS
COMPONENTS
WHERE
PHENOMENA
SHOULD BE
CONSIDERED

COMPONENT
OPTIONS IN
RETRAN-3D

COMMENTS

Jet Pumps
Centrifugal Pumps
Turbines
Valves
Piping

Jet Pumps
Centrifugal Pumps
Valves

RETRAN-3D solves a onedimension flow equation.

Jet Pumps
Centrifugal Pumps
Turbines
Valves
Piping
Steam Generators
Separator Volumes
Heat Exchangers
Feedwater Heaters
Core

Jet Pumps
Centrifugal Pumps
Turbines
Valves
Bubble Rise
Separator
Heat Conductors
Kinetics Models

Numerous two-phase flow
equation options (see
input manual).
HEM- thermal equilibrium,
equal velocity.
Four-Equation - thermal
equilibrium, unequal
phase velocity
Five-Equation - thermal
nonequilibrium, unequal
phase velocity
Noncondensable gas flow

Core, SG, RCS
Core, SG, RCS

HEM
Four-Equation

Core

Five-Equation

Algebraic and Dynamic Slip
Options
Subcooled Liquid with Vapor

Core
Steam Generators
Containment
Structural Metal

Forced convection
and free convection
heat transfer
correlation maps.

Heat transfer correlations
cover the complete range
of conditions needed for
transient analysis
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Table III.1-1 (Cont'd)

PHENOMENA

NSSS
COMPONENTS
WHERE
PHENOMENA
SHOULD BE
CONSIDERED

COMPONENT
OPTIONS IN
RETRAN-3D

COMMENTS

CHF

Core

Auxiliary DNB
Model

CHF models were
incorporated in RETRAN-3D
specifically for LOCA and
should be scrutinized closely.
Auxiliary DNB model should
be used only for scoping
studies when pre/post CHF
transition occurs. These
correlations are applicable to
heat rods and not SG tubes.

Equilibrium EOS *
-Single-Phase Liquid
-Two-Phase Mixture
-Single Phase Vapor

Entire System

Volumes

Equal phase temperatures

Nonequilibrium Separated
Volume EOS

Special Application

Nonequilibrium
pressurizer
model.
Nonequilibrium
separation model

The nonequilibrium volume
model can be used in volumes
other than the pressurizer and
separator if required.

Five-Equation EOS
-Single-Phase Liquid
-Two-Phase Mixture
-Single Phase Vapor

Entire System

Unequal Phase
Temperatures.
Vapor
Constrained at
Tsat.

Use for subcooled boiling or
ECCS injection

Water Vapor and Mid-loop operation gas
noncondensable entering the system from
equal
other sources
temperature.
Water Vapor and
noncondensable
move at the same
velocity

Water and Noncondensable Entire System
EOS
- Equilibrium EOS
- Five-Equation EOS
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Table III.1-1 (Cont'd)

PHENOMENA

NSSS
COMPONENTS
WHERE
PHENOMENA
SHOULD BE
CONSIDERED

COMPONENT
OPTIONS IN
RETRAN-3D

Steam Bypass
Safety Valve
PORVs Steam
Dump Valve
Atmospheric
Relief Valve

COMMENTS

Critical (Choked) Flow

Pipe Breaks
Relief Valves

Pressure Waves
-Water Hammer
-Pressurization
-Depressurization

Valve Operation
Condensation
Pipe Breaks

Will be naturally calculated
by RETRAN-3D with
sufficient nodalization and
converged time step size.

Conduction Heat Transfer
-Fuel
-Nonfuel

Fuel
Steam Generators
Structure Metal

RETRAN-3D limited to onedimensional conduction.

Front Motion
-Temperature

Piping

Transport delay
model
Boron Transport
Model

-Impurities
Phase Separation
-Bubble Rise

-Slip Options

Several choked flow options
in RETRAN-3D.

Pressurizer,
Separator, SG &
BWR Upper
Downcomer
RCS and SG

Tracks boron concentration

Algebraic & dynamic slip
options
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Table III.1-1 (Cont'd)

PHENOMENA

Energy Generation
-Neutronics

NSSS
COMPONENTS
WHERE
PHENOMENA
SHOULD BE
CONSIDERED

Core

COMPONENT
OPTIONS IN
RETRAN-3D

COMMENTS

Point Kinetics
1-D Kinetics
3-D Kinetics

-Decay Heat

1973 & 1979
ANS Options

-Gamma Heating

Direct Moderator
Heating
Power versus
Time

-Power Boundary
Condition
* Equation of State

The third column in Table III.1-1 summarizes some of the options available in RETRAN-3D to
model the phenomena of interest. In general, certain options may be more appropriate for
particular plant types (BWR versus PWR), particular components (steam generators versus
piping), or particular off-normal transients.
The theoretical development of the models listed in Table III.1-1 is discussed in detail in the
computer code Theory Manual for RETRAN-3D.[III-1] The models are generally based on a
combination of theory and experimental data.
The remainder of this section discusses the phenomena listed in Table III.1-1. For each case, a
description of the physical processes is given along with some reference to particular aspects of
thermal-hydraulic behavior of the NSSS. The special components and RETRAN-3D options
listed in Table III.1-1 are also discussed as required.
2.0

BASE FLUID FLOW MODEL

The fluid flow models available in RETRAN-3D are capable of predicting flows for single-phase
liquid, two-phase and vapor conditions. Flows of single-phase liquid or vapor occur in both the
primary and secondary sides of a PWR NSSS. Primarily these flows transport energy between
various equipment and devices used in the NSSS.
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In PWRs at steady-state operating conditions, the primary-side coolant is almost always singlephase liquid. Two-phase fluid, single-phase vapor, and single-phase liquid flows occur in the
steam generator secondary side. Under transient, off-normal conditions, transition from singlephase to two-phase conditions may, as may transitions from two-phase to single-phase liquid or
vapor.
In BWRs, coolant boiling and phase change occur in the reactor vessel. A very high quality
vapor is produced for the turbine by use of steam separators and dryers within the reactor vessel.
Regions of single-phase liquid and vapor flows occur both within the primary vessel of BWRs.
Steady-state operation of BWRs, for example, depends on single-phase liquid flow through the
recirculation loops, jet pumps, and lower plenum.
The basic two-phase flow model in RETRAN-3D is the homogeneous equilibrium mixture
(HEM) model (three-equation). This model assumes that (1) the liquid and vapor phases flow
with the same velocity and (2) the liquid and vapor temperatures are at the saturation
temperature. The HEM model has been used to predict many of the basic characteristics of twophase flows for years. In general, the bulk average flow properties (e.g., the mixture flow rate,
the pressure gradient, and the energy transfer to the mixture) of many two-phase flows are
adequately predicted with the HEM model. These quantities are adequately predicted primarily
by virtue of the flow field models that account for momentum and energy exchange between the
fluid and the flow channel wall. The accuracy of the complete model is determined by the
accuracy of the engineering correlations used in the model. This statement applies to all the
correlations used in the two-phase flow model. The engineering correlations contain the
information required to supplant a basic description.
In many cases, the data on which the correlations are based do not cover the entire range of
conditions encountered during transient analyses of NSSS. Each RETRAN-3D application
should be checked to see that the correlations are being applied with conditions that are
appropriate. In particular, the response of the complete NSSS to a given transient may be
completely dominated by the physical phenomena occurring in a single piece of equipment or a
part of the system. Clearly, the model of the phenomena contained in RETRAN-3D must be
very accurate for the conditions prevailing in the equipment during the transient. If, for example,
the transient response is dominated by single-phase natural convection flow on the secondary
side of a steam generator, then the RETRAN-3D models of heat transfer coefficients must be
accurate for the geometric, operating, and fluid state conditions present in the steam generator.
The HEM model for fluid flow consists of (1) field balance equations, (2) an equation of state for
the fluid, and (3) flow field models for exchange of flow and energy between equipment walls
and the fluid. The mixture field balance equations are conservation of mass, momentum, and
energy. The equation of state for the fluid provides the thermodynamic properties of pressure,
internal energy, enthalpy, density, and temperature for two-phase fluid, subcooled liquid,
superheated vapor, and supercritical fluid states. The equation of state for the coolant is
discussed in Section III.3.2.1.
The flow field models consist of basic models common to all phenomena and special models for
certain phenomena occurring in some NSSS components and equipment. The basic flow field
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models include (1) friction factors and local flow perturbation losses for the flow equation and
(2) heat transfer coefficient correlations for the energy equation. The supplemental special
models in RETRAN-3D include (1) BWR jet pump model, (2) centrifugal pump model, and (3)
models for safety, relief, and modulating valves. All of these models and their input
requirements are discussed in detail in the RETRAN-3D Computer Code Manuals[III.2-1, III.22] and in subsequent sections of this chapter.
Figure III.2-1 illustrates the representation used in RETRAN-3D for fluid flow through NSSS
piping. The flow channel in Figure III.2-1 is a generalization of the geometry discussed in
Chapter II. As the figure shows, the flow field is represented by Volumes "k-1, k, k+l,..." in
which the coolant thermodynamic state is calculated. The volumes are connected by junctions
"j-2, j-1, j, j+l ,..." in which the coolant flow is calculated. The fluid flow model in RETRAN3D accounts for hydrodynamic and thermal interactions between the coolant and the walls of the
flow channels.

j+1
k+1

j
k

j-1
Zk+1
Zj

k-1

Zk
Zj-1
j-2

Datums

Figure III.2-1. Flow Channel Representation for RETRAN-3D
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The RETRAN-3D flow equation, which is applied to junction j, is obtained directly from Eq.
II-1-2.
 W k2

dW i
2
=  p k - p k+1  
+  X gm X m  k V SL,k
Ii
 cos i1
2
dt
 k A k

2


2
-  W k+12 +  X gm X m  k+1 V SL,k+1
 cos i 2

A
k+1
k+1


2
2





  W j 

  Wj 

1   j Out k
j  In k+1



cos i1 cos i 2  - k i 2 W i W i

2
2
2i 
Ak
A k+1
 2i A i

+ gz 

zk
z k 1

 d  + pp .

(III-2-1)

The terms on the right-hand side of Eq. III-2-1 are the following: the first term is the pressure
gradient, the second and third terms are the momentum flux, the fourth term is the reversible
pressure change due to area changes, the fifth term is the pressure loss due to wall friction, the
sixth term is the irreversible pressure loss due to changes in geometry or form loss, and the
seventh term is the hydrostatic head due to gravity. The eighth and ninth terms represent the
pressure change source terms due to centrifugal pumps and jet pumps, respectively. Each of
these terms is discussed in the following paragraphs.
2.1

Flow Equation Model

Equation III-2-1 represents the RETRAN-3D flow equation in its entirety. However, several
options are available to the user to either drop terms or alter quantities within a term. These
choices are available through input on the junction card. The momentum flux terms (Terms 2, 3,
and 4) can be omitted from the equation by setting MVMIX = 3 on the junction data card. Terms
2 and 3 are simplified for single-phase conditions since VSL will be zero. The flow in the
momentum flux Terms 2, 3, and 4 can be altered with the junction angle. The wall friction
represented by Term 5 can be tailored to the specific need through the geometry definition and
various model options or eliminated by use of the JTPMJ parameter on the junction data card.
The local losses given by Term 6 can be defined via user input to describe the specific geometry
of the junction and adjacent volumes. Modeling options are also available for the form loss term.
Centrifugal or jet pump models can be used to provide source terms (pump head) for the
momentum equation via Terms 8 and 9. Sections III.6.1 and III.6.2 discuss the use of these
pump models. All geometric quantities are user supplied; consequently, the flow equation can be
tailored to the specific application.
Each term in the flow equation that can be affected through user input is discussed below.
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2.1.1

Momentum Flux

Momentum flux terms can be safely neglected only for the case of single-phase liquid flow in a
constant area flow channel under a small pressure gradient. However, it is recommended that the
momentum flux terms term should be retained for most applications, including those that are
single-phase. It is possible that a region may be single-phase initially, but may become twophase during a transient simulation. The momentum flux terms could be significant contributors
to the flow equation as two-phase conditions develop.
The basic RETRAN-3D modeling equations are for one-dimensional geometry and are
connected to represent a multidimensional system in many cases. This requires that some
momentum flux terms may need to be omitted or receive special treatment in models where there
are tees, manifolds, plenums, or special equipment such as separators, etc. Input angles are used
to allow users to implement this special treatment. Their use is discussed below
Momentum flux terms of the flow equation (Terms 2 and 3) are required at the inlet and exit of
each momentum cell. [III.2-1]. They represent the average momentum flux at the volume center.
They are obtained by using a linear average of the volume inlet and outlet momentum flux values
as shown below. Corresponding volume average terms (velocity gradient) are required for the
dynamic slip equation. A similar average is used for the dynamic slip term. Note that if 90o
angles are used to eliminate a momentum flux component from Eqs. II-1-1 and II-1-5, the
corresponding junction momentum flux is omitted from the average momentum flux given by
Eqs. III-2-2 and III-2-3. Consequently, the average momentum flux values correspond to the
momentum in the volume flow direction.
 W


1  W2
m m
2
2
A 2  cos  j2
 X gm X mVSL
 2  X g X  VSL     kujS j2 2 
Ak  
j
 A
 j In k

1  W2
2
A 2  cos  j1
   kujS j1 2 
 X gm X mVSL
Ak  
j  Out k
j

(III-2-2)

and
 WVSL  1
1  WVSL A  1 m  2 2 
 2
   X gm  VSL
  X g  VSL A  cos  j2

    kujS j2 2 
Ak  
2

2

j
 A
 j In k
1  WVSL A  1
 2 2
   kujS j1 2 
   X gm  VSL
A  cos  j1 .
Ak  
2

j  Out k
j

(III-2-3)

The volume centered flow and slip velocity parameters are used to define the average mass flux
within a volume, which is used in friction and heat transfer correlations and other models such as
enthalpy transport. They are determined similar to the momentum flux terms shown above,
except the angles are not included since they are scalar averages.
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Wk =



j  In k

S j2 W j +
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(III-2-4)

and
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(III-2-5)

where
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=
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j  Out k

 1 if  ji  90 or  ji  270
(for i = 1 or 2),



 -1 if 90 <  ji < 270
the junction angle relative to the "from" volume angle for i=1, and the "to"
volume angle for i=2,



  if  j2  90 or  2  270
 j T k
, and




if 90 <  j1 < 270
 
j I k



  if 90 <  j2 < 270
 j T k
.




if  j1  90 or  j1  270
 
j I k

Two angles are associated with each junction, one for the angle between the upstream volume
and the junction flow direction j1 and the other for the angle between the junction flow direction
and the downstream volume j2. These angles are ANGLJ1 and ANGLJ2 respectively in the
junction input. They provide user control over the manner in which the momentum flux terms
are computed.
The most obvious affect is through the cosine terms, used to either include the term through a 0o
angle, or eliminate the term through a 90o angle. A more subtle affect is through the angle
dependent summations shown above. They provide a means of effectively moving a junction
from the inlet end of a volume to the outlet end for the purpose of evaluating the momentum
flux. Examples presented below will illustrate how the angles can be used to introduce both
effects in the evaluation of the momentum flux terms.
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Some components modeled with one-dimensional flow equation assumptions in RETRAN-3D
actually contain regions of flow that are truly multidimensional. Several examples may be found
in a typical nuclear reactor system: the downcomer, plenum, and core regions in the reactor
pressure vessel; the plenum and secondary side of a steam generator. The shapes of these
regions are many and varied, but they must be modeled approximately using combinations of
straight pipes or channels with coupling regions and area changes as necessary. Modeling
examples for these situations are presented below.
Tees and Branches
Two different angles are associated with the junction input (ANGLJ1 and ANGLJ2). These
angles specify junction orientation relative to the upstream and downstream volumes
respectively. These angles affect the manner in which the momentum flux is computed. The
angles are intended to correctly adjust the momentum flux terms (Terms 2, 3, and 4) for special
cases when there is a flow split and one junction splits off at an angle relative to the main flow
such as in tees, wyes, or manifolds. It is common for most (or many) volumes to have one
junction on the inlet side of the volume and one junction on the outlet side, in which case the
angles should be specified as zero (the default value) to indicate the junction flow paths are
parallel. The angle information is not intended to represent turns in a single flow path such as
elbows nor a universal reference for the whole system.
The pseudo-vector form (cosine terms) of the flow equation is not intended to account for these
flow complexities, but rather to account properly for momentum flux contributions as tees, wyes,
branches, or manifolds. Consider the representation of a diverging tee shown in Figure III.2-2.

m

j+1

j

k

k+1
"to"

"from"

Figure III.2-2. Example Tee Nodalization

In the tee shown above, the velocity head in the horizontal direction should not contribute to the
vertical branching Junction j+1 flow equation. The geometric information supplied to
RETRAN-3D generally is not adequate to identify the location along the axis of flow where the
branch is located. Bubble rise volumes are an exception because the junction elevation provides
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the vertical location for the junction. This will be addressed separately in a later discussion.
Consequently, all junctions exiting a volume are assumed to exit at the outlet end of the volume.
Similarly, all inlet junctions are assumed to be located at the inlet side of a volume.
Consequently, RETRAN-3D sees this nodalization as shown in Figure III.2-3 and the velocity
head term from Volume k will be improperly included in the j+1 flow equation.

j+1

k+1

k
j
"from"

m
"to"

(a)

Figure III.2-3. One-Dimensional Branch Representation

If an angle of 90o is input for Junction j+1, the upstream (Volume k) velocity head term (Term 2)
and the upstream portion of the area change momentum contribution (Term 4) will be removed
from the momentum equation and the branch is properly simulated.
An important application of nonzero junction angles occurs at the connection of a branch from
the hot or cold leg such as the PWR pressurizer surge line or spray line or valves from a steam
line (simulated with a normal junction rather than a negative fill). For the example of a junction
connecting the hot leg (from volume) to the surge line (to volume), Figure III.2-4 illustrates the
effect of using the default angles of 0o versus applying a 90o angle on the “from” side of the
junction connecting the surge line to the hot leg. In the first example, the hot leg junctions have
0o angles, as does the surge line. The result is that the surge line junction p includes the
upstream velocity head, which gives a hot leg pressure that is lower than the pressurizer pressure.
In the second example shown in Figure III.2-4 an angle of 90o is used for the “from” side of the
surge line junction. This removes the upstream (hot leg) velocity head. Table III.2-1 shows the
results for the two modeling approaches shown in Figure III.2-4 for the UCRW and ATWS
standard problems using 0o and 90o for the from-side junction angle. Note that the hot leg
pressures are greater than the pressurizer pressure for the 90o from-side angle cases (because of
the hydrostatic head) as expected.
Note that the “from” and “to” side Similar use of junction angles should be used for steam line
safety valves that are modeled using normal junctions that connect the steam line to steam relief
piping or a time dependent volume boundary.
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Surge Line
•

Physical Representation

No Angles
Surge Line
Hot Leg 1
Hot Leg 2

•

Surge Line Affected by Upstream
Momentum Flux and Bernoulli Terms
 ~20 psi
 May Give Incorrect Pressure Drop
“From” Angle = 90 Removes Affect
Surge Line

•

Figure III.2-4. Momentum Flux Affect on Hot Leg to Pressurizer Δp
Table III.2-1
Pressurizer Surge Line Angle Affect

Sample Problem

Pressurizer
Pressure (psia)

ATWS*
UCRW*

2250
2220

Initial Hot Leg Pressure (psia)
Surge Line
Surge Line
Junction Angle 0
Junction Angle 90

2242
2205

2258
2242

*Standard RETRAN-3D sample problems modified to use 0o or 90o junction angles in the
pressurizer surge line. For both cases the hot leg main flow path junctions have 0o angles.
Bubble Rise – Separated Volumes
RETRAN-3D models often use bubble rise or two-region nonequilibrium volumes to model
separated regions such as steam water separators and upper downcomer regions in BWRs and
PWR steam generators. For these applications, the steam exits the volume near the top of the
separated volume (or above the initial mixture level), while the recirculation flow exits near the
inlet of the volume. Figure III.2-5 illustrates such modeling.
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Steam Flow

Elevation
Zst

Zmix

Recirculation
Flow

Zrec
Inlet Flow

Figure III.2-5. Typical Separated Volume Configuration

The branch flow model discussed above treats the steam and recirculation flow junctions as if
they both exit the volume at the end where the steam path exits. This effectively forces the
steam flow through a small fraction of the total area, resulting in a significant Bernoulli head
affect. A better approximation is to treat the steam flow path as if it occupies the full area. This
is accomplished by replacing



W j in Eq. III-2-1 with Wj for the steam path. T his

j  Out k

approximation is applied automatically when the junctions exiting a separated volume satisfy the
conditions Zst > Zmix and Zrec < Zmix, where Zmix is the steady-state initial condition.
Mechanical separators contain internal swirl vanes that induce radial forces that cause the liquid
to separate and the geometry is significantly different than a simple pipe or vertically separated
bubble rise pipe. Consequently, when modeling a separator volume as a bubble rise volume, the
“from” junction angle φj1 for the recirculation path should be set to 90o and the “to” angle φj2 for
the inlet junction should be set to 90o. For the steam path, the primary steam flow is in the
direction of the exit junction, so it would be acceptable to leave the momentum flux on for both
sides of the junction (both angles 0o). However, if the dryer path is included, as part of the
separator, the “from” junction angle φj1 for the steam path should be set to 90o to remove the
upstream momentum flux contribution. Another modeling approach that has a similar effect is to
use the junction MVMIX=3 option for the separator junctions. This drops all momentum flux
components for the given junction rather than the term for one side of the junction.
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Fills – Flow Boundary Conditions
Fill junctions are only associated with a “to” volume, indicating that they appear at the inlet of
the “to” volume. As such, fill junctions will contribute to the volume-centered flow or
momentum flux term for the “to” volume. For positive flow situations, the to-side junction angle
φj2 would typically be 0o.
Negative fills are occasionally used to remove flow from a system, e.g., they are occasionally
used to model flow exiting a piping segment such as a steam line. When a fill is used to remove
flow from a volume, the flow is specified to be negative and is referred to as a negative fill. For
an angle φj2 = 0o, the negative flow is removed from the inlet side of the volume, not the outlet
side. At steady state Wfill = -Win and W = 0, this will appear as a stagnation point for the normal
inlet junction to the volume, resulting in a pressure increase. This does not give the correct
momentum flux effect for flow through the volume.
To describe a situation where flow is through the volume as illustrated by Figure III.2-6(b), a toside angle of φj2 = 180° for the negative fill junction and φj2 = 0 for the inlet flow are used. This
effectively moves the negative fill junction to the outlet end of the volume, which gives , W =
Win = -Wfill since Sφ1 = -1 and Sφ2 = 1・ This will give a momentum flux value similar to the
upstream volume for similar pipe flow areas and steady conditions.
Inlet

Outlet

Win
W=0

W fill
(a)
Inlet

Outlet
W fill

Win

W = Win

(b)

Figure III.2-6. Example Use of Junction Angle Bias on a Negative Fill

III-15
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

Modeling Physical Phenomena

Vessel Modeling
The model geometries described so far have been one-dimensional or two-dimensional. The
cosine multiplier in Eq. III-2-1 can be used to account for some two-dimensional effects included
in the momentum flux terms (Terms 2, 3 and 4). Reactor vessels are even more complex
geometrically and have regions where multidimensional flow can be encountered. Figure III.2-7
illustrates a simple noding diagram for a PWR reactor vessel, while Figure III.2-8 and Figure
III.2-9 illustrate the three-dimensional nature of the downcomer and lower plenum flow patterns
under steady conditions.
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Figure III.2-7. Simple Vessel Noding
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Figure III.2-8. Downcomer Flow Pattern

Plan View

Elevation View

Figure III.2-9. Lower Plenum Flow Pattern
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The RETRAN-3D flow equations require the downcomer, Volume 2, and the lower plenum,
Volume 3, to be effectively treated as straight pipe segments connected by a flow path or
junction. The various shaded regions illustrate a given momentum cell over which Eq. III-2-1 is
solved. For junction 2, there is a 90o change in flow direction, but both the from-side and to-side
angles should be supplied as 0o. The junction is effectively treated as an elbow where the
irrecoverable losses associated with the flow direction change are included via the form loss
coefficient.
Figure III.2-8 illustrates the flow connections from the downcomer to lower plenum and from the
lower plenum to the core. Given only the “from-to” connections (with 0o angles), the lower
plenum cell centered flow is illustrated by Figure III.2-10., which implies that the flow is through
the straight pipe representation of the lower plenum. Actually, the core and bypass flows should
exit the inlet side of the volume, or the same side the downcomer flow enters. Applying Eq.
III-2-4 to the lower plenum example gives the junction orientation shown in Figure III.2-11 if
the "from" junction angles φj1 are set to 180°. This gives Sφ1 = -1 for the core and bypass
junctions and Sφ2 = 1 for the downcomer junction. Since W3 = W4 + W5 at steady state, W 3 = 0 ,
indicating a stagnation point at the center of the lower plenum. While may not be strictly true, it
is a better approximation that treating the momentum effects as if the flow passed from the inlet
to outlet side of the one-dimensional pipe node.

Downcomer
W3
W4

Core

W3

Lower Plenum
W5

Bypass

Figure III.2-10. Volume Centered Flow Defined Using “From-To” Designation
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Downcomer Core Bypass

W3

W4
W3

W5
Lower Plenum

Figure III.2-11. Volume Centered Flow Defined Using
“From-To” and 180o Junction Angle Bias

A similar situation exists for the upper plenum, which requires that the to-side junction angle be
biased by 180°.
A situation similar to the lower plenum can also occur when modeling the pressurizer vessel in a
PWR system. The surge line is typically modeled with the “from-to” orientation from the hot leg
through to the pressurizer and the spray line from the cold leg to the pressurizer as shown in
Figure III.2-12. Using the “from-to” information with no junction angles gives the result shown
in Figure III.2-12(b) where both the surge and spray lines enter the inlet side of the volume. This
will give an incorrect value for the volume centered flow. By supplying a “to” side angle of 180o
for the spray line, the spray line is effectively moved to the exit side of the pressurizer as shown
in Figure III.2-12(c).
2.1.2

Wall Friction

The wall friction pressure drop is given by Term 5 in Eq. III-2-1. It requires models for the wallto-fluid viscous loss due to the wall friction, which is based on the following
 L
F
F
 
pf  w,k  w,k 1  =  f w ,k  
D
 A k A k 1  
 hy

 2
 L
 tp,k   f w ,k 1  
k
 D hy

 Wj Wj

2


tp,k 1 
2
  A j
k 1

(III-2-6)

where fw,k is the wall friction factor for volume “k”, which is obtained from one of the friction
models discussed below. tp,k is the two-phase friction multiplier for volume “k” and is
obtained using one of the models described below for two-phase condition; otherwise, it is set to
unity. A friction factor and two-phase multiplier are similarly defined for volume “k+1”.
The friction factor fw,k can be determined from either a laminar or turbulent friction factor model.
Models for both laminar and turbulent flow are discussed below.
There are two components to the wall friction, one component is for the upstream half volume
and the other is for the downstream half volume. The friction factors fw,k and fw,k+1 are evaluated
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Figure III.2-12. Pressurizer Model Considerations

using the junction flow, but the volume geometry and fluid properties for the appropriate half
volume. Friction components for each half volume are summed to obtain an effective friction
coefficient (term inside the leading square brackets). Using this approach, the wall friction for a
given junction is a function of the geometry and fluid properties in the adjacent volumes.
Three options are available for defining the turbulent wall friction factor. They are selected
through the IFRIC parameter on the volume data card and are described below. For single-phase
conditions, the selected friction factor correlation is evaluated using the corresponding fluid
properties and the two-phase multiplier, tp2, is set to unity.
Colebrook Form
This is the default turbulent friction factor model and will normally be used for all volumes. It is
given by
1
f tur

 
2.51 
= - 0.86 ln 
+

 3.7 D hy,k Re j,k f tur 

(III-2-7)
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where the pipe relative roughness (/Dhy) is input on volume data 05XXXY. A NewtonRaphson iterative solution is used to solve for the friction factor.
This is the only friction factor model that accounts for the affects of wall roughness. The smooth
wall Colebrook form is closest to the model used in RETRAN-02.
Blasius Form
The Blasius model is typically used to match the wall friction related pressure drop from another
code, e.g., a vendor core code. It can be used in any volume at the user’s request. The Blasius
form turbulent wall friction is a generalized correlation given by
f tur = 4

C t1
Re Cj,kt 2

Ct1
Ct2

=
=

(III-2-8)

where
model coefficient (typically 0.0791), and
Reynolds number exponent (typically 0.25).

The Blasius form does not account for wall roughness so the input value of the relative
roughness (/Dhy) is ignored.
Moody Form
The Moody model is typically used to match the wall friction related pressure drop from another
code, e.g., a vendor core code. It can be used in any volume at the user’s request. The Moody
form turbulent wall friction is a generalized correlation given by
Ct 4



Ct 3  
f tur = 4 C t1  1 + C t 2 +
 `
Re j,k  



(III-2-9)

where
Ct1
Ct2
Ct3
Ct4

=
=
=
=

model coefficient (typically 0.001375),
model coefficient (typically 20000 /Dhy,k),
model coefficient (typically 106), and
Reynolds term exponent (typically 0.33333).

The Moody form includes wall roughness wall roughness directly in the Ct2 coefficient so the
input value of the relative roughness (/Dhy) is ignored.
If the Blasius or Moody model for turbulent flow is used for one or more specified volumes,
input data will be required to specify the correlation form and associated coefficients using the
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2331XX and 2332XX data cards. It is possible to define several Blasius or Moody models that
can then be tied to volumes specified via the value on IFRIC input on the volume data card.
The laminar friction factor is obtained from the generalized equation
 C Re

f lam = 4  X Re + f o  .
 Re


(III-2-10)

The model parameters CRe, XRe, and fo can be supplied by the code user or allowed to default to
CRe
XRe
fo

=
=
=

16.0
1.0
0.0

which gives the commonly used laminar flow friction factor of flam = 64/Re.
Both turbulent and laminar friction factors are computed for each junction. The wall friction
factor is obtained using
f w,k = max  f lam, f tur  .

(III-2-11)

For the default laminar and turbulent friction models and smooth pipe, the transition from
laminar to turbulent flow occurs at a Reynolds number of approximately 520 (fw,k = 0.12).
Pressure drops associated with turbulent wall friction can be adjusted by use of the relative
roughness (/Dhy) for the Colebrook model or through the Ct2 coefficient for the Moody model.
The ratio of the volume flow length L and hydraulic diameter Dhy can also be used to adjust the
pressure drop if necessary to match known pressure drops. The hydraulic diameter Dhy affects
the friction factor through the Reynolds number as well as the L/ Dhy multiplier on the friction
factor. The flow length is a model parameter that only affects the wall friction model for singlephase flow, so it is the recommended parameter to adjust. Similarly, it has no affect on the
algebraic slip form of the four-equation model given by Eq. II-1-4. For the dynamic slip form of
the four-equation model, L also affects the pressure gradient, slip velocity gradient, and form
loss terms on the right-hand-side of Eq. II-1-5, Terms 1 through 5, respectively.
Any adjustment to the flow length to obtain the correct pressure drop will also affect the slip
velocity. Consequently, it might be necessary to evaluate what affect it also has on the slip
velocity in two-phase regions.
2.1.2.1

Single-Phase Wall Friction

For single-phase conditions, the selected turbulent and laminar friction factor correlations
described above are evaluated using the corresponding fluid properties, which gives the
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appropriate Reynolds number used in evaluating the friction factor. The two-phase multiplier,
tp2, is set to unity
2.1.2.2

Two-Phase Wall Friction

A two-phase friction multiplier, tp2, accounts for the increased wall friction experienced when
two-phase conditions are present. This is a common approach to modeling the two-phase
friction pressure gradient. Many correlations for the two-phase multiplier have been developed
over the years by evaluation empirical data. Four two-phase multiplier correlation options are
available in RETRAN-3D. They are selected using the JTPMJ parameter on the junction card.
Each is discussed below.
HEM Form
The simplest form for the two-phase multiplier, is the HEM model given by


2
 tp,k = 1 + X mj   - 1


 g 

(III-2-12)

where the junction properties are used to evaluate the two-phase multiplier.
Comparisons with data have shown that the HEM model is not very accurate and has error trends
with changing quality and mass flux. The fact that the two-phase multiplier is a function of the
mass flux has been known for some time. The other two-phase friction multiplier correlations
included in RETRAN-3D were formulated to include the effects of mass flux.
Baroczy Form
The Baroczy correlation implemented in RETRAN-3D is based on two tabular functions, one for
the two-phase multiplier at a reference mass flux, while the other includes a mass flux correction
factor. The general form is
2
2
tp = 1 +  tp | G=1x106 - 1.0  FG .

(III-2-13)

The first term on the right is the reference two-phase multiplier and is obtained by interpolating a
tabular function of pressure and quality. The second term, or mass flux correction factor, is
obtained by interpolating tables of correction factor versus pressure and quality at various mass
fluxes. To account for the possibility of having different mass fluxes in the upstream and
downstream volumes, the corresponding mass fluxes are determined using the junction mass
flow rate and the volume flow areas (similar to the approach used in evaluating the friction
factor).
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Two forms of the Baroczy multiplier are provided as options in RETRAN-3D. The only
difference is the choice of quality, i.e., thermodynamic quality or flowing quality used to
compute the multiplier. Flowing quality is consistent with that used in the correlation
development. Thermodynamic quality was the only option available in early RETRAN-02
versions and was kept as an option to provide for backward compatibility with RETRAN-02
calculations.
The Baroczy correlation is the recommended option based on analyses of several two-phase drop
experiments.[III.2-3] The flowing quality option is the recommended.
EPRI Form
The EPRI two-phase multiplier correlation and is based on work at Columbia University[III.2-4]
it incorporates a mass flow rate dependence in the two-phase multiplier correlation, which is
given by


2
tp,k

  gj  f
= 1.0 +   - 1 X j C F
j 

(III-2-14)

where

 1.02 f -0.175G 0.45
Xj
k




 0.357 1  10p j  X f -0.175G -0.45
j

p crit 

junction phasic specific volume,

 

CF

=

 

g

 j, j =
f

Xj
pj
Gk

=

junction flowing quality,

=
=

junction pressure (psia), and
mass flux (Mlbm/hr-ft2).

for p j  600 psia
,
for p j < 600 psia

The mass flux is evaluated for the junction flow rate and the volume geometry.
Martinelli-Nelson Form
The Martinelli-Nelson correlation is pressure and mass flux dependent and is used in some
vendor core modeling codes. The form used in RETRAN-3D also contains the Jones correction
as given in Reference III.2-5. It is given by
 

 f 0.824
2o    p, G m  1.2    1 X j
 1.0 
  g 
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where the Jones correction is given by
  p, G m 

=

1.36  0.0005p  0.1G  0.000714p G forG  0.7

m
m
m


 1 
 1 

,
  0.00028p 
 forG m  0.7 
1.26  0.0004p  0.119 



G
G


 m
 m

Gm
p

=
=
=
=
=

junction mass flux (Mlbm/hr-ft2),
junction pressure (psia),
two-phase multiplier,
saturated liquid density,
saturated vapor density, and

=

junction flowing quality.

2o



g
Xfj

When this option is used, the two-phase multiplier as evaluated above is applied to both the
upstream and downstream single-phase liquid wall friction losses.
2.1.3

Form Loss Models

Irrecoverable pressure losses associated with changes in geometry are modeled according to
Term 6 in Eq. III-2-1. Section II.3.3 discussed the input requirements for defining fixed form
loss coefficients for forward and reverse flow, including references that provide guidance for a
large range of geometric configurations. Options to use simple sharp-edge expansion and
contraction form loss model were also discussed.
A two-phase multiplier generally is not applied to the junction local losses. Local losses use the
average junction density in the denominator, which increases the friction as the two-phase
density decreases. This is in comparison to the wall friction model, which uses the single-phase
liquid density, a single-phase liquid friction factor, and a two-phase multiplier.
In addition to the fixed geometry dependent form losses and those for sharp-edge contractions
and expansions, special purpose models are available for use. They are discussed below.
2.1.3.1

Grid Loss Model

The grid loss model is a generalized model that defines the loss coefficient as a function of the
Reynolds number and an optional two-phase multiplier for two-phase flow situations. It can
optionally be applied at any junction using the JCALCI parameter on the junction data card
select a particular grid loss definition number, which then requires use of the 2330XXX grid loss
model data card to define the model coefficients for the model number.
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For single-phase conditions, the form loss is
k =  A + B ReC 

(III-2-16)

and for two-phase conditions, it is given by
 
k =  A + B Re C   m  2D .
  ls 

(III-2-17)

Four options are available for the two-phase multiplier. The first is for no two-phase multiplier
where
 
2D   s  .
 m 

(III-2-18)

Which effectively cancels the  m / s  multiplier in Eq. III-2-17. This results in use of the
mixture velocity in the standard form loss model. The next two-phase multiplier form is
2D  1.0  X gw  .
D

(III-2-19)

The homogeneous equilibrium model two-phase friction form is



2D  1.0  D X gw  s  1.0  ,
 gs


(III-2-20)

and the Romie form used in subchannel codes such as VIPRE-01 or CORBA is


2
D

1  X 


w 2
g

w2

 X
  s  g
1     gs  

(III-2-21)

where A, B, C, and D are input constants (which may be available from fuel vendors), m is the
mixture density, ls and gs are the saturated liquid and vapor densities, X gw is the flowing
quality, and  is the void fraction. The Reynolds number is given by
Re = G j

D hy j


(III-2-22)

where
Gj
D hy j

=
=

mixture mass flux,
junction hydraulic diameter, and
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μ

=

saturated liquid viscosity for two-phase conditions, otherwise it is the
appropriate single-phase viscosity.

Note that for two-phase conditions the form loss coefficient is an effective loss coefficient that
not only contains the loss coefficient but also the two-phase multiplier and the ratio of the
mixture and liquid densities. The density ratio changes the evaluation of the local losses so the
liquid velocity is used rather than the mixture velocity that is normally used.
This particular form of the grid loss is often used by fuel vendors to model spacer grids and
mixing vanes in fuel assemblies. As such, this model would find use in defining form losses
within the fuel assembly when the vendor’s pressure distribution within the assembly is known.
The vendor specific coefficients for this model should be available from the vendor.
2.1.3.2

Control System Form Loss Model

If a complicated functional relationship is needed to define the form loss coefficient, the control
system can be used to determine the loss coefficient. This is accomplished by setting JCALCI =
1000 on the junction data card and then setting FJUNF and FJUNR equal to the control block
IDs defining the forward and reverse loss coefficient, respectively. Note that the values of
FJUNF and FJUNR will be negative.
The control system blocks must then be combined to solve for the function that describes the
form loss coefficient, probably a function of Reynolds number and flow direction.
3.0

ENHANCED TWO-PHASE FLUID FLOW MODELING

Flow of a two-phase mixture of the liquid and vapor phases of water occur in both BWRs and
PWRs at steady-state and transient conditions. At steady-state in BWRs, the coolant boils in the
primary pressure vessel, and in PWRs the secondary-side coolant is boiled in the steam
generators. Under transient conditions, the coolant in the primary side of PWRs may become
two-phase, and single-phase vapor regions in both PWRs and BWRs may become two-phase due
to pressure and/or heat transfer transients.
Transient flow of compressible two-phase mixtures in complex geometries and NSSS
components are very difficult to describe from first principles. In many cases, accurate
prediction of these flows depends on the existence of experimental data and empirical
correlations. In contrast, steady-state, single-phase flows, laminar and turbulent, can be
predicted by solution of the Navier-Stokes equations and analytical models of turbulence
phenomena. The two-phase flow models in RETRAN-3D are based on experimental data and
associated correlations.
In many cases, the available data do not cover the entire range of conditions encountered in
transient analyses of NSSS. Thus, some uncertainty will be associated with the results obtained
with RETRAN-3D (as well as any other codes modeling two-phase flow). Therefore,
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comparisons of RETRAN-3D predictions with experimental data are important relative to
establishing the validity of the two-phase flow models in RETRAN-3D. In general, the
predictions of RETRAN-3D have been compared with three kinds of data: (1) data from a
simple, separate-effect type of test; (2) data from component tests and small-scale models of an
NSSS; and (3) data from a full-scale operating NSSS. The data from the latter are especially
important for validating all models in RETRAN-3D for a particular plant or design.
The largest uncertainties associated with transient analyses of NSSS arise from the very complex
equipment in these systems. The two-phase flow operating properties of centrifugal and jet
pumps, for example, cannot be predicted based solely on theoretical models. Both PWR and
BWR NSSSs contain special hardware to cause separation of the liquid and vapor phases. The
steam generators in PWRs and the primary vessel in BWRs have liquid-vapor separators that are
designed to deliver high quality vapor to the main turbines. The liquid phase is returned to the
bulk fluid region in both cases. Separation of the liquid and vapor phases can also occur by the
action of gravity in vertical open regions such as plenums and in horizontal piping.
Often the data on which correlations are based do not cover the entire range of conditions
encountered during transient analyses of NSSS. Each RETRAN-3D application should be
checked to see that the correlations are being applied with conditions that are appropriate. In
particular, the response of the complete NSSS to a given transient may be completely dominated
by the physical phenomena occurring in a single piece of equipment or a part of the system.
Clearly, the model of the phenomena contained in RETRAN-3D must be very accurate for the
conditions prevailing in the equipment during the transient. If, for example, the transient
response is dominated by single-phase natural convection flow on the secondary side of a steam
generator, then the RETRAN-3D models of heat transfer coefficients must be accurate for the
geometric, operating, and fluid state conditions present in the steam generator.
Because of the assumptions implicit in the HEM model, it cannot predict some of the basic
properties of two-phase flow. The HEM model, for example, cannot predict separation of the
liquid and vapor phases by the action of gravity or by the action of mechanical devices such as
steam separators. In general, the liquid and vapor phases in a two-phase mixture will respond
differently to applied forces. (This is, in fact, the reason mechanical separators work.) Twophase flow models have been developed that allow the liquid and vapor phases to separately
respond to both mechanical forces and energy transfer. These models may be classified as
follows


Unequal velocity, equal temperature models (four-equation). The phases flow with
different velocities but have the same (saturation) temperature. Particularly needed for
natural circulation or stagnation flow conditions where gravitational forces are dominant.
Addition of a slip model to the basic fluid flow equations accounts for unequal phase
velocities.



Unequal velocity, constrained temperature models (five-equation). The phases flow
with different velocities and the vapor temperature phase is constrained at saturation
temperature. Slip models are used to augment the basic fluid flow equations to account
for unequal phase velocities. Addition of a slip model to the basic fluid flow equations
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accounts for unequal phase velocities. Addition of the vapor continuity equation allows
for unequal phase temperatures where vapor is constrained to saturation for two-phase
conditions. This model is needed to simulate subcooled nucleate boiling, which is
particularly important for BWR applications.


Unequal velocity, unequal temperature models (six-equation). The velocity and
temperature of the phases are not necessarily equal. These models are needed when
subcooled liquid and superheated vapor come into contact such as a large break loss of
coolant accident where emergency core cooling is required.

RETRAN-3D has four- and five-equation options, but not a complete six-equation model. A
specialized six-equation option can be applied to two-region nonequilibrium volumes, which will
be discussed in later sections. The two-region nonequilibrium option is designed to be used in a
volume that has a distinct liquid and vapor region with a liquid level, such as a pressurizer.
These flow model extensions affect the temperatures that result from the pressure searches
discussed in Section III.4.0 since different assumptions about the temperatures are required to
close the pressure solutions.
The basic two-phase flow field given by Eq. III.2-1 is the general two-phase form and includes
the effect of slip on the governing balance equations. For the HEM fluid flow model option, the
slip velocity is zero. Activating a slip model using the ISFLAG parameter on the 01000Y
problem description data card provides additional model equations that determine the slip
velocity for two-phase flow paths.
3.1

Unequal Phase Velocities

RETRAN-3D has the ability to use three different thermal-hydraulic model formulations. The
primary model is a three-equation model that uses the mixture continuity, energy, and
momentum equations. For two-phase conditions, this model treats the liquid and vapor phases as
though they are in thermal and mechanical equilibrium. Thus, a single temperature and velocity
describe the phase behavior. This is called the homogenous equilibrium mixture, HEM model.
For most two-phase situations, the vapor and liquid phases move with different velocities. A slip
model is used to determine the velocity difference between the liquid and vapor phases. Two
different slip modeling approaches are available for use in RETRAN-3D. One is based on an
algebraic slip model that uses an empirical drift flux correlation and steady-state algebraic model
to determine the slip velocity [III.3-1, Section II.3.2.2]. The other is based on the difference
between the phasic momentum equations and is referred to as the dynamic slip model.
Given the mixture velocity from the HEM model and the slip velocity from one of the slip
modeling approaches, the phasic velocities are determined. The HEM model supplemented by a
slip model is referred to as the four-equation model. A four-equation formulation generally
provides a more accurate representation of two-phase flow than the HEM model.
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Slip affects allow vapor to move faster than the liquid though a BWR core or a steam generator
bundle region. This results in lower void fractions in the lower regions and higher void fractions
in the upper regions. Slip effects also allows liquid to fall through rising vapor (countercurrent
flow). These phenomena can significantly change the mass distribution in two-phase regions
when compared to the HEM model. For these reasons, a slip model is required for BWR models
and PWR small break LOCA analyses. It will improve a simulation if significant two-phase
conditions exist, e.g., BWR models and PWR models with detailed steam generator secondaryside representation.
The velocity difference, obtained from one of these models is computed at the junction or flow
path and is defined as
VSL  v  vg ,

(III-3-1)

where
VSL
v
vg

=
=
=

the slip velocity,
the liquid velocity, and,
the vapor velocity.

The flow rate for each phase is obtained via Eq. III-3-1 and definitions of the usual mixture
properties. The mixture velocity is





v  x gvg  1  x g v ,

(III-3-2)

where x g is the static quality and the mixture mass flow rate is





W  x g vgA  1  x g v A .

(III-3-3)

The velocity of the vapor is





vg  v  1  x g VSL ,

(III-3-4)

and the liquid velocity is
v  v  x g VSL .

(III-3-5)

The vapor mass flow rate is





Wg  x g W  1  x g AVSL ,

(III-3-6)
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and the liquid flow rate is



W  1  x g

  W  x g AVSL  .

(III-3-7)

Equation III-3-4 shows that if VSL and V (or W) are known; the velocity and flow rate of each
phase can be determined. The junction slip velocity is obtained from the algebraic or the
dynamic slip model. The volume slip velocity is computed by an arithmetic average of the inlet
and outlet junction slip velocities. The volume slip velocity is used only in the enthalpy
transport term (discussed in Section III.2.2.3 in Volume 1 – Theory and Numerics Manual) and
as a correction to the momentum flux terms. The mixture velocity, V, or flow rate, W, is
obtained from the mixture mass, flow, and energy equations.
Accounting for the velocity of each phase allows description of phenomena that cannot be
described with the HEM two-phase flow model. These phenomena include countercurrent flow,
separation of phases by the action of gravity, and unequal acceleration of the phases. Prediction
of the dynamics of each phase can be particularly important under natural circulation or almost
stagnant, conditions for the bulk mixture. Under this condition, the flow and energy transfer is
governed almost completely by the liquid and vapor phases in the mixture and not the mixture
itself. Accurate prediction of the vapor void fraction distribution in PWR and BWR cores and
PWR steam generators also requires accurate prediction of the phase velocities. The vapor void
fraction distribution is required to determine the fluid level and associated phenomena under
steady-state and transient conditions in the core, steam generator, piping, and other equipment.
The dynamic slip equation (ISFLAG=1) contain empirical flow field models for vapor and liquid
wall friction and friction or momentum exchange between the phases. These flow field models
are strongly dependent on the flow regime. For instance in a bubbly flow regime, both liquid
and vapor wall friction is nonzero and the interphase friction term is relatively large due to the
large liquid/vapor contact area. For annular flow, only liquid is in contact with the wall and the
liquid/vapor contact area is much smaller than bubbly flow. Consequently for co-current upflow,
the vapor phase will move much faster than the liquid in annular flow than in bubbly flow.
The difference in phase velocities is dominated by interphase friction term and the specific flow
field model is based upon the flow regime selection. The flow regime is selected from either a
vertical or horizontal flow regime map. Any flow regime map is highly geometry specific and
may not be applicable to all geometries. In addition in RETRAN-3D flow field models do not
exist for “transition” regimes such as slug flow. Therefore, RETRAN-3D interpolates between
flow field models in stable flow regimes. The flow regime maps are the weakest model in the
dynamic slip option.
Algebraic slip is a correlation that is fit to void fraction data from small to large test rigs. The
greater the range of test rig geometries and flow patterns the data are fit to, the more generally
applicable the correlation is. The Zolotar-Lellouche correlation (ISFLAG=2) was fit to void
fraction data obtained from vertical upflow in a BWR fuel assembly. It is good correlation for
BWR cores, but is not generally applicable to other geometries and does not have the capability
to predict counter-current flow.
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The Chexal-Lellouche correlation (ISFLAG=3) was fit to a data base with the Zolotar-Lellouche
data plus much more data from other geometries and flow patterns (upflow, downflow and
horizontal flow). Thus this correlation is much better suited for PWR and BWR applications.
This is the US Nuclear Regulatory Commission (NRC) preferred slip option because of the
validation calculations presented.
Since algebraic slip correlations are continuous and are not flow regime based two additional slip
which use the algebraic slip correlations to define the dynamic slip interphase friction term are
available. All other terms in the dynamic slip equation are the same except for the interphase
friction term definition. For ISFLAG = 4, the Zolotar-Lellouche correlation is used for
interphase friction. For ISFLAG = 5, the Chexal-Lellouche correlation is used for interphase
friction. The ISFLAG = 5 option is also favored by the NRC.
3.1.1

Use of the Slip Model

A slip model should be used with BWR models where the affects of void reactivity feedback are
important. This covers most BWR applications. The slip model gives a more accurate
prediction of the change in void fraction in the core, which in turn gives a more accurate
prediction of the void reactivity feedback and resulting power BWR ATWS analyses and other
analyses where accurate predictions of the vessel water level are important also require use of a
slip model. Unequal phase velocities will allow liquid to settle to the lower regions of the vessel,
while allowing steam to rise. This separation process cannot be predicted using the HEM
formulation.
Events that lead to voiding within the primary system of a PWR model may require use of a slip
model to accurately simulate the movement of liquid and vapor which affect the mass inventory.
This would include loss of inventory events such as a small break LOCA.
Many PWR models that do not experience two-phase conditions in the primary system use the
HEM formulation. Use of a slip model can improve the redistribution of liquid during a transient
simulation where two-phase conditions exist; however, many transient are affected by the heat
removal from the primary, which is governed by the mass inventory in the secondary side of the
steam generators (often generally set as a steady-state initial condition). For heat transfer driven
transients, the secondary initial and transient mass distribution can be very important to the
system response.
3.1.2

Slip Model Input Parameters

RETRAN-3D has several models that can be selected to model slip, or the velocity difference
between the vapor and liquid phase in a two-phase mixture. These are either dynamic slip,
algebraic slip, or a combination of the two that will be discussed below. The specific slip model
option is selected by the value of ISFLAG on the Problem Description and Control Data Card
01000Y. This section provides a brief summary of the slip options and associated input.
Additional information on the basis of each model is given in Volume I: Theory and Numerics.
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Four of the slip options are based on a differential equation to represent the velocity difference.
They are variations of the dynamic slip equation, which is obtained from differencing the phasic
momentum equations. This equation includes terms for wall-to-phase friction, interphase
friction, and added-mass, pressure differential, and gravity effects. The models used for the last
three terms are independent of flow structure and are the same for each of the four options. The
original dynamic slip model requires flow regime maps to select the flow regime and additional
flow field models, which are then used to define the interphase friction and wall friction. The
other dynamic slip options use different methods for determining the friction terms. The models
are summarized below
ISFLAG = 1, Empirical flow regime maps are used for the case of ISFLAG = 1. They
are used to select the flow field models used to determine the wall and
interfacial friction. This model is the original dynamic slip model and is
the same as the RETRAN-02 model, with the exception that the
RETRAN-3D model includes form losses where the RETRAN-02 model
did not. RETRAN-3D also has a horizontal flow regime map where
RETRAN-02 did not.
ISFLAG = 5, A model which is referred to as a "taugl" model is based in part on a drift
flux approach where a drift flux correlation is used to compute the
interfacial friction. ISFLAG = 5 is used to select this option using the
Chexal-Lellouche drift flux correlation. An extensive amount of
validation has been done for the Chexal-Lellouche correlation;
consequently, it is recommended for general use in the RETRAN-3D SER.
ISFLAG = 4, This option selects the "taugl" option using the Zolotar-Lellouche drift
flux correlation. While this option is available, it is not recommended for
use.
ISFLAG = 6, This option uses the dynamic flow regime model is used to evaluate the
wall and interphase friction terms. This option is experimental and is not
recommended for use.
The vertical flow regime map for the dynamic slip option (ISFLAG = 1) is based on cocurrent
flow data in pipes. For large diameter regions such as plena or BWR standpipes, the flow regime
determined by the map may be inappropriate. For these situations, users may override the flow
regime determined from the maps by specifying a fixed flow regime in the input.
Variable IFRJ on the Junction Data Card 08XXXY can be used to override the flow map
determination of the flow regime and specify that a specific flow regime be used. An input value
of -IFRJ will result in flow regime |IFRJ| flow field models being used to evaluate the wall and
interphase friction terms. For example, input IFRJ = -2 to use the dispersed bubble flow field
models.
A horizontal flow regime map is also available. Additional input is required to identify junction
flow paths that should use the horizontal map. Variable IFRJ on the Junction Data Card
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08XXXY is also used to indicate if a junction and associated volumes are oriented horizontally.
Horizontal flow paths are identified by adding a tens digit to IFRJ. This input specification
should be used for both the dynamic slip model (ISFLAG = 3) and the "taugl" model
(ISFLAG = 5).
The algebraic slip model uses a steady-state drift flux modeling approach to determine the slip
velocity. Two drift flux correlations are available and are summarized below.
ISFLAG =2, The Zolotar-Lellouche drift flux model is used when ISFLAG = 2. The
data used to develop this correlation are representative of upflow
conditions in BWR cores. Consequently, its use may be inappropriate for
other geometries and it should be limited to applications of vertical upflow
in geometries similar to BWR bundle geometry. This option was the
RETRAN-02 algebraic slip model and is unchanged in RETRAN-3D. It
should be used for RETRAN-02 Mode analyses as noted in the
RETRAN-3D SER. It is generally applicable only to upflow in heated
regions and, thus, use of this option should be limited to these conditions.
ISFLAG = 3, This option uses the Chexal-Lellouche drift flux model. It is based on a
large group of data that included vertical cocurrent upflow and downflow,
countercurrent flow and flow in horizontal flow. The data also covered a
number of different geometries. This model is a full range correlation and
can be applied for most flow conditions and geometries. An extensive
amount of validation has been done for this option; consequently, it is
approved for general use in the RETRAN-3D SER.
The Chexal-Lellouche model, as implemented in RETRAN-3D, has coefficients that are
dependent on both the flow pattern, i.e., cocurrent or countercurrent flow and geometry, i.e.,
vertically or horizontally oriented components. RETRAN-3D can determine the flow direction,
but cannot determine if a flow path should be treated in a vertical or horizontal manner. The
variable, IFRJ, is used to make this determination and the appropriate value must be supplied in
the junction input. To indicate a horizontal flow path, a value between 10 and 19 should be input
for IFRJ. This input specification should be used for both the algebraic slip equation (ISFLAG =
3) and the taugl model (ISFLAG = 5).
The user can impose an equal velocity assumption at any specific junction by setting IFRJ = -99.
This applies for all of the available slip options (ISFLAG = 1 through 6).
3.2

Pressure Solution Methods

The solution of the volume conservation equations described previously defines all of the
primary volume dependent variables except pressure. This section presents an overview of the
different pressure search solution methods used to obtain the pressure from the control volume
variables M, U, MV, and MN and the related assumptions associated with each pressure search
where
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M
U
MV
MNC
MLR
MVR
ULR
UVR

-

-

total volume fluid mass, water, and noncondensable if present
total volume fluid mass, water, and noncondensable if present
mass of the water vapor
mass of the noncondensable
mass of nonequilibrium volume liquid region
mass of nonequilibrium volume vapor region
internal energy of nonequilibrium volume liquid region
internal energy of nonequilibrium volume vapor region

Closure assumptions are required to obtain the pressure from the dependent variables defined
above. Consequently, the thermodynamic conditions are intimately connected with the form of
the governing fluid flow equations selected by the user.
Since the governing equations are nonlinear, iterative procedures are used to "search" for the
pressure that satisfies the equations. Upon completion of the iterative solution, the
thermodynamic pressure and specific enthalpy of the operating fluid are known and all other
relevant state properties are obtained directly from mathematical representations of the
thermodynamic state of water.
There are several pressure search solution methods in RETRAN-3D that depend on the fluid
flow model chosen by the user and what is contained within the volume. These options result in
different governing equations for the pressure search. There are basically four separate
categories for pressure search procedures. They are






thermodynamic equilibrium between phases (three- or four-equation models),
five-equation model,
two-region nonequilibrium (pressurizer) model, and
accumulator model.

The options are summarized in Table III.3-1 and in the sections below. All pressure search
procedures are described in detail in the RETRAN-3D Theory Manual, Section VII-8.3. Use of
the two-region nonequilibrium and accumulator models is discussed in Sections III.6.4 and
III.6.5, respectively.
3.2.1

Homogeneous Equilibrium Pressure Search

The homogeneous equilibrium pressure search assumes that all of the fluid within the volume is
at the same temperature, and pressure. Consequently, when two-phase conditions exist, they are
both at the saturation temperature. The equilibrium solution is generally applicable when all of
the fluid in the region is well mixed or when there is no large energy source or source of fluid at
conditions that are significantly different that the volume average conditions. This is the most
widely used equation-of-state solution. It is adequate for most PWR transient analyses where the
primary remains single-phase liquid.
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Table III.3-1
Pressure Search Methods
Pressure
Search
Category

Volume Content

Independent
Volume
Parameters

Comments and
Assumptions

HEM

Water only

M, U

Equal phase temperatures

NC only

MNC, U

Equal phase temperatures

Water vapor & NC

M, U, MNC

Equal phase temperatures

Two-phase water & NC

M, U, MNC

Equal phase temperatures

NC not allowed. Mixture
level between volume
bottom and top

M, U, MVR,
UVR

Region temperatures can
be unequal. Vapor
region not constrained
at saturation. Liquid
region can be
subcooled.

(HEM)

All vapor

M = MVR
U = UVR

Single temperature.

(HEM)

All liquid

MVR = 0
UVR = 0

Single temperature.

Water with NC cover gas
above the water level

MNC = constant,
Ml, Ul
UNC = f(Ml, Ul)

Gas and liquid regions at
different temperature.
Accounts for heat
transfer from gas to
vessel wall and liquid
region. Only liquid
drains from the volume.
Water vapor in NC
region is negligible.

All NC, liquid drained

Ml = Ul = 0
M = MNC
U = UNC

NC only – single
temperature.

Two-Region
Nonequilibrium
Volume

Accumulator
Model

(HEM)
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3.2.2

Constrained Nonequilibrium Pressure Search

The constrained nonequilibrium pressure search is used with the five-equation model and was
implemented to provide the capability to simulate situations where thermal nonequilibrium is
present for two-phase situations. Originally, the model was developed for application to BWRs
where subcooled boiling is present in lower regions of the core. For this situation, subcooled
liquid coexists with vapor that is essentially saturated. Other situations where thermal
nonequilibrium can exist includes: (1) injection of subcooled fluid, e.g., ECC or feedwater into
two-phase fluid regions, (2) depressurization transients such as a blowdown, and (3)
pressurization transients where two-phase conditions are present such as a BWR turbine trip
without bypass.
The existence of thermal nonequilibrium can affect the pressure response for several transient
scenarios. For example, if subcooled liquid is injected into two-phase fluid and equilibrium
thermodynamic model is used, the volume pressure will be artificially reduced due to perfect
mixing assumptions. With a nonequilibrium model, the injected subcooled liquid does not
instantaneously condense enough steam to raise the injected liquid to the saturation temperature,
which results in a higher and more realistic pressure prediction than obtained from the
equilibrium model. Interfacial heat transfer limits the steam condensation in a nonequilibrium
model, which reduces the steam condensation relative to the equilibrium model. For these
reasons, the constrained nonequilibrium model will provide improved results, compared to an
equilibrium model, when subcooled liquid is injected into two-phase fluid in either PWR or
BWR applications.
For depressurization transients, the pressure decrease causes the liquid to superheat. The
superheated liquid then flashes to steam. The flashing rate is maximized for equilibrium models,
which tends to keep the pressure elevated. Nonequilibrium models allow the liquid to superheat
and the superheat value is the driving potential for the flashing rate, which will be lower than the
comparable equilibrium value. Typical responses for depressurization transients using an
equilibrium model show the computed pressure to be high relative to experiment for rapid
blowdown conditions, while nonequilibrium models demonstrate a very rapid depressurization
followed by a partial repressurization as the superheated liquid begins to flash.
Pressurization transients cause the vapor to superheat, leading to a higher pressure than would
exist if saturated vapor was present. A full nonequilibrium, or six-equation, model would
account for this superheating. Neither the four-equation nor the five-equation models capture
these superheating phenomena. The pressurizer, or two-region nonequilibrium, model was
developed to locally account for these superheating effects in specific component volumes.
Originally the model was developed for application to PWR pressurizers. Later it was found to
be useful to apply the two-region nonequilibrium model in separator regions and/or the upper
downcomer/outer annulus regions in BWRs (see Section VI.2.0). For BWR applications, a
pressure increase will lead to collapse of the subcooled voiding, which will typically lead to a
reactivity insertion and power increase.
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For BWR modeling applications, the five-equation model can be applied to all transients,
particularly those where a reactivity change due to core void content is important. These can
include
•

pressurization transients,

•

depressurization transients,

•

feedwater malfunction, or

•

control rod malfunction transients.

For PWR modeling applications, the five-equation model will improve results when subcooled
ECCS is activated due to a small or large break, or when subcooled feedwater is injected into the
secondary of a steam generator.
No additional input is required to describe volumes where nonequilibrium modeling will be
applied, with the exception of several flags. They are discussed in Section III.3.2.2.2.
When the five-equation model is used, an additional output block is included in each major edit.
It contains a number of quantities that describe the thermodynamic conditions of the liquid and
vapor phases, and quantities that affect the interphase and wall mass transfer.
3.2.2.1

Use of the Constrained Nonequilibrium Model

While the equilibrium model is not capable of predicting subcooled boiling, an empirical
subcooled void profile fit model can be used to predict subcooled voiding for use with the
various void reactivity models in RETRAN-3D (also available in RETRAN-02). This model has
found wide application with BWR transient analyses and is adequate for many analyses.
However, under certain circumstances the four-equation model can yield discontinuous behavior
in the channel flow as the boiling boundary shifts during transients. This can have a detrimental
effect on CPR calculations. The constrained nonequilibrium model has been demonstrated to
eliminate this discontinuous behavior, which produces more realistic CPR results.
While the discontinuous behavior noted above was observed in an equilibrium hot channel
model, the anomalous behavior could also occur in a core model. If unexpected flow
discontinuities occur as the boiling boundary moves from volume to volume, use of the fiveequation model may eliminate them.
The void fraction predicted by the subcooled void profile fit model (used with the four-equation
model) is only used to compute void reactivity change for the kinetics models. It does not
feedback into the mixture momentum, slip, or mixture energy equations. Because of this, subtle
feedback effects may be missing, although they appear to be small. Use of the five-equation
model includes the affect of subcooled boiling in all of the fluid dynamics equations that
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comprise the model. It can also affect the heat transfer. The fact that the five-equation model is
more complete than the four-equation model in terms of the processes modeled may justify its
use for some BWR core applications.
Another application of the five-equation model is for situations where subcooled fluid is injected
into a two-phase system. The five-equation model will mitigate the rapid depressurization that
an equilibrium model would predict; thus, giving a more realistic pressure response for these
situations. This is true for both PWR and BWR applications.
For BWR pressurization transients, the five-equation model predicts the void collapse in all twophase volumes including the subcooled boiling region, since subcooled boiling is a fundamental
part of the balance equation solution. This will affect the propagation of pressure waves through
the system. It will also properly simulate the core void fraction transient response that will
feedback into the reactor kinetics model.
3.2.2.2

Five-Equation Input Parameters

The five-equation model is activated globally using a single input. Other input related to the
five-equation model is used to specify geometry-specific conditions or to deactivate the model.
They are discussed below.
NEWEQS,

The NEWEQS flag on the Problem Dimension Card 01000Y, provides the
input required to activate the five-equation model. A value of 1 will
activate the five-equation model for all volumes except special
components such as bubble rise volumes, two-region nonequilibrium
volumes, accumulators, time-dependent volumes, or volumes specifically
flagged by the user as a four-equation volume (see IHTGL discussion
below). When the five-equation model is used, the NUMRCS flag on
Card 01000Y should be set to 3.

Three flags input on the volume data Card 05XXXY are used by the five-equation model. They
are IHTGL, IMAP, and IVFIT. Each is discussed below.
IHTGL,

In some situations, it may be useful to use the four-equation model in
some volumes while using the five-equation model in most others. This
can be accomplished by setting IHTLG = 1 for the volumes that are to be
treated as four-equation volumes. An example of where this may be done
is in a steam line where the quality is high but slightly two-phase. There
the nonequilibrium affects are minimal, but the five-equation model may
encounter difficulty with the mass transfer constitutive models, leading to
a code failure or unrealistic results. Using the four-equation model in the
steam line would not have a significant effect on the results and may avoid
the code failure or anomalous results.
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IMAP,

The five-equation model relies on flow regime maps to identify the flow
structure, which then gives the vapor-liquid interfacial area density and
heat transfer coefficient as described in Section III.6.2 of Volume 1,
Theory and Numerics.[III.3-1] They are used with the difference between
the liquid and vapor (saturation) temperatures to define the bulk mass
transfer.
IMAP is used to identify whether the volume is horizontally or vertically
oriented. It is also used to indicate if a horizontal duct has a circular or
rectangular cross section.

IVFIT,

The IVFIT flag identifies a specific set of model coefficients and option
flags for use by the EPRI subcooled boiling model. The model partitions
the wall heat flux into a component that heats the liquid and another that
flashes vapor. The coefficients and model options are input on the profile
fit data Card 061XX1.
The value of IVFIT should be the XX for the corresponding 061XX1 card
containing the desired information. The five-equation model will
generally use the same coefficients and model options as would be used
for the empirical profile fit model; however, the profile model per se is not
used when the five-equation model is activated (even if IVOID = 1 on
Card 01000Y).
Note that the default profile fit data are not appropriate for rod bundle
geometries. Therefore, most uses will require model-specific input as
described with the 061XX1 card.

4.0

CRITICAL (CHOKED) FLOW

The critical, or choked, flow rate for a fluid is the maximum flow that can occur based on the
state of the coolant, the flow channel geometry, and the momentum and energy exchange
between the fluid and the channel walls. The Mach number, which is the ratio of the local fluid
speed to the speed of sound in the fluid, has the value of unity at the location of the maximum
flow rate. For steady-state, one-dimensional flow of single-phase fluids, the critical flow
phenomenon is well understood and can be predicted reasonably accurately. Transient twophase flow for complex geometries, such as may occur during pipe breaks or through relief
valves is significantly more difficult to predict accurately.
Choked flow usually occurs at a piping rupture, flow restriction or through a relief valves. Under
these situations, they may experience a very large pressure gradient across the flow path.
However, the magnitude of the flow is only a function of the upstream pressure for choked
conditions.
Accurately predicting the flow rate for transient two-phase flow through complex geometries is
difficult because of several factors
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the phase change processes associated with the high temperature and pressure coolant
expanding to the ambient pressure are complex and difficult to describe from first
principles;



critical flow is a strong function of break geometry (i.e., tube splits, guillotine rupture)
and geometries associated with pipe or tube rupture are complex and usually ill-defined;



the effects of the two-phase flow regime, especially the distribution of the liquid and
vapor phases relative to the break location or valve entrance, cannot be well defined; and,



there are significant uncertainties associated with the basic understanding of the mass,
flow, and energy equations for two-phase flows.

The critical mass flow rate is computed as
WCRIT  C0 A j (t) G CRIT ,

(III-4-1)

where
C0
=
Aj (t) =
GCRIT =

user-supplied discharge (or contraction) coefficient,
time-dependent junction area, and
critical mass flux, which is a function of upstream pressure and enthalpy.

RETRAN-3D computes the critical mass flux for each junction when JCHOKE > 0, where
JCHOKE is defined on the Junction Data Card 08XXXY. The flow equation is explicitly
evaluated to project the junction mass flux solution. If the projected mass flux from the flow
equation is greater than the critical mass flux, the critical mass flux is imposed as a boundary
condition and the flow equation is not solved. In other words if Wj  WCRIT , , then Wj is forced
to WCRIT.
To be theoretically correct, the critical mass flux should be based on stagnation pressure and
enthalpy. RETRAN-02 and versions of RETRAN-3D up to and including MOD003.1 did not
use stagnation values. In the RETRAN-3D MOD003.2 and later versions, the critical flow
model uses stagnation pressure and enthalpy by default. Therefore, when comparing results to
earlier versions of the RETRAN code, the results may not match unless consistent critical flow
properties are chosen. For this reason, options are provided for backward compatibility with
earlier code version.
Typical values for C0 for the critical flow values are
Moody
Henry-Fauske
Isoenthalpy expansion

0.5 to 0.7
0.9 to 1.0
0.9 to 1.0
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The critical flow is imposed as a flow boundary condition when critical flow is indicated by the
conditions above. The critical mass flux at a RETRAN-3D junction is calculated as a function of
junction pressure and enthalpy. There are three formulations for junction pressure and enthalpy
that can be optionally selected. The selected pressure and enthalpy option will be used to
evaluate the particular critical flow model also selected. Four different empirical critical flow
correlations are available.
The options for the junction enthalpy and pressure are



stagnation pressure and enthalpy (recommended option),



the RETRAN-02 form, which uses the thermodynamic pressure adjusted for hydrostatic
head between the volume center and junction (this option provide for backward
compatibility with RETRAN-02), and



the early RETRAN-3D form, which uses the thermodynamic enthalpy and pressure
adjusted for the hydrostatic head and wall friction between the volume center and
junction (used for backward compatibility with RETRAN-3D MOD3.1 and earlier
versions)

The default option used the stagnation pressure and enthalpy and is the recommended option.
However, since this option was not available in earlier versions of the code, the other options are
available to provide backward compatibility.
Three choking models are available. They are



no choking considered,



extended Henry-Fauske for subcooled conditions and Moody for two-phase and singlephase vapor flow (Appendix K model option),



isentropic expansion (HEM), which covers the entire range of conditions from subcooled
liquid and two-phase to superheated vapor, and



extended Henry-Fauske for subcooled conditions and isentropic expansion for two-phase
and single-phase vapor flow.

Experience has shown that each model requires use of different multiplier values. Typical
multiplier values used with the models are given below.
Model

Contraction Coefficient

Moody Extended Henry-Fauske Isoenthalpic Expansion -

0.5 to 0.7
0.8 to 1.0
0.9 to 1.0
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Since a constant contraction coefficient is input, this can be a problem when the saturation line is
crossed for the combined models. The optional isentropic expansion model is used on both sides
of the saturation line, thus no smoothing is required and a constant contraction coefficient is
appropriate. The choking options are chosen by use of the JCHOKE flag on the junction data
card. It uses two digits, YZ. Where Y selects the junction pressure and enthalpy optional and Z
selects the choking model.
The choking model is selected using the values for Z shown below.
Z = -1 - no choking is permitted
Z = 0 - Extended Henry-Fauske for subcooled conditions and Moody for two-phase and
single-phase vapor flow (ICHOKE =0),
Z = 1 - isoenthalpic expansion (HEM) for the entire range of conditions , or
Z = 2 - Extended Henry-Fauske for subcooled conditions and isoenthalpic expansion
for two-phase and single-phase vapor flow.
The options for the enthalpy and pressure used to evaluate the specified critical flow model are
given by the values of Y shown below. They are
Y=

0 – use stagnation pressure and enthalpy (recommended option),

Y=

1 - .use the RETRAN-02 form, and

Y=

2 – use the MOD003.1.

If Y is blank, the default stagnation condition option is used.
4.1

Critical Flow Modeling Recommendations

Options 2 and 4 use two separate critical flow models which are spliced together at the singlephase to two-phase transition. One model covers single-phase conditions and the other covers
two-phase conditions. Two limitations occur with these combination options. First, the models
are smoothed over the transition from single to two-phase conditions to prevent discontinuous
critical flux changes. Second, a single contraction coefficient is applied to both model results.
There are three problems with the JCHOKE = 0 and 2 models (JCHOKE = 0 and 2). First the
model data do not meet at the saturation line, therefore the data are splined together so a smooth
transition can occur. This makes the transition from single-phase to two-phase choked flow
continuous. In practice this aids in insuring a stable numerical solution so there generally won’t
be a problem, but users should be aware of the splicing.
The second problem is due to the constant contraction coefficient (CONCO on the 08XXXY data
cards). Modeling experience has shown that recommended discharge coefficients for each of the
combined models are different, yet RETRAN-3D allows only one value. Several workarounds
are used. One uses generalized restart to change the contraction coefficient when the critical
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flow model transitions from single-phase to two-phase conditions. Another approach is to add a
control system to change the time dependent junction area to compensate for the different
contraction coefficient as the critical flow model transitions from single-phase to two-phase
conditions. There is a potential problem with this approach in that adjusting the time dependent
area will also affect the inertial flow solution. If this method is used, make sure that the inertial
solution does not limit the flow rather than the critical flow model particularly if the time
dependent area is reduced.
The final limitation is that the Henry-Fauske model is not valid below an enthalpy 264 Btu/lbm.
Should the enthalpy drop below this value, the code will fail.
The isentropic homogeneous equilibrium model is the recommended model for all best-estimate
applications. In addition, the isentropic expansion model is used on both sides of the saturation
line, thus no smoothing is required and a constant contraction coefficient is appropriate.
For safety or relief valves modeled as normal junctions, the discharge coefficient (CONCO) is
typically adjusted to obtain the valve the design discharge capacity.
5.0

BWR FUEL ASSEMBLY MODELS

RETRAN-3D contains several optional models that will allow detailed modeling of several
features specific to BWR fuel assemblies. These models were originally designed for use in the
three-dimensional kinetics model, but they can be applied to point and one-dimensional kinetics
core models as well. They allow representation of multiple lateral leakage flow paths, water
rods, and part length rod fuel assemblies.
5.1

BWR FIBWR Leakage Flow Model

In boiling water reactors, the fuel bundles are in individual canisters and the design minimizes
lateral flow from the fuel bundles to the bypass region. However, there are numerous leakage
paths into the bypass region which permit a fraction (~10%) of the core flow to be diverted from
the active fuel bundles. As a result, the bypass region must be considered when calculating the
active core flow rate.
The FIBWR leakage flow model[III.5-1] provides a method for computing the leakage flows into
the bypass region. The FIBWR leakage model identified eleven different leakage paths
illustrated in Figure III.5-1. The five leakage paths between the core support plate and lower
plenum (1a, 2, 3, 4, and 10), two leakage paths between the fuel tie/support plate and the bypass
region (6 and 9), one between the channel box and the lower tie plate (8), two between the
control rod guide tube and the fuel support piece and the control rod drive housing (1b and 5),
and the control rod drive flow (7), which contributes directly to the bypass flow.
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Figure III.5-1. BWR Leakage Flow Paths

In the FIBWR leakage model, the leakage flow is calculated from a correlation that relates the
flow rate and the pressure drop, as shown below.
W = C1 p 0.5 + C 2 p C4 + C3 p 2 ,

(III-5-1)
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where
W

=

flow rate through a given leakage path (lbm/hr),

Δp

=

pressure drop (psi), and

C1, C2, C3, C4

=

empirical coefficients.

Equation III-5-1 replaces the momentum equation for junctions that use the FIBWR leakage flow
model for both steady-state and transient calculations.
The five flow paths through the core support plate are a function of a common pressure drop
across the support plate and are referred to as the "common paths". In RETRAN-3D, these
common paths are combined into a single bypass flow junction between the lower plenum and
the bypass region. Similarly, the two flow paths between the fuel tie/support plate and the
bypass region are modeled as a single leakage flow junction for any active fuel bundle. The
coefficients used in the FIBWR correlation for the combined junction flow are obtained by
appropriately summing the terms in the separate leakage flow correlations, to give the new
combined junction coefficients. The leakage path between the channel box and lower tie plate is
modeled separately. Leakage Paths 1b and 5 are typically neglected and the control rod coolant
flow is typically modeled with a fill (if not neglected).
5.1.1

Three-Dimensional Kinetics Channel Model

The RETRAN-3D channel model is designed to eliminate the overwhelming amount of
repetitive information required for the input model specification for a three-dimensional kinetics
calculation using the standard input approach. The model relies on a Core Data Interface file
(CDI) to define modeling options, the core layout, and thermal-hydraulics geometry. The
RETRAN-3D channel model eliminates the traditional RETRAN volume and junction
numbering limitations and internally builds the volumes, junctions, and heat conductors that
make up the core model. The channel model and CDI file structure allows modeling of part
length rods, water tube channels, and multiple FIBWR leakage paths as an option.
The RETRAN-3D flow split model calculates the flow for the active core channels and the
bypass channel using either a total core flow or core ΔP boundary condition. The flow split
model can be used to account for fuel assembly multiple leakage paths and the flow through a
water tube channel.
The CDI file contains the core thermal-hydraulics geometric description needed to model part
length rods, multiple FIBWR leakage paths, and water tubes. The CDI file allows for an axial
distribution of the assembly geometry due to the presence of part length rods. It also allows
specification of different geometry for the nodes below and above the heated region of the core.
The CDI file format is documented in detail in Chapter IV of Volume 2, Programmer’s Manual.
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FIBWR data specified in the CDI file includes the leakage path elevation, which is used by the
channel model to determine the axial location of each path. The channel model generates
separate FIBWR flow junctions from this information. Multiple fuel types with differing lateral
paths can be specified within the CDI file.
5.1.2

Use with Non-Three-Dimensional Kinetics Models

Models that do not use the three-dimensional kinetics model can also use the FIBWR leakage
flow model. These models may use any of the other power generation models, e.g., a table of
power versus time, point kinetics, or one-dimensional kinetics. The channel model and CDI file
are not used with any of these power options. As a consequence, the required junction input
includes options for defining FIBWR leakage paths. In these cases, junctions that will use the
FIBWR flow equation rather than the standard momentum or flow equation must be identified
and the FIBWR flow equation coefficients supplied via input data.
5.2

Water Tube Modeling

Water tubes are included in modern assembly designs to provide additional moderation in fuel
assemblies. They are modeled as a separate volume that is parallel to part of the fueled region as
shown in Figure III.5-2. It has a defined geometry with inlet and exit junctions that are modeled
as normal RETRAN-3D junctions.
5.2.1

Channel Model Water Tube Specification

A water tube channel can be represented in the channel model. The model will construct a water
tube based on water tube data in the CDI file. The information includes flow area and wetted
perimeter for the water tube channel, water tube inlet, and water tube outlet. Loss coefficients
and elevations for the water tube inlet and outlet are represented. This data will be used by the
channel model to generate a water tube volume, and associated inlet and outlet junctions.
In this model the water tube control volume length and height is determined by the difference in
inlet and outlet elevations. The junction connections are determined from the junction elevations
relative to the elevations of the nodal boundaries. Water tube inlets can connect to any of the
unheated inlet regions or within the heated region. In the model, assemblies can also be
generated without water tubes.
5.2.2

Using Water Tubes with Non-Three-Dimensional Kinetics Models

When a water rod is included in a model that does not use three-dimensional kinetics, it must be
described by use of volume and junction data cards. The water rod inlet junction will be
identified by the exit junction with the smallest flow area (leakage paths are excluded).
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Figure III.5-2. RETRAN-3D FIBWR Model Nodalization and Pressure
Propagation for the Total Flow Boundary Condition
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5.3

Flow Split Model Details

The model presented in this section extends the capability of the flow split model to
accommodate water rods and multiple lateral leakage paths. Water rods in general start near the
core support plate and extend to the top of active fuel region. Lateral leakage paths include the
path between channel box and lower tie plate, and the paths from fuel support piece and lower tie
plate holes. A detailed representation along the axial direction of a fuel bundle is required in
order to capture the geometry variation and form loss effects. The model thus allows use of
multiple volumes to model the nonfuel regions of an active channel. The nonfuel regions that
can be modeled by multiple volumes are the space between the inlet orifice and the bottom of
active fuel, and the space between the top of active fuel to upper plenum.
Figure III.5-2 is a sample nodalization using the FIBWR model extensions and water rod
modeling capability. Three lateral junctions are used to model the lateral leakage paths. For the
region below the active fuel, usually a second volume is required for the space between lower tie
place and active fuel. This volume is designed to account for the significant form loss at lower
tie plate that is located at Junction i2. The space between the top of active fuel and upper plenum
is modeled by one volume in this sample.
The FIBWR model allows the use of two boundary conditions: either total core flow or core
pressure drop. The governing fluid flow equations are the same, but the boundary condition
choice will affect the unknowns associated with some equations, e.g., upstream volume pressure
rather than the downstream volume pressure. Therefore, the solution methods are described
separately for each boundary condition.
The FIBWR flow split implementation should apply to one-dimensional applications as well as
three-dimensional.
5.3.1

Total Flow Boundary Condition

The FIBWR model for the total flow boundary condition (TFBC) is shown in Figure III.5-2. The
total core flow and upper plenum pressure are specified directly or can be inferred from input.
The lateral leakage flows (ilkn) are governed by the FIBWR leakage formula. A flow split set is
defined for each active channel where the flows for Junction in-1 and the associated water rod exit
junction (if present) are solved. The bypass exit junction flow is determined by the continuity
equation, which balances the known total flow and calculated active channel flows.
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The next consideration is to establish the initial volume pressures. The bypass channel pressure
is propagated from upper plenum downward through the bypass channel to the lower plenum.
For each active channel, the pressure is propagated from upper plenum downward to Volume in-1
so as to obtain the pressure drop for the flow split model. After initial conditions are set up, the
momentum equations for steady state are constructed based on the pressure propagation scheme.
As shown in Figure III.5-2, the unknown volume pressure used as the unknown in the solution
of the momentum equation for a given junction is indicated by the arrow of pressure propagation
direction or by the special symbols for flow split junctions and FIBWR leakage junctions. It
should be noted that the FIBWR flow equation for Junction B1 is used to solve for the lower
plenum pressure, while the flow of Junction B1 is directly calculated from a continuity equation
related to the total flow. The lateral leakage junction flows are solved using the FIBWR
formula; thus requiring a revision to the original flow split logic.
Generally, the flows in Junctions iw2 and in-1 will be flow split junctions where the flow is
calculated although a user could specify a flow in one or both. The flows in the leakage
Junction iℓk,k are computed using the FIBWR flow equations. All other junctions are referred to
as continuity junctions since their flows are determined from continuity equations. This allows
all flow dependencies to be written in terms of flow split, leakage or fixed junction flows. For
every continuity junction (such as in+1), a flow dependency list is built in which the flow is
dependent on flow split junctions (such as in-1 and iw2) and fixed flow junctions. The continuity
junction flows are computed based on the flow dependency list. For the lateral leakage
junctions, they have to be identified and their flow dependency list removed. The reason is that
the flows in these junctions are unknown, so they are equivalent to flow split junctions although
they are not defined as flow split junctions by the flow split logic. The flow dependency lists for
some junctions need to be specially constructed, for example, Junctions i1, i2, and B2 because the
flows depend on lateral leakage flow. Also for B1, because its flow needs to be calculated from a
continuity equation.
5.3.2

Core Pressure Drop Boundary Condition

The FIBWR model for the pressure drop boundary condition (PDBC) is shown in Figure III.5-3.
The lower plenum and upper plenum pressures are known boundary conditions. Lateral leakage
flows (ilkn) are governed by the FIBWR leakage formula. The flow split set for each active
channel is defined the same as with the total flow boundary condition. The bypass exit junction,
however, is defined as a flow split junction where the flow is to be solved.
The estimate of the initial volume pressures is straightforward with the pressure drop boundary
condition because lower plenum pressure is known. The pressure is propagated from lower
plenum upward for the bypass channel. For active channels, the pressure is propagated from
lower plenum upward to Volume in-2, and also propagated from upper plenum downward to
Volume in-1.
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Figure III.5-3. RETRAN-3D FIBWR Model Nodalization and Pressure
Propagation for the Core Pressure Drop Boundary
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The unknown volume pressure associated with the solution of the momentum equation for a
junction is indicated by the arrow of pressure propagation direction or by the special symbols for
flow split junctions and FIBWR leakage junctions, as shown in Figure III.5-3. The FIBWR
formula of Junction B1 is now used to solve for the pressure of Volume B1, while the flow of
Junction B1 is calculated from the continuity equation that balances the solved bypass exit flow
and lateral leakage flows.
The required modifications for the flow split algorithm are almost the same as with the total flow
boundary condition, except for the flow dependency list of Junction B1 because the continuity
equation that governs the flow is different.
5.4

Grid Loss Model Coefficients

Grid losses are typically modeled using one of the models described in Section III.2.1.3.1. The
coefficients for the grid loss model are provided in the CDI file for three-dimensional kinetics
cases. Up to 99 separate sets of coefficients can be provided. Junctions can then refer to any of
the coefficient sets. Multiple junctions can refer to the same set.
6.0

HEAT TRANSFER

Heat transfer correlations are used to provide boundary conditions to the heat conduction model
for surfaces that are adjacent to fluid volumes. A variety of heat transfer correlations are
available to cover the wide range of single-phase and two-phase flow conditions than can be
encountered by RETRAN-3D models. Under single-phase flow conditions, the correlations
cover both low and high flow rates and both liquid and vapor water states. Under two-phase
boiling conditions, a complete representation of the boiling curve is available. Condensation
correlations account for the heat transfer coefficient when the conditions are appropriate.
6.1

Heat Transfer Regimes

A representation of a boiling curve that included condensation, single-phase liquid, two-phase,
and single-phase vapor heat transfer, is shown in Figure III.6-1. The heat transfer regimes
modeled in RETRAN-3D are given on the figure as follows.
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Figure III.6-1. RETRAN-3D Heat Transfer Regimes









Region OA represents condensation heat transfer,
Region AB represents heat transfer to single-phase liquid,
Region BC represents heat transfer to boiling two-phase mixtures,
Point C is the departure from nucleate boiling or critical heat flux point,
Region CD represents the transition boiling heat transfer regime in which the heat flux
decreases as the temperature potential increases,
Region DE represents the stable film boiling regime of heat transfer to a boiling mixture,
and
Region EF represents heat transfer to single-phase vapor.

In general for forced convection, the family of boiling curves has primary variables of (1) the
coolant flow rate, (2) the system pressure , and (3) the void fraction Many of the correlations
explicitly contain one or more of these variable directly or thermophysical properties that are a
direct function of the pressure.
No single heat transfer correlation covers the complete range of geometric and operating
conditions in transient analyses of NSSSs including. Therefore a set of separate correlations is
used to span the range of heat transfer conditions that may occur during steady-state and
transient conditions. RETRAN-3D then selects the heat transfer correlation to be used and the
code user has no direct control over the selection process. If desired, the code user can specify a
fixed heat transfer coefficient or use the control system blocks to compute a heat transfer
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coefficient and override the RETRAN-3D selection process. However, user definition of the
heat transfer coefficient is recommended only for special circumstances. The RETRAN-3D
selection process has been validated and tuned over the years such that it works well.
RETRAN-3D contains heat transfer correlations for forced convection, free convection,
condensation on different geometries, convective and condensation heat transfer in the presence
of noncondensible gas, and heat transfer to water at or above the critical pressure.
A forced convection heat transfer correlation set and an optional free convection heat transfer
correlation set are available in RETRAN-3D. The options regarding these sets are defined by
IHTMAP on the problem dimension card and are
IHTMAP = 0 The forced convection heat transfer correlation set will be used and
condensation correlations are not available.
IHTMAP = 1 The forced convection heat transfer correlation set, the free convection
heat transfer correlation set and condensation correlations are available for
choice by RETRAN-.
IHTMAP = 2 The forced convection heat transfer correlation set will be used and
condensation correlations are also available.
For the nucleate boiling and forced convection vaporization heat transfer regimes, the forced and
free heat transfer correlations are the same. The largest difference between the sets will be seen
in single-phase heat transfer (liquid or vapor) where the forced convection heat transfer is a
strong function of mass flux.
Table III.6-1 illustrates the complete range of heat transfer correlations used in RETRAN-3D.
The “mode” number listed in the table is printed in the output file and is unique for each heat
transfer correlation. The correlation details can be found in Section III.4.2 of the RETRAN-3D
Theory Manual (Volume 1).
If the IHTMAP = 1 option is selected, RETRAN-3D chooses the low flow single-phase heat
transfer correlation if Reynolds number is less than 2,000. For all other heat transfer regimes the
low flow correlations are chosen if the mass flux is < 200,000 lbm/ft2 hr.
6.2

Single-Phase Heat Transfer

If the forced convection option is chosen (IHTMAP = 0 or 2), the Dittus-Boelter (DB)
correlation is used for all coolant flow rates. The heat transfer coefficient from DB correlation is
a strong function of mass flux. For low flow conditions the heat transfer coefficient can be
calculated to be less than 5 Btu/hr-ft2-  F, if that occurs, it is set to 5 Btu/hr-ft2-  F.

III-54
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

Modeling Physical Phenomena

Table III.6-1
RETRAN Heat Transfer Correlations

Heat Transfer
Regime
(Section)
Single-Phase Liquid

Forced Convection Option(1)
Correlation
Mode
(Equation)
Dittus-Boelter
1

Subcooled Nucleate
Boiling

Combination Option(2)
Correlation
Mode
(Equation)
Dittus-Boelter
1
or
Collier
10
(III.4-5a)
Dittus-Boelter
and Thom

20

(five-equation only)
Fully Developed
Nucleate Boiling

Thom
or
Interpolation
between Thom &
Schrock-Grossman

Forced Convection
Vaporization

Schrock-Grossman
or
Interpolation
between SchrockGrossman & DougallRohsenow

3

Transition Boiling

McDonough, Milich,
and King
or
Interpolation

4

Groeneveld
or
Dougall-Rohsenow

5
9

Dittus-Boelter

8

Stable Film Boiling

Single-Phase Vapor

2
17

18

Thom
or
Interpolation
between Thom &
Schrock Grossman
Schrock-Grossman
or
Interpolation
between SchrockGrossman & DougallRohsenow

2
17

3
18

McDonough, Milich,
and King

4

Groeneveld

5

Dittus-Boelter
or
Collier

8

7
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Table III.6-1 (Cont'd)

Heat Transfer
Regime
(Section)
Supercritical Water

Forced Convection Option(1)
Correlation
Mode
(Equation)
Jackson-Hall
16

Condensation

Combination Option(2)
Correlation
Mode
(Equation)
Jackson-Hall
16
Collier

15

(on tube bank)
Collier
(two-region
nonequilibrium
volumes only)

21

Bell et al.
(inside horizontal
tubes)

28

Carpenter and Colburn 25
(inside horizontal
tubes)
Chun and Seban
(vertical surfaces)

22

__________________
(1)
If the default or forced convection heat transfer option is selected, the correlations in this
column are used
(2)

If the combination forced convection-natural convection heat transfer option is selected,
the correlations in this column are used.
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If the combined heat transfer option is chosen, the (DB) correlation option is used for Reynolds
numbers greater than 2,000 and the Collier correlation is used if the Reynolds number is less
than 2,500. No heat transfer coefficient lower limit is applied in this case.
6.3

Boiling Heat Transfer

Two-phase heat transfer regimes are shown in Figure III.6-2. The following are brief
descriptions of these regimes and their relationship to the boiling curve of Figure III.6-1. The
heat transfer coefficients used in RETRAN-3D for these regimes are presented in Table III.6-1.



The subcooled boiling regimes shown in Figure III.6-2 occur when the flow channel
average fluid temperature is less than the saturation temperature. The temperature of the
fluid adjacent to the clad surface, however, is at or above the local saturation temperature
and, thus, boiling may begin. The wall superheat required to initiate boiling is in general
a function of the micro-structure of the clad surface, the thermo-physical properties of the
fluid, and the thermodynamic state of the fluid. Most empirical descriptions employed in
engineering analyses do not contain an accounting of all of these details. Therefore in
RETRAN-3D, the transition from forced convection to subcooled boiling is where the
two lines cross “Point B” in Figure III.6-1. The Thom correction is used for subcooled as
well as nucleate boiling.



The nucleate boiling regime occurs as the bulk fluid energy attains the local saturation
state. For some flow rates and rod-fluid energy exchange rates, the fluid may not attain
the saturation state before the CHF point is reached. This latter condition usually occurs
at higher flow rates and heat flux as shown in the right-hand side of Figure III.6-2.



Forced convection vaporization occurs at high void fractions. The Schrock-Grossman
correlation is used in this regime in RETRAN-3D. Transition from nucleate boiling
(Thom correlation) and the SG correlation starts at a void fraction of 0.8 where
interpolation between Thom and SG is done to a void fraction of 0.9.



The critical heat flux, point C of Figure III.6-1, is a complex function of the state and
flow rate of the coolant and the geometry of the flow channel. As discussed in Section
III.6.0, optional critical heat flux correlations are available in RETRAN-3D.



The transition boiling (unstable film boiling) regime, which follows CD of Figure III.6-1,
may occur during some portions of a transient because of the very high temperatures at
which rewetting of a hot surface may occur. This boiling regime is generally
characterized by an unstable vapor film adjacent to the heated surface. The vapor film is
broken up by areas of liquid that intermittently wet the surface. RETRAN-3D uses the
McDonough, Milich, and King correlation.
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Figure III.6-2. Flow and Heat Transfer Regimes in Rod Array with Vertical Upflow
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Downstream of the CHF location, the clad surface is covered with vapor and the energy
exchange is primarily governed by convection to vapor. Stable film boiling corresponds
to the DE region of Figure III.6-1. Although the heat transfer is primarily to vapor, liquid
in the form of droplets may also contribute to the energy exchange. When the cladding
surface temperatures are high enough, radioactive energy exchange must be accounted
for in the post-CHF regime.



As energy is transferred to the vapor and droplets, all of the liquid will be evaporated
eventually and the vapor will become superheated. During heat transfer to the
superheated steam, the Dittus-Boelter and Collier correlations are available as options if
IHMAP = 1. Otherwise, Dittus-Boelter is used.



Under some conditions, vapor may condense and droplets may wet and accumulate on
the surface. Condensation, rewetting, and accumulation may occur locally where the
temperature is lower than the saturation temperature. Under these conditions, a liquid
film may form a rewetting front, which falls along the surface under the action of gravity.

The RETRAN-3D boiling heat transfer coefficient model is extensive and is designed to cover
both high and low flow rates of coolant. Details of the correlations are given in Volume 1 –
Theory and Numerics. Table III.6-1 summarizes the heat transfer regimes and the correlation
used in each regime for the standard (default) option and the combined option. The references
should be consulted for more specific information on each correlation.
6.4

Condensing Heat Transfer

RETRAN-3D has several condensing heat transfer coefficient correlations that can be selected
by the user based on the geometry of the conductor and whether it is vertical or horizontal. This
correlation will be used by RETRAN-3D only if the conductor surface temperature is below
saturation temperature and the fluid is two-phase or single-phase vapor. The available
condensing heat transfer coefficient correlations and applications are listed in Table III.6-1
The condensing heat transfer correlation is selected on the heat conductor cards (15XXXY) by
the NTUBES parameter. The appropriate choice should be made. Also the condensing
correlations are available only if IHTMAP = 1 or 2.
6.5

Heat Transfer Correlation Options

On the conductor input cards (15XXXY), the IMCR and IMCL parameters can be used to select
other options some of which are not related to each other. As a consequence the input for these
parameters can be confusing. IMCR and IMCL can be one to three digits where each digit
specifies an option. The options are to
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Indicate that the heat transfer coefficient will be defined by user input on the where IMCR ore
IMCL < 0 and the value corresponds to the XXX on Data Card 015XXX where the heat transfer
coefficient is defined.
To select film boiling heat transfer correlations to be used should film boiling be predicted.
These options for IMCL and IMCR are
0
1
2

-

3
4
5

-

Groeneveld 5.9 correlation.
Groeneveld 5.7 correlation.
Dougall Rohsenow correlation (low pressure correlation not recommended
for operational transients).
use Catton-Swanson (if noncondensable present) and Groeneveld 5.9.
use Catton-Swanson (if noncondensable present) and Groeneveld 5.7.
use Catton-Swanson (if noncondensable present) and Dougall Rohsenow.

To select CHF correlations where the available options are summarized, IMCL, IMCR = 1Z, 2Z,
or 3Z (where Z is 0 through 5 as described above). The CHF correlations options are
1Z

-

use the GE CHF correlation. Generally recommended only for
conservative LOCA analyses of BWRs.

2Z

-

use the Savannah River correlation that is applicable only to flat plate fuel
elements.

3Z

-

Do not use the CHF logic. The CHF correlations in RETRAN were
developed for heated rods and are probably not applicable to other
situations such as steam generator tubes or vessel metal mass. This option
allows the CHF logic to be bypassed for this conductor.

The remaining IMCR and IMCL options are for specialized applications to simulate certain
experiments or a special set of conditions. These options are not recommended for general use.
The options are
1YZ -

wall heat flux is held constant (where Y is the CHF selection digit
described above and Z is the film boiling correlation selection digit). This
option was useful for comparison of RETRAN-3D predictions with
steady-state experimental data from simple test rigs.

41

-

Dittus-Boelter forced convection to liquid heat transfer correlation will be
used and the standard heat transfer correlation selection logic is bypassed.

48

-

Dittus-Boelter forced convection to vapor heat transfer correlation will be
used and the standard heat transfer correlation selection logic is bypassed.
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6.6

Local Conditions Heat Transfer

Heat transfer correlation selection logic uses average volume properties to select and evaluate the
heat transfer correlation used to determine the wall heat flux. When a bubble rise or two-region
nonequilibrium volume, multiple stacked heat conductors can be attached to the volume, in
which case the location of the heat conductor relative to the vapor/mixture interface is used to
determine the local fluid conditions used to select and evaluate the heat transfer correlation. Use
of the model is discussed in Section III.6.7.
6.7

Critical Heat

The critical heat flux (CHF) or departure from nucleate boiling (DNB) heat flux represents the
heat flux at which the heat transfer coefficient begins to deteriorate as it proceeds from nucleate
to film boiling. CHF is of interest for both BWRs and PWRs under steady and transient
conditions. CHF can occur in the cores of both types of reactors. At steady-state conditions, the
maximum design value of core heat flux must be less than CHF by an acceptable margin.
The phenomena associated with CHF and DNB are represented in Figure III.6-2 for the case of
reactor fuel rods. The left side of Figure III.6-2 represents the situation in BWRs and the right
represents PWRs. The major differences between the two situations are that the coolant flow
rate, the operating pressure, and the surface heat flux are lower in a BWR than in a PWR.
The RETRAN-3D correlations for CHF and DNB are designed to cover wide ranges of coolant
flow rates and thermodynamic states. As in the case of other models, a series of correlations
cover the conditions. The details of the correlations are given in Reference III-1. The
correlations consist of (1) a correlation applicable to normal operating conditions for BWRs, (2)
a correlation applicable to normal operating conditions for PWRs, (3) a correlation applicable to
low- pressure, low-flow conditions, and (4) a pool boiling correlation.
The CHF correlations available in RETRAN-3D are used to determine if the heat transfer is in
the transition boiling or stable film boiling regimes shown in Figure III.6-1. In general, these
correlations will not reproduce the CHF results reported by the NSSS vendors for the following
reasons. First, the correlations for various fuel vendor designs are proprietary and are not
included in RETRAN-3D. Second, the implementation of the correlations in RETRAN-3D and
the application methodology are probably different. Third, the independent parameters in the
correlations (flow and pressure, for example) will likely be somewhat different in RETRAN-3D
than in the vendor code. Matching vendor CHF results with RETRAN-3D CHF values was
never an intended use.
Many vendor results for DNB and CHF are reported as a ratio of the predicted DNB or CHF heat
fluxes to the operating heat flux or as a ratio of the DNB or CHF power to the operating power.
For PWRs, the MDNBR (minimum departure from nucleate boiling ratio) is reported. This is
the ratio of the predicted DNB heat flux to the local heat flux. For BWRs, the MCPR (minimum
critical power ratio) is reported. This is the ratio of the power that would produce the heat flux
equal to the CHF value to the operating power.
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Detailed analysis of CHF should be done with a subchannel code designed for that application,
such a VIPRE-01. Results from a RETRAN-3D system analysis could be used to supply
boundary conditions to VIPRE-01.
BWR MCPR analysis can be performed with a model of the hot channel fed by boundary
conditions from a RETRAN-3D system transient calculation. VIPRE-01 can also be used.
These calculations would typically use a vendor correlation to determine the CPR using fluid
conditions and flows from the hot channel model.
6.7.1

BWR MCPR

Figure III.6-2 left side represents the case of sufficient heat transfer to evaporate all the liquid
that enters the heated channel. Complete evaporation does not occur in BWRs at normal
operating conditions, so the flow conditions at the core exit generally correspond to the slug or
annular flow regime.
The BWR core is made up of parallel fuel rods contained in channels. Within each bundle the
power generation varies both radially across the bundle and axially along the fuel rods. Spacers
and attachments at the top and bottom of the rods maintain the rod-to-rod pitch. The coolant
may enter the channels via orifices or nozzles designed to distribute the coolant over the
complete core. The unheated channel walls may also contain holes that allow the coolant to
enter or leave the channel. The geometric configuration, coupled with the complexity of twophase thermo-hydrodynamics, results in a very difficult situation for basic analyses. Indeed,
experimental studies are also difficult to perform and the resulting data difficult to completely
understand.
In general, the experimental data are correlated and used on a bundle average basis. Analysts use
experimental data whose parameters have been systematically varied and, thus, correlate the
effects that local phenomena have on MCPR.
Phenomena that introduce these effects include the spacers, radial and axial heat flux
distribution, fuel rod geometry, and the fuel channel geometric relationships. The operating
conditions, such as pressure, coolant flow rate, inlet subcooling, and the heat flux, are also
systematically varied. A comprehensive testing program, using prototypical fuel channel
geometries, usually results in a very large amount of data.
MCPR conditions typically occur in the annular flow regime. In this regime, the liquid and
vapor are distributed in the channel as (1) a liquid film on the fuel rods, (2) a vapor core in the
central regions of the channel, and (3) liquid droplets entrained in the vapor. The critical heat
flux corresponds to the heat flux required to evaporate the liquid film on the heated surface.
Downstream of this location, the heated surface is cooled primarily by forced convection to
vapor with some cooling provided by the entrained liquid droplets and radiant heat transfer to the
mixture. This cooling is not sufficient to remove the energy generated by the fuel rods without a
large temperature potential. Thus, the fuel rod surface temperature increases to a higher value in
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order to remove the energy. The new operating point may correspond to the stable film boiling
region in Figure III.6-1.
6.7.2

PWR CHF

Figure III.6-2b represents the heat transfer and two-phase flow regimes at high pressure. At
normal operating conditions of PWRs, generally only the single-phase liquid and subcooled
boiling regimes occur.
The PWR core is made up of, parallel rod bundles in an open-lattice arrangement. The power
generation varies radially across the whole core and axially along the fuel rods. Spacers and
attachments at the top and bottom of the fuel rods maintain the rod-to-rod pitch. The coolant
enters the core region through orifices and nozzles designed to distribute the coolant over the
complete core.
Unlike the BWR case, the PWR fuel bundles are not contained in channels. Thus, more
communication is possible between the regions of the core, and the thermal-hydraulic conditions
of the coolant vary throughout the core. Engineering correlations for DNB used in the codes are
obtained by reducing experimental data with a subchannel analysis code to produce a DNB
correlation.
The departure from nucleate boiling heat flux corresponds to a heat flux that causes high rates of
vapor generation at the fuel rod surface. When it occurs, the vapor is generated so rapidly that
the rod surface is blanketed by large regions of vapor and heat transfer by the vapor is not
sufficient to remove the energy generated by the fuel. Thus, the surface temperature rapidly
rises. Downstream of the DNB location, the heated surface is cooled primarily by forced
convection to vapor with a small contribution by the liquid.
The auxiliary DNB model discussed in Section III.7.17 can be used to obtain approximate DNB
results as part of a RETRAN-3D run. These results are independent of the CHF results used to
determine the heat transfer correlation.
7.0

COMPONENTS AND SPECIAL PURPOSE MODELS

The fluid flow equations provide the framework for RETRAN-3D analysis. However, reactor
systems contain components that cannot be accurately modeled using the basic formulation of
the fluid flow equations implemented in RETRAN-3D. For these situations, the basic fluid flow
equations are augmented by the used of component and special purpose models that model
additional physical phenomena or provide an auxiliary calculation for improved results. Special
component models are required in situations when the fluid equations do not fully characterize
the physical phenomena involved. Component-specific models are available in RETRAN-3D for
modeling
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centrifugal pumps,
jet pumps,
phase separation,
pressurizers,
steam-water separators,
accumulators,
local conditions heat transfer,
trip logic,
control systems,
enthalpy transport,
temperature transport delay time,
method of characteristics,
generalized transport,
void profile,
dynamic gap heat conductance,
auxiliary DNB, and
turbines.

The general discussion of these models is provided in this section, which application specific use
will be discussed as required in following sections for PWR and BWR applications
7.1

Centrifugal Pump Model

The model employed in RETRAN-3D is based on the supposition that centrifugal pump
performance (head) can be characterized as a function of pump speed and volumetric flow.
A pressure difference term for centrifugal pumps is added to the inlet and outlet junction flow
equations (Eq. III-2-1). The differential pressure across a pump volume is given by

Pp   H ,

(III-7-1)

where

 = average pump volume density, and
H = pump head (from pump characteristic curve).
1 2 P is added to the pump volume inlet and discharge junction flow equations. Thus a pump
volume should not have more than two junctions connected to it.
The pump characteristic curves that are normally available for most pumps and define pump
head and torque as functions of speed and volumetric flow rate. The RETRAN-3D model uses
hydraulic similarity relationships to collapse the characteristic curve data into a single set of
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dimensionless functions referred to as "homologous curves". The similarity relationships are
described in Reference III.7-1, Section VI.1.1.
RETRAN-3D contains default curves for two pump designs. One is a Westinghouse Electric
Corporation design and the other is from the Bingham Pump Company. A user may employ
these characteristic curves by specifying the appropriate option in the input specifications. The
pump parameter considered to have the most influence on pump characteristics is the specific
speed, defined as
Ns 

NQ1/ 2
,
H 3/ 4

(III-7-2)

where
N
Q
H

=
=
=

rated pump speed,
rated volumetric flow rate, and
rated pump head.

For pumps with specific speeds similar to those of the default pump curves (Westinghouse =
5200, Bingham = 4200), the user may comfortably employ these curves. For pumps with
significantly different specific speeds, the users may need to supply the appropriate characteristic
curves to the model as input data. The importance of defining accurate pump characteristics
depends on the extent to which pump performance affects the calculation being performed. In
most instances, only positive pump speed and flow will be observed in the transient. In these
cases only the first quadrant (normal) of the pump characteristic curves need be supplied. The
other three quadrants are for combinations of either negative speed, flow or both which will only
be observed in very severe transients or failure or coastdown of a pump in a single loop. If the
three abnormal operating quadrants are unknown, the built-in pump curves can be used and the
normal operating quadrant supplied through input.
Other significant pump information required to implement the RETRAN-3D pump model
includes






rated values of head, flow, speed, and torque;
initial speed;
inertia; and
friction torque.

Of these, the rated characteristics are normally available from the manufacturer's design data.
Typically the initial conditions of an operating pump will not match the manufacturer's rated
conditions. Inertia must be obtained from design information or estimated from known geometry
and materials. The rated conditions are generally defined at peak operating efficiency by the
manufacture and rarely match the pump conditions within the RCS.
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Rated torque governs the pump heat added to the RCS fluid and is typically changed to obtain
the desired pump heat addition. The pump heat addition is directly proportional to the rated
torque input.
The friction torque is more difficult to determine. The friction torque influences the coastdown
rate. Its value can be estimated from pump coastdown data if available. The analyst performs a
pump coastdown calculation assuming no frictional torque and compares the results with the
experimental data. The difference in coastdown rate  d / dt  can then be evaluated as a
function of pump speed,  , and fits to values for the frictional torque coefficients can be
calculated making use of the pump model relationships
I

d
= T HY - T FR - T M
dt

(III-7-3)

where
I

Thy
TFR
Tm

=
=
=
=
=

pump inertia,
angular speed,
hydraulic torque,
friction torque, and
motor torque;

and
4

TFR   Ci
i 1


i 1 .
r

(III-7-4)

As indicated above, the model provides an option for including motor torque as an influence on
speed behavior. This feature is most applicable to induction motors for which a definite torquespeed relationship exists. In the case of a synchronous motor, constant speed may be assumed.
The motor torque (Tm) is an option that designed to be used with variable speed pump motors. In
BWRs the recirculation pump speed is used as one mechanism to increase or decrease or control
core power at a given level. For power control, the control system can be used to define motor
torque. The pump speed is then determined by trying to balance the torque exerted on the shaft
according to equation.
7.1.1

Two-Phase Options

Two-phase fluid conditions in the reactor coolant pumps are typically not expected unless there
is fairly large rupture within reactor coolant system. If two-phase flow within a pump might be
anticipated for a transient, there is an optional two-phase pump model that is available.
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The centrifugal pump model must account for the effect of two-phase fluid conditions on
performance characteristics. In general, these effects are such that the head performance on the
normal range of pump operation becomes degraded.
The two-phase flow treatment of pump performance in RETRAN-3D is identical to that of
RELAP4.[III.7-2] This procedure requires (1) a set of curves that defines the difference between
the single-phase performance (head and torque) (2) a set of two-phase difference performance at
the same operating conditions and (3) a set of head and torque multiplier tables.
The pump model has a default set of two-phase head difference curves. This set is based on data
from small-scale experiments[III.7-3] that the user can invoke through the input options.
Otherwise, a user-specified set of data may be employed if so desired. An example for the head
multiplier is presented in Chapter VI of the RETRAN-3D Theory Manual. This tabulation is
also based on the aforementioned experiments.
The source of these data is an Aerojet Nuclear Company monthly progress report.[III.7-4] This
report also contains recommendations for the treatment of two-phase pump torque. The data
were obtained from a scaled PWR test rig called Semiscale. The suggested treatment of the twophase torque difference table is to use the single-phase values. Two sets of torque multipliers are
presented: one is based on Semiscale pump data and the other (a smoothed version of the same
data) is suggested for general pump use. These data are listed in Table III.3-1.
EPRI has sponsored experimental programs to determine the two-phase performance of PWR
reactor coolant pumps.[III.7-5, III.7-6] These studies indicate that two-phase performance of
reactor coolant pumps (RCP) is significantly different than the Semiscale pump. For instance,
pump head degradation is not nearly as severe for RCPs as Semiscale. However, no referencable
experience is available with RETRAN-3D analyses using these new data.
In summary, two-phase pump operating data will not be available from pump manufacturers
since they were not designed to operating under those conditions. Consequently, the code user
must rely on data collected from other sources such as mentioned above and be aware that the
two-phase pump behavior will be an approximation.
7.1.2

Converting Pump Characteristic Curves to Homologous Curves

If one of the built-in pump curve sets in not adequate for the pumps being modeled, it will be
necessary to provide pump performance curves as part of the RETRAN-3D input model. The
following discussion illustrates how to get RETRAN-3D centrifugal pump head and torque data
from characteristic curves. The procedure focuses on the first quadrant but it can be
applied to all of the regions in the four quadrants. Figure III.7-1 is a reproduction of a typical
four quadrant pump characteristic curve.
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Figure 111.7-1. Four-Quadrant Pump Characteristic Curves

The first quadrant of the pump characteristics curve is called the 'normal' pump quadrant because
the pump head and torque curves are supplied as functions of flow and speed. In this quadrant,
both head and torque can range from positive to negative values. The homologous curves are
produced from the characteristics curves by a transformation of variables in which the resultant
curves are dimensionless parameters. The parameters are normalized head and torque as
functions of dimensionless parameters a, v, h, and b where these parameters are defined as
A= Speed/Speed (Rated)
v = Flow/Flow (Rated)
h = Head/Head (Rated)
b =Torque/Torque (Rated)
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The desired homologous head curves typical of those illustrated in Figure III.7-2 are produced by
plotting the head and torque ratios as functions of pump speed and volume ratios.
h/a2 = FH (v/a)
h/v2 = GH (a/v)
b/a2 = FT (v/a)
b/v2 = GT (a/v)

Figure III.7-2. Homologous Pump Head Curves

As an illustration, the homologous pump head data for the first quadrant will be defined. The
torque curve will follow identically.
First examines the homologous pump curve numbering system given by Table III.7-1. The
normal pump quadrant (+v, +a) requires two head curves for a complete description. These
curves are numbered 1 and 2 in the RETRAN-3D input. Head curves (3 through 8) are used for
representing the other pump quadrants. Curves 9 through 16 are for the specification of torque.
The first curve specifies the normalized head as a function of v/a for values of v/a less than or
equal to 1. Therefore, for Curve 1, the dependent variable is normalized head (h/a2) as a
function of the independent variable (v/a). This is FH defined above.
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Table III.7-1
Homologous Curve Numbering System
Curve Quadrant
Normal Pump (+v, +a)

Type
Head

Torque
Energy Dissipation (-v, +a)

Head
Torque

Normal Turbine (-v, -a)

Head
Torque

Reverse Pump (+v, -a)

Head
Torque

v/a
<1
>1
<1
>1
>-1
<-1
>-1
<-1
<1
>1
<1
>1
>-1
<-1
>-1
<-1

Independent
Variable
v/a
a/v
v/a
a/v
v/a
a/v
v/a
a/v
v/a
a/v
v/a
a/v
v/a
a/v
v/a
a/v

Curve
Number
1
2
9
10
3
4
11
12
5
6
13
14
7
8
15
16

There are situations where v/a is greater than 1, but this will not be specified using Curve 1. As
Table III.7-1 shows, for data where v/a is greater than 1, Curve 2 is used. Curve 2 requires
normalized head dependent (h/v2) as a function of the independent variable (a/v). This is GH
defined above.
There is a corresponding set of curves required for torque, using RETRAN Curves 9 and 10.
Curves 11 through 16 would be used for the other quadrants for torque data.
As a specific example, if one examines the homologous head curve given in Figure III.7-2, the
first quadrant normalized head data is represented by two curve segments. For those values of
v/a less than or equal to 1, the curve segment in the first quadrant marked (h/a2, v/a) is used.
Thus, values of v/a from 1.0 to 0.0 correspond to values of h/a2 from 1.0 to about 1.3 or 1.4
terminating on the y axis. This is Curve 1 in the RETRAN-3D input file.
The second curve of the first quadrant normalized head curve is indicated by (h/v2, a/v). This
curve is used when values of v/a are greater than 1. Values of a/v from 1.0 to 0.0, correspond to
values of h/v2 from 1.0 to about -.4 or -.5 terminating on the y axis. The curve crosses the zero
head line at a value of a/v of about .5. This is Curve 2 in the RETRAN input file.
Example values of the normalized head input are shown below (not to be used as real model
input).
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* CURVE 1
*CARD Num
101011 5
+
0.00
+
0.25
+
0.50
+
0.75
+
1.00
*
*CURVE 2
*CARD Num
101021 5
+
0.00
+
0.25
+
0.50
+
0.75
+
1.00

v/a Normalized Head (h/a**2)
1.7
1.5
1.3
1.2
1.0
a/v Normalized Head (h/v**2)
-2.0
-1.1
-0.4
0.30
1.0

There is a corresponding set of curves (9 and 10) for the normalized torque curve segments, but
the process is exactly the same. In practice, it is a matter of selecting values for the independent
variables, a/v or v/a from 0.0 to 1.0 and making a determination of the corresponding normalized
head and torque values from the characteristic curves and the rated speed, head, flow, and torque
for the given pump. One may describe the curves with as many points as necessary to accurately
describe the pump characteristics. The curves are generally smooth polynomials, but linear
interpolation is used.
7.2

Jet Pump Model

Because the momentum transfer between two fluid streams in jet pumps is not captured in the
basic fluid flow equations, an additional "mixing momentum" term is added for the junctions
associated with the two-stream mixing in a jet pump. Two-stream momentum mixing is
activated where necessary by the appropriate entry in the RETRAN-3D input MVMIX parameter
on the junction data card. A value of MVMIX = 2 is typically supplied for both the jet pump
drive and suction junctions. This indicates that the momentum mixing occurs downstream of the
drive and suction junctions.
When the momentum mixing option for a junction is selected by the user, the P mix term in the
flow equation becomes nonzero.

The " Pmix " source term added to the flow equation for the suction junction and subtracted from
the discharge junction equation, which accounts for the pressure change due to mixing two
stream momentum exchange is

Pmix 

d v d2 A d  s vs2 A s  2 v 22 A 2
.
A2
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The head versus flow performance of a given RETRAN-3D jet pump model should be compared
with actual performance data, if available, to verify the adequacy of the input parameters.
Special considerations should be given to the specification of the reverse flow loss coefficient in
the jet pump suction junction. The flow path existing in a jet pump during a flow reversal in the
suction line can produce large irreversible losses. In cases where this condition can be expected
to occur, it is appropriate to assign an abnormally high value to the suction junction reverse flow
loss coefficient. Comparisons with test data have indicated that a value on the order of 10.0
should be used.[III.7-7]
This option is a fluid to fluid momentum exchange model that can be used for special
applications other than a jet pump where a high velocity stream enters a low velocity steam.
Typically this model is not used in PWR applications.
7.3

Bubble Rise Phase Separation Model

RETRAN-3D offers four different treatments for modeling phase separation. They are






unequal phase velocity (slip),
bubble rise model,
nonequilibrium volume bubble rise model, and
separator component model,

The slip options, discussed in Section III.3.1.2, provide a physical basis for simulating phase
separation through the basic flow field equations. With this option, phase separation in vertical
flow is governed by the opposing influences of gravity and interphase drag forces. This
approach to modeling phase separation requires detailed noding to account for the spatial
gradients in the phasic velocities.
The bubble rise model provides a means of simulating phase separation within a single volume.
The bubble rise model is necessary to model volumes where complete separation is required and
a distinct liquid level or mixture level exists or may develop with a vapor region above.
Examples where a bubble rise model is used are pressurizers, separators, upper downcomers, or
PWR upper vessel head, which typically also uses the two-region nonequilibrium model.
7.3.1

Purpose for the Bubble Rise Model

A typical (or default) RETRAN-3D volume is assumed to contain a homogenous fluid mixture.
This implies a uniformly distributed void fraction for two-phase conditions. RETRAN-3D
volumes are also one-dimensional and all inlet junctions are assumed to be connected to one end
of the volume, while all exit junctions are at the opposite end. The default junction property
model assumes the fluid properties of a junction are the same as those for the upstream, or donor,
volume.
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In certain regions of a system, complete phase separation is required to properly simulate system
behavior. These regions may have distinct water levels or may contain mechanical devices to
separate steam from a two-phase mixture. These regions include the pressurizer for PWRs and
the separator and upper downcomer for both BWRs and the secondary side of PWR U-tube
steam generators where levels are present for steady-state operation. During inventory depletion
scenarios, situations can arise where water levels are established or they can move from one
volume to another. For scenarios where the mass inventory is increasing, separated volumes can
fill, eliminating the discrete level. The bubble rise model (BRM) is designed to be used for these
regions to allow for incorporation of the effects of discrete levels.
The BRM assumes that the volume is a vertically oriented right circular cylinder where a discrete
level can exist. It is generally used to simulate regions where a water or mixture level can exist
or develop. The term "mixture level" refers to a distinct level below which saturated liquid or
two-phase fluid may exist and above which only saturated vapor exists. The assumption of
having saturated fluid conditions is implicit in the BRM formulation.
Other models such as those for nonequilibrium pressurizers and accumulators also account for
discrete levels within a control volume, but they also include the effects of unequal temperatures
in the regions above and below the liquid surface (level) by using different thermodynamic
models and closure assumptions. Despite these differences, the nonequilibrium pressurizer
model uses some of the features of the BRM, particularly those related to the bubble velocity,
bubble gradient, and mixture level. A Bubble Rise Model Card 060XXY must be supplied for a
pressurizer volume in addition to the additional input to the pressurizer (or two-region
nonequilibrium) model.
When two-phase conditions exist within a volume that uses the BRM, a level can be established.
The level height is related to the mass inventory, within the mixture region, which is affected by
the mass and energy convected into or out of the region through junction flow paths. It is also
affected by the separation velocity, which is the velocity of the vapor that escapes through the
mixture surface, relative to the velocity of the surface. This bubble velocity accounts for the
local slip effects within a BRM volume.
Junctions exiting above the mixture level of a BRM will carry saturated steam and those exiting
below the mixture level will carry saturated liquid or a saturated two-phase mixture. As an
example, a steam separator is usually modeled as a BRM volume with one inlet and two outlet
junctions. The inlet junction carries a two-phase mixture into the volume. One outlet junction is
above the mixture level and carries saturated steam to the steam line. The other outlet junction,
below the mixture level, is the recirculation path that carries saturated liquid or a saturated twophase mixture back to the downcomer region. During a transient, the mixture level and the
quality of the recirculation flow depend on the volume mass and energy balance, the bubble rise
velocity, and the partial vapor density at the mixture level elevation.
The Bubble Rise model is described in detail in Section III.2.3.4 of the Theory and Numerics
Manual – Volume 1.
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7.3.2

Use of the Bubble Rise Model

The BRM should be used in locations where a mixture level initially exists or may develop
during a simulation. Also, it can be used for a steam water separator node where mechanical
phase separation occurs even though a physical mixture level may not actually exist.
When modeling BWR systems, the BRM (or a variation of the BRM) will be used to model the
separator and upper downcomer region. For the separator volume, the separation process is due
to mechanical separation, rather than buoyant forces. Consequently, the bubble rise parameters,
in particular VBUB (discussed below), will be an artificially large value. The bubble rise
parameters for the upper downcomer region will be representative of buoyant separation in a
large tank.
A common modeling practice for both BWR separators and upper downcomers is to apply the
two-region nonequilibrium model, which allows separation but also removes the assumption that
the vapor and mixture regions exist in thermal equilibrium (see Section III.7.5). The steamwater separator model is another feature of the two-region nonequilibrium model that uses
separator performance data to define the mechanically induced separation mass transfer, which
replaces the bubble rise velocity.
Some applications of the BRM are specific to a particular analysis. An example might be a
BWR ATWS or other transient where a level could be expected to form in the downcomer. The
BRM will allow a level to form as the inventory is depleted. While it may be tempting to add
multiple nodes in a region like a downcomer and then apply the BRM to each node in the vertical
stack of volumes to track a level as it moves through the stack, this generally is not
recommended. The shortcoming of this application is that a mixture level may be established in
more than one volume. Consequently, a "pancaking" phenomenon may occur where there is a
stack of multiple alternating vapor and liquid regions, which is nonphysical.
There is an optional application of the BRM for tracking a level through a series of vertically
stacked nodes The Level Model (Data Card 06500X.), is designed to track movement of a
discrete liquid level within a vessel during a transient initiated from mid-loop operation. It can
be applied to a vertical stack of volumes where each can use the BRM, but only one is active at
any time. This model adjusts the volume bubble rise velocities to prevent "pan caking" as the
level rises or falls. The Level Model is recommended only for slow moving event simulations
such as mid-loop operation transients. If used for other applications the analyst should carefully
review the results for appropriate behavior. The Level Model is described in Section III.2.3.4.2
in the Theory and Numerics Manual – Volume 1.
The BRM is not meant to replace the use of the unequal phase velocity (slip) models to simulate
phase separation in regions that do not have distinct mixture levels. The BRM should be applied
only to very specific nodes in the system model.
The BRM is used to model the secondary side of U-tube steam generators for PWR applications.
In simple models, the secondary side is modeled as a single bubble rise volume. This allows
steam to be removed above the mixture level. As with the BWR application of the BRM to a
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separator region, the bubble rise velocity will be a much larger value than that for buoyant
separators.
Multinode U-tube steam generator models include separate control volumes: the separator, upper
downcomer, downcomer, and bundle regions. These models are similar schematically to BWR
models. They typically use the BRM in the separator and upper downcomer regions. The
nonequilibrium effects are not as significant in steam generator secondaries as they are in BWRs
since they do not affect the void reactivity feedback and resulting power change, so the BRM is
used rather than the two-region nonequilibrium model. Generally, the steam-water separator
model is not used since its effects are minor.
The BRM can also be used in regions that are either initially separated or regions that may
contain a level during a transient. Examples include the downcomer of a once-through steam
generator or the primary vessel downcomer during a loss of inventory simulation.
7.3.3

Bubble Rise Parameters and Other Related Input

The geometric description of a BRM is supplied on the volume and junction data cards,
05XXXY and 08XXXY, respectively. These geometric parameters are supplemented by three
required BRM input parameters (Bubble Rise Model Data 060XXY). They are the bubble
velocity, bubble gradient parameter, and initial mixture level. Other input that influences BRM
behavior is supplied with the junction data (Junction Data 08XXXY). These input parameters
are JVERTL and IFRJ.
For discussion of these parameters, refer to Figure III.7-3 below which is typical of how the
BRM is used to simulate a steam separator.
7.3.4

Bubble Velocity (VBUB)

The bubble velocity describes the vapor velocity relative to that of the mixture surface as it
passes from below the mixture level to the vapor region. The vapor mass transfer rate (Wsurface)
from below the mixture level to the vapor region is shown in the Figure III.7-3 is the product of
the bubble velocity, the partial vapor density at the mixture level elevation and the horizontal
surface area of the mixture level. If the bubble velocity is zero, no steam flow will occur across
the surface or interface and no mixture level will be established. If the bubble velocity is a large
number, most or all vapor below the mixture level will escape to the vapor region immediately
and the mixture region quality will approach zero. For regions where complete separation is
desired, the bubble velocity should be large (>100 ft/second). Typically for stagnant regions like
the pressurizer and upper downcomer regions of BWR or PWR U-tube steam generator models,
a smaller bubble velocity is selected (~3 ft/second).
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Figure III.7-3. Bubble Rise Model Illustration

Since the BRM is a simple model to simulate complex physical behavior, it is difficult to justify
a specific value for bubble velocity. For stagnant regions (similar to a pressurizer), the bubble
velocity is a strong function of the mixture void fraction. Experiments have shown [III.7-8] that
for the process of bubbling steam through saturated liquid, the bubble velocity values range from
0.8 ft/sec for low void fractions to 4 ft/sec for larger void fractions. The Wilson bubble rise
correlation was developed by fitting data from experiments of bubbling steam through a tank
containing saturated liquid. The correlation gives a bubble velocity as a function of void
fraction, phase densities, and surface tension.
For applications without stagnant conditions, the bubble velocity value should be chosen to
provide a conservative transient response. For example, consider the steam generator response
during a PWR main steam line break transient. The steam line flow will increase due to the
break, as will the flow into the bubble rise nodes. Liquid will flash during the steam generator
depressurization. If the bubble velocity is small, vapor will be entrained in the mixture region,
the mixture level will swell to the top of the bubble rise volume(s), and liquid will be carried into
the steam dome and to the break. It may be desirable (from a conservative viewpoint) to not
allow liquid to reach the break. Consequently, in this example, a large bubble velocity value is
appropriate. A large bubble velocity will allow all vapor carried into the bubble rise volume to
escape to the vapor region without causing the mixture level to swell.
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The bubble velocity parameter can be input as a constant value, as a variable defined by a control
system that can make it a function of time or some other parameter; or defined by the Wilson
bubble velocity correlation.
It is important to note that in some instances the bubble velocity is altered by steady-state
initialization to obtain a mass balance between Wsteam and Wsurface. This is discussed in
Section III.7.3.9. A specific situation is that of either BWR or PWR steam generator separators
where steady-state initialization computes the bubble rise velocity. In this case the velocity is
really an effective velocity, which gives the steam separation required to obtain a steam mass
balance for the vapor region. This value is typically in the range of 150 ft/sec and will be used
throughout the transient simulation.
7.3.5

Bubble Gradient Parameter (ALPH)

During a continuous decompression of a stagnant fluid in a volume, the partial density of the
steam bubbles should be the least near the bottom of the volume and greatest at the mixture
surface. This distribution is reasonable since the static pressure will be highest near the bottom;
plus, the bubbles tend to expand and coalesce as they rise through the mixture. The simplest
model approximating this situation is one in which the partial density of bubbles is assumed to
increase linearly within the two-phase mixture. This assumption is used for the BRM.
If the fluid below the mixture level is two-phase, the distribution of the vapor must be known to
compute the fluid quality for junction flow exiting below the mixture level and to define the
average mixture quality. The linear vapor distribution is defined by the bubble rise input
parameter ALPH. ALPH is the "variable density gradient" shown in Figure III.7-3. ALPH is
used to define the partial vapor density  gbzm  at the mixture level elevation, ρgb at exit junction

elevations, and the average mixture quality.  gbzm  is used to compute the vapor mass transfer

from the mixture to the steam region, Wsurface. ρgb is used to compute exiting junction quality at a
specific elevation.
ALPH = 0.0 represents a homogeneous mixture while ALPH = 1.0 is the steepest gradient
physically possible. As with the bubble velocity, ALPH can be altered by steady-state
initialization. This is also discussed in Section III.7.3.9.
Data from Reference III.7-8 suggest that bubble rise parameters of VBUB = 3.0 and ALPH = 0.8
are appropriate for depressurization of large vertical tanks. Consequently, these values are
routinely used in pressurizers and downcomer regions in BWR and PWR U-tube steam
generators. The bubble rise model is often used to model steam water separators in BWR or
PWR models. For these applications, a large bubble rise velocity is used to simulate mechanical
separation as discussed in the previous section. When large bubble rise velocities are used the
gradient has minimal affect on the behavior of the bubble rise volume. The affect continues to
diminish with increasing bubble rise velocity. Most BRM separator models are bubble gradients
in the range of 0.0 to 0.1. Since there is no justification for including a gradient in a separator,
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the value of 0.0 is preferable but in reality has little effect because of the large separation
velocity that is used.
7.3.6

Mixture Level (ZMIX)

The mixture level defines the size of the vapor and mixture regions in the bubble rise volume. It
is a height or vertical distance between the bottom of the volume and the mixture interface. The
initial mixture level can be set equal to zero, the volume height, or some value in between. The
mixture region volume is equal to Volume Size*(ZMIX/Volume Height).
The transient behavior of the mixture level depends on the vapor and liquid flow into and out of
the volume and the bubble rise velocity value.
The initial mixture level in some regions, such as the pressurizer, is well known. In
separator/upper downcomer applications, the initial mixture level can be adjusted to obtain either
the desired measured narrow range level or, in steam generators, it can be adjusted to obtain a
target initial steam generator secondary fluid mass.
7.3.7

Junction Parameter (JVERTL)

The parameter JVERTL on the Junction Data Cards 08XXXY, defines the junction orientation as
either horizontal or vertical, and determines how the junction enthalpy will be computed for
junctions with flow from a bubble rise volume. The recirculation junction shown in Figure
III.7-3 has a vertical orientation, while the inlet and steam flow paths are shown as horizontallyoriented junctions. The JVERTL parameter applies ONLY to junctions that flow into or out of a
bubble rise volume and is not used for other junctions.
The various JVERTL options also define junction enthalpy smoothing methods that will be used.
The motivation for smoothing is because when a rising or falling mixture level passes through a
horizontally-oriented junction, the junction enthalpy can change from saturated liquid to
saturated vapor or vice versa in one time-step advancement. These large changes in the junction
enthalpy can introduce inaccuracies in the energy equation solution and can cause numerical
solution difficulties. The junction enthalpy must be chosen for a discrete time step consistent
with the initial mixture level. When a mixture level passes through a junction elevation during a
time step, the level must either start or end at exactly the junction elevation for the junction
enthalpy to be correct. Otherwise an incorrect amount of energy will be carried from the
volume. The four smoothing options are discussed in the following sections.
7.3.7.1

JVERTL = 0 Option (Horizontal Orientation)

Junction flow area is not distributed vertically and the junction enthalpy is "smoothed" over one
time step when the two-phase mixture level is predicted to pass through the junction elevation
(horizontal orientation). When a mixture level passes through a horizontally oriented junction
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elevation, a discontinuous junction enthalpy change will occur in one time step (from two-phase
to steam or vise versa). This option smoothes the junction enthalpy over the time step during
which the transition occurs. The option has shown limited success in eliminating numerical
problems for this situation.
7.3.7.2

JVERTL = 1 Option (Vertical Orientation)

Junction flow area is assumed to be a circular area centered and distributed vertically about the
junction elevation. The junction enthalpy is defined from the position of the mixture level within
the junction area (vertical orientation). In Figure III.7-3, the recirculation junction is shown with
a vertical orientation. For JVERTL =1, the junction fluid properties are determined by
integrating the bubble mass and/or vapor residing within a circular area defined by an assumed
junction radius. The radius used for the area integration is limited to the minimum of the
geometric radius or the elevation difference; where the elevation difference is the difference
between the junction elevation and volume bottom elevation, or the difference between the
elevation at the top of the volume and the junction elevation.
For junctions exiting below the mixture level, the junction fluid quality is determined by the
mixture properties and the slope parameter ALPH. For junctions exiting above the mixture level,
the exiting junction will carry saturated steam. For junctions straddling the mixture level, the
exiting junction quality depends on how much of the circular area is above the mixture level and
how much is below.
JVERTL = 1 is the recommended option for junctions connected to a bubble rise volume
regardless of whether the flow is in or out initially. Note that the volumes connected by this
junction must overlap for the integration, or smoothing, to work. More discussion on the use of
this option and volume overlapping is given in Section III.7.3.10.
7.3.7.3

JVERTL = 2 Option (Horizontal Orientation)

Junction flow area is not distributed vertically and the junction enthalpy is "not smoothed." The
junction flow is redistributed assuming a constant volumetric flow for the time step when the
donor volume mixture level drops below the junction elevation. The adjacent volumes must be
overlapped for this option (horizontal orientation). This is another option to attempt to eliminate
numerical problems when the mixture level moves through a horizontally oriented junction
elevation.
Rather than smoothing the junction enthalpy as is done for the JVERTL = 0 option, the junction
flows exiting the bubble rise volume are redistributed during the time step when the mixture
level moves through a junction elevation. Historically, this option has been used to redistribute
the flow in jet pump suction junctions as they uncover, mitigating numerical solution difficulties.
This option has shown limited success.
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7.3.7.4

JVERTL = 3 Option (Vertical Orientation)

Junction flow area is circular and distributed vertically as JVERTL = 1. For this option, adjacent
volumes are automatically overlapped by 0.2 ft and the junction is centered in the overlap region.
The JVERTL = 3 option is a vertically oriented junction option similar to JVERTL = 1.
JVERTL = 1 requires that the bubble rise volume and adjacent volumes be overlapped and the
junction elevation to be located in the overlapped region for the junction enthalpy to be
smoothed as the mixture level passes through the junction (see Section III.7.3.10). The
JVERTL = 3 option will automatically overlap the volumes and center the junction in the overlap
region. For models that are already overlapped, JVERTL = 1 is the recommended option. If a
model does not have an overlap region for volumes adjacent to a bubble rise volume,
JVERTL = 3 is recommended.
7.3.8

Junction Parameter (IFRJ)

In general a slip model will provide a more accurate solution for the vapor and liquid mass
convection into and out of a control volume. Slip will also be required to allow liquid to drain
from a separated volume via countercurrent flow, e.g., liquid falling with vapor rising. However,
in some situations it is necessary to disable slip in junctions connected to bubble rise volumes in
order to eliminate unrealistic flow solutions for these junctions. IFRJ is a junction parameter that
can be used to determine whether or not slip is allowed at a junction. If IFRJ = -99, slip is
disabled, the liquid and vapor for the particular junction will travel with a common velocity.
On occasion, steady-state initialization may have energy balance convergence problems in the
bubble rise volume when slip is active at bubble rise exit junctions. Also, when the mixture level
passes through a junction elevation during a transient simulation, rapid changes in the junction
void fraction and slip velocity can cause numerical problems. Though the implicit solution
method in RETRAN-3D has mostly eliminated these problems, it may be necessary to turn slip
off in bubble rise exit junctions in some situations by use of IFRJ=-99. This can be
accomplished using the generalized restart option and setting IFRJ = -99 on the appropriate
junction data cards, 08XXXY.
7.3.9

Bubble Rise Parameter Changes Due to Steady-State Initialization

Bubble rise volumes get special treatment by the steady-state initialization. The first step is to
solve steady-state volume energy equation independently from the rest of the system for each
bubble rise volume, to define the enthalpy of junctions exiting below the mixture level. Using
the required junction(s) enthalpy, the volume enthalpy is computed given the BRM slope
parameter ALPH. If the BRM volume enthalpy is input, ALPH is adjusted to get the desired
junction enthalpy. If the BRM volume enthalpy is not input, the enthalpy is adjusted using the
input value of ALPH to obtain the desired junction enthalpy. The second step is to solve the
vapor region continuity equation for Vbub.
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Consider the configuration and terms shown in Figure III.7-3. There is one inlet junction and
two outlet junctions. The inlet junction enthalpy, hin, is defined from the donor volume and is
not dependent on conditions in the bubble rise volume. The outlet junction enthalpy from the
steam region, hsteam, is known to be the value for saturated steam. In order to obtain a volume
energy balance, the recirculation junction enthalpy hr is defined by solving the volume steadystate energy equation. Given ALPH and the elevation of the recirculation junction, the mixture
quality (and enthalpy) can be computed, which allows the volume enthalpy to be defined. If the
volume enthalpy is input, ALPH is adjusted to obtain the desired recirculation junction enthalpy.
The steam region continuity balance defines Vbub as:



V bub =  W steam gb zm A s



There can be several different bubble rise volume and junction configurations. However, there
are two general rules concerning the input bubble rise parameters. First, if there is flow out of
the steam region, VBUB will be changed from the input value. Second, if there is flow in and
out of the volume and the volume enthalpy is input, ALPH will be changed from the input value.
For initially stagnant volumes such as the pressurizer, neither VBUB nor ALPH will be changed.
Value of VBUB and ALPH, revised by the steady-state initialization, will be edited for review in
the output file under the heading "Bubble Rise Data Actually Being Used". The revised BRM
parameters given in this edit should be reviewed to ensure the values are acceptable.
If VBUB is determined by a control system, it will not be affected by initialization. The
initialized value should be checked by the user. In other words, VBUB will be computed during
steady-state initialization to ensure continuity within the bubble rise volume, but this value of
VBUB will be replaced the first time step by the value from the control block. This will result in
not being able to maintain a null transient. The initialized value should be compared to the value
obtained from the Wilson correlation or the control system.
7.3.10 Modeling Techniques

Many times, a junction is located at the exact top or bottom of a volume. When this is the case,
the junction is "horizontally oriented" by default (regardless of the value of JVERTL), since the
two volumes meet at the junction elevation. When a falling or rising mixture level reaches the
volume top or bottom, the connecting junction enthalpy changes over one time step from
saturated liquid to saturated vapor or vice versa. Such discontinuous changes in the junction
enthalpy can introduce energy equation inaccuracies and cause numerical solutions difficulties.
A modeling technique can be used with RETRAN-3D to prevent this problem. To prevent this
problem, the two volumes are vertically overlapped and the junction elevation is moved to the
midpoint of the overlap. Additionally, vertical junction option JVERTL = 1 is used. A smooth
junction enthalpy transition will then occur as the mixture level moves through the overlapped
region. This modeling technique will help eliminate anomalous flow behavior as a bubble rise
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volume fills or drains Figure III.7-4 shows an example where the junctions connected to a bubble
rise volume are at the exact volume top or bottom. Figure III.7-5 illustrates the recommend
modeling technique for overlapping the bubble rise volume with connecting volumes. The
overlapping technique requires a slight adjustment to the height of adjacent volumes, which can
introduce a slight distortion in the elevation head. However, the mass in the volume will be
unchanged since the volume size has not been altered.
The overlap size can be transient dependent; however, an overlap of 0.2 feet has generally
proven to be adequate. Very rapid level changes may require a larger overlap, while smaller
overlaps may be used for slow changes in the level.
For the overlapping illustrated in Figure III.7-4, the height of volume 1 is increased by 0.2 feet to
create an overlap with Volume 2. The junction Jin elevation is raised 0.1 feet (the midpoint of
the overlap) and JVERTL is set to one. Similarly, the height of Volume 2 is increased by 0.2
feet to create an overlap with Volume 3. The elevation of the steam flow junction is raised 0.1
feet (the midpoint of the overlap) and JVERTL is set to one. The same process is used for the
recirculation junction.
This modeling technique is recommended for all junctions exiting a BRM volume. For a PWR
this might include pressurizer relief valves and surge line, steam generator separator and upper
downcomer regions and the upper head if the bubble rise model is used. For a BWR this might
include the separator and upper downcomer.
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Figure III.7-4. Typical Bubble Rise Volume Configuration
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Figure III.7-5. Typical Bubble Rise Volume Configuration with
Revised Overlapping Configuration
7.4

Application of Bubble Rise Model as a Level Model

The level model is designed to accommodate movement of a discrete liquid level through a
vertical stack of volumes. Specifically it is intended to model level movement within the vessel
during a transient initiated from mid-loop operating conditions. The user can define a vertical
stack of volumes to apply the model to. The volume stack can be initially full of liquid, initially
full of vapor only or can have an initial level within the stack and the model will work for either
draining or filling. The model can be applied to one or more volume stacks.
To activate the level model, the user must supply a level model Data Card 06400X that contains
a list of volume that will be included in the level calculation. The volumes must comprise a
vertical stack and be ordered from top to bottom. The list is preceded by a flag indicating the
initial condition for the stack.
The level model is based on the bubble rise model discussed in the previous section and allows a
mixture level to become established in the volume where the level exists. An example of how
the logic works is illustrated by the following examples. First, consider a volume stack that is
initially full of liquid and it is expected that a level will be established and the level will move
through the stack during the transient. The code will set the bubble velocity in the top volume to
a nonzero value and the bubble velocity to zero for all volumes below the top volume. This
allows an initial mixture level to become established in the top volume when the conditions
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permit and not in the lower volumes. As the level drops through the top volume the bubble
velocity in the volume immediately below the top will be set to a nonzero value to allow the
level to move into that volume. As the level continues to drop, this process will be continued
until the level has passed through all the volumes. The second example is for a volume stack
that is initially full of vapor. In this situation, the bubble velocity in the bottom volume will be
set to a nonzero value and the upper volumes will have zero bubble velocity. This will allow the
level to establish in the bottom volume and when it fills the bubble velocity in the volume above
will be set to nonzero. This process will continue until the volume stack completely fills with
liquid.
In reality, all the volumes in the stack are bubble rise volumes, but by having zero bubble
velocity, a mixture level will not be developed. However, the vapor distribution gradient will
apply to all the volumes regardless of whether the bubble velocity is zero or not. One of the
basic assumptions during model development was that model will be applied to transients where
little or no vapor entrainment is expected below the level. Therefore, a default bubble velocity of
1000 ft/sec is used, which will minimize entrainment for the volume that contains the level.
A recommended modeling practice is that the junction connecting the bubble rise volume with
other volumes not be placed at the exact bottom or top of a volume. Instead, the junction should
be moved into the volume slightly and the vertical junction option used (JVERTL = 1).
This implies that connected volumes should be overlapped a small amount. The reason for this
discussion is that the level model works differently depending on whether or not the volumes are
overlapped. If volumes in the stack are not overlapped, a nonzero bubble velocity will exist in
only one volume and it will not move to another volume until the mixture level becomes zero if
it is draining or equal to the volume height if it is filling. If the volumes are overlapped, a
nonzero bubble velocity will exist in two adjoining volumes when the mixture level is in the
overlap between those volumes.
If the volume stack is initially full of liquid vapor (no level), the user does not need to supply
bubble rise input (060XXY data) for these volumes and the volume bubble rise flag (IBUB on
05XXXY data) does not have to be non zero. The code will automatically set up bubble rise data
for any volumes for which the user has not already supplied data. As discussed above, the
bubble rise velocity will be set to 1000 ft/second for the volume in which the level exists and
zero for the other volumes. The bubble rise slope parameter will default to 0.8. The user can
elect to supply bubble rise data for the volumes if either the bubble velocity or slope parameter
other than 1000 or 0.8 is respectively desired.
If an initial level exists within the volume stack, the user must supply bubble rise data for the
volume with the mixture level and the bubble rise data for the remainder of the volumes will be
set up automatically.
7.5

Two-Region Nonequilibrium Model

The RETRAN-3D two-region nonequilibrium model defines two separate regions which are not
required to be in thermal equilibrium. The two regions are termed a "liquid" and a "vapor"
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region, although each region may contain both liquid and vapor. Each region thermodynamic
state solution is determined from a distinct mass and energy balance on that region. Hence,
except for a common pressure, the thermodynamic state for each region is determined without
restrictions as to the other. In other words the vapor region can be superheated and the liquid
region subcooled, both saturated, vapor region saturated, and liquid region subcooled, and so on.
The mass and energy balance provides the total mass and energy in each region as a function of
time through the transient. The solution of the thermodynamic state in each region then involves
the determination of each region volume (constrained by the sum equaling the total volume) such
that the calculated pressure is the same for each region.
The two-region nonequilibrium model is a special application model and was developed
originally for modeling a PWR pressurizer. The logic and assumptions inherent in the model
reflect this general geometric configuration. A nonequilibrium representation in the pressurizer
is essential during transients that result in strong surges of fluid into the pressurizer. During insurge transients, the pressurizer vapor region is compressed by the swelling liquid region.
During this period, the incoming fluid causes the liquid region to become subcooled, while
compression causes the vapor space to superheat.
The two-region nonequilibrium model (pressurizer model) can be applied to any bubble rise
(separated) volume, which provides separation mechanism required to establish and/or maintain
two separate regions. Region mass and energy equations allow the mass and energy inventories
to be determined, which in turn are used to determine a common pressure for the two regions.
Within the single control volume, the liquid and vapor regions may have different
thermodynamic states (e.g., unequal temperature).
Two different solution schemes are available for the two-region nonequilibrium model in
RETRAN-3D. One is and explicit method similar to that used by RETRAN-02. The other is an
implicit solution. The explicit method finds a lot of use because it was the method used by
RETRAN-02. It has limitations in that the pressure linearization in the flow equation solution
uses approximate values of the pressure (two-region volume) with respect to total mass and total
internal energy and neglects the corresponding vapor region derivatives. For most pressurizer
uses these approximations are adequate. This is also generally true for most BWR applications;
however, for some application where there is significant flow through the volume, the derivative
assumptions can lead to solutions that struggle or fail during the pressure convergence tests. The
implicit solution used a complete representation of the pressure linearization including the vapor
region terms, which results in a more accurate and stable solution.
The NRC Safety Evaluation Report (SER) issued for RETRAN-3D[III.7-9] also raised a concern
that the explicit solution mass and energy integration may not be consistent and may lead to a
drift in the energy inventory (see SER Condition 18 in Section III.7.5.1.1 below), which would
affect the pressurizer pressure. Although this option is commonly used, this may lead to
questions from the NRC. If questions arise, they can be answered by making comparisons of
various pressurizer transients between the explicit and implicit solution results.
There is a down side to using the implicit pressurizer solution. It is that the solution has a larger
grind time, which may impact the overall solution time. This may not be a concern for problems
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that run quickly. Its use would eliminate the possibility of questions regarding possible drift in
the energy inventory related to use of the explicit solution. Future development will improve the
implicit solution grid time and eliminate the explicit solution. The implicit two-region model is
selected by setting NUMRCS = 3 on the problem description Data Card 01000Y. Note that if
the five-equation model is used, the implicit two-region model will also be used since NUMRCS
must be equal to 3 when the five-equation model is active.
Common applications for the two-region nonequilbrium model for both PWRs and BWRs are
summarized in the following sections.
7.5.1

Pressurizer Modeling

The single volume two-region nonequilibrium model available in RETRAN-02 and versions of
RETRAN-3D prior to MOD004.7 were limited to a liquid region with a single temperature,
which precluded accounting for the effects of thermal stratification. Modeling options now
allow a multiple volume solution to be used which allows thermal stratification effects to be
included in the solution. The single volume and multiple volume pressurizer models are
discussed below.
7.5.1.1

Single Volume Pressurizer Model

When modeling pressurizer, the two-region volume is general connected to the primary coolant
piping by a surge line although for some simple models, the surge line volume is lumped with
the pressurizer volume. Figure III.7-6 depicts a typical pressurizer configuration. Auxiliary
equipment associated with the pressurizer includes the pressure relief and safety valves, sprays,
and electrical heaters. These are used to control the pressure in the pressurizer during normal
operating conditions and off-normal transients. The pressurizer vessel walls may also be
modeled using stacked heat conductors and the local conditions model to account for the effects
of heat transfer to the walls. This heat transfer may be condensation or convective heating or
cooling depending on the conditions within the liquid and vapor regions of the pressurizer.
One region is typically a vapor region, although it may be two-phase, while the second is
typically subcooled but also may be two-phase. Each of these regions may exchange heat and
mass with components interfacing with them. Heat transfer from the vessel walls or
condensation at the vapor-liquid interface may heat or cool the liquid or vapor regions, which in
turn may produce liquid in the vapor region or cause vapor to be generated in the liquid region.
Heat exchange may occur with vessel metal mass or heaters and mass exchange can occur as a
result of flow junctions with the regions such as sprays, relief valves, etc. The two regions will
also exchange heat and mass between themselves. Heat and mass transfer can result from
nonequilibrium between the regions. Condensate or droplets in the vapor region will move to the
liquid region and vapor generated in the liquid region will move across the interface to the vapor
region.
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Figure III.7-6. Nonequilibrium Pressurizer Model Configuration

A complete pressurizer model requires that the vessel, surge line and spray line be modeled with
RETRAN-3D control volumes and junctions. Simplifying assumption may reduce the number of
volumes and junctions, e.g., the spray line might be approximated using a fill junction,
eliminating the need to model the spray line and connections to the cold leg and pressurizer.
Similarly, the surge line might be lumped with the vessel volume. In addition to the description
of the basic control volumes and junctions associated with the pressurizer, the other model
options are necessary to fully describe the pressurizer. Recommendations are given below for
each of these models.
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Bubble rise model – 060XXY data cards,
Defines the initial pressurizer level
Defines the separation velocity used in the flashing model. A value of 3.0 ft/sec
was determined for a tank blowdown experiment, not unlike a draining
pressurizer.[III.7-8] The Wilson correlation is available for defining the
separation velocity and is the recommended option for use with pressurizer
models.
Defines the bubble gradient for liquid region. It is used as part of the flashing
model. A value of 0.8 was determined for blowdown of a tank, not unlike a
draining pressurizer.[III.7-8]



Two-region nonequilibrium model – 6100XX data cards,
Defines the rainout velocity. The default value of 15.0 ft/sec has a negligible
affect on behavior when the special spray model is used. If the special spray
model is not used (not recommended for pressurizers), the rainout velocity can
have a more significant affect on behavior because it provides the mechanism for
letting liquid fall from the vapor region. When a pressurizer drains and then
refills, the rainout velocity is what allows the liquid region to be re-established.
For this situation, the insurged liquid is initially deposited in the vapor region
because it is the only region present. As soon as the liquid region is reestablished, the insurged fluid will be deposited in the liquid region.
Defines interregion heat transfer coefficient for the vapor-liquid interface. The
default model (recommended) uses the maximum heat transfer calculated by the
McAdams free convection correlation [III.7-10] and the Murphy[III.7-11] that
accounts for increased heat transfer when sprays are active. This model was
added to the MOD004.7 code version.



Pressurizer heater model is a special nonconducting heat exchanger option - 21XXYY
data cards
Defines the rated heater power level and trip used to activate
Defines the heater time constant



Spray model,
- Defines the spray valve characteristics (required). The valve number is defined
on the 08XXXY junction data cards and the valve in defined on the 11XXX0
valve description data cards.
- Special junction option on the 08XXXY junction data cards is used to activate
special treatment that heat spray to saturation and deposits spray plus condensed
steam directly in the liquid region. This option is recommended and when used,
the rainout velocity has a negligible affect on results.
Trip and/or control systems used to activate heaters and spray valves as necessary 04XXX0 (trip) and 703XXX (control system) data cards
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Heat conductors are used to model the vessel walls – 15XXXY data cards
- A single volume pressurizer should use at least 3 heat conductors. The stratified
model should use one heat conductor for each subnode (volume) except for the
top node which should contain 3 heat conductors,
- The local conditions heat transfer model must be used to stack the heat conductors
from bottom to top and define the appropriate local fluid conditions on the left
surface. . Use the 2200XY data cards.
- Specify a vertical plate condensation correlation for the heat conductor
representing the vessel wall – on the 15XXXY data card

7.5.1.2

Multiple Volume Pressurizer Model

For some PWR transient scenarios, the single volume two-region model has limitations.
Thermal stratification can occur during transients that experience pressurizer insurges. In
particular, the in-surge can result in a temperature gradient through the liquid region that extends
upward from the vessel inlet to the vapor/liquid region interface. Similarly, the spray and
condensation flow from the vapor region into the liquid region can also introduce thermal
stratification with warmer fluid at or near the liquid region surface. If the region below the liquid
level is considered to have multiple nodes, each node may have a significantly different
temperature than the average temperature that would exist if all of the liquid were mixed
homogeneously. If thermal stratification is present in a pressurizer, it can affect the pressure
response for depressurization scenarios because the region will have to depressurize to the local
saturation pressure before flashing can help decrease the rate of depressurization. When a single
liquid region model is used, cold fluid flowing into the pressurizer through the surge line will
mix with warmer or possibly two-phase fluid, effectively dropping the pressure where flashing
will occur.
The multiple volume pressurizer model is a hybrid model comprised of the two-region
nonequilibrium model overlaid on a vessel description. The subnodes can also use the
temperature transport model to further resolve thermal stratification effects. The top two-region
node uses all of the models, e.g., spray, vessel wall condensation, interphase condensation,
rainout, and flashing models from the single volume model. Pressurizer heaters are also used,
but they may deposit their power to subnodes rather than the two-region node. The heater
elevation (stratified model input) is used to determine which subnode receives the power.
The complete pressurizer vessel should be defined using multiple uniform size subnodes. There
is no limit on the number of subnodes that can be used but 5 to 10 are adequate. The subnodes
below the mixture level are used to describe the subcooled liquid region in the vessel. The tworegion pressurizer model is used to describe the vapor region and a small liquid region and may
occupy the region of to multiple subnodes as illustrated in Figure III.7-7. The liquid region of
the two-region nonequilibrium volume corresponds to a single subnode at most. Figure III.7-7
illustrates the use. The domain over which the two-region model is applied changes as the liquid
inventory changes.
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Figure 111.7-7. Pressurizer Subnodalization with Two-Region Domain
At a minimum, the two-region node will occupy the top most subnode and all subnodes below
will be full and active. If the two-region node completely fills, the two-region model transitions
to a single liquid only region. As the pressurizer drains, two-phase subnodes are combined with
the liquid region of the two-region node and then deactivated (top down). When the pressurizer
completely drains, all subnodes are inactive and the two-region node occupies the complete
pressurizer domain.
As an example, first consider an in-surge transient where the liquid region mass increases. As
the liquid region mass increases to the point where it exceeds the mass required to fill the
subnode at the bottom of the liquid region, the subnode becomes a new standard volume (with
temperature transport delay) and the size of the pressurizer domain is reduced by the size of the
subnode created just below. As the pressurizer is nearly filled, the pressurizer domain wilJ
correspond to the last subnode and the remainder will be modeled using normal RETRAN-3D
control volumes with the temperature transport model applied.

If at some point, the pressure is reduced (over cooling RCS inventory loss) the pressurizer level
will begin to drop and the liquid region will flash. As the liquid mass in the liquid regions is
nearly depleted, the domain of the two-region node will be extended to cover the subnode that
was previously below the two-region node, including the mass in that node in the pressurizer
liquid region.
Use of this model requires that the individual subnodes within the pressurizer vessel be defined
(using volume data cards 05XXXY), connecting junctions (using the junction data cards
08XXXY) and wall heat conductors (using the heat conductor data cards 15XXXY) that align
with the subnode volumes. The two-region volume model data card 61 OXXX is used to indicate
the number of subnodes that describe the pressurizer vessel.

III-90
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

Modeling Physical Phenomena

When the pressurizer thermal stratification model is used, the automatic subnodalization option
discussed in Section IV.1.3 can be used to define the subnodes rather than defining each of the
subnodes as described above. It uses the single volume pressurizer model description to define
the subnode geometry and location (vertical). The number of subnodes specified on automatic
subnodalization data cards 58XXXY must be the same as number of subnodes specified on
610XXX cards. Currently the automatic subnodalization option defines equal size nodes.
The temperature transport delay time model is usually specified for each subnode to minimize
the effects of numerical diffusion when fronts are present (numerical diffusion allows fronts to
propagate faster than the flow velocity and also damps the magnitude temperature).
The temperature transport delay model may be activated for each subnode volume by supplying
a value of MESH > 0 on each control volume description Data Card 05XXXY. It is not required
but is recommended. When used, 3 to 5 temperature transport mesh points is adequate. The
pressurizer heater model, which is activated on the nonconducting heat exchanger Data Cards
21XXYY, must also include the heater elevation for use in determining which subnode the
heater power will be add to.
To model the effects of wall condensation, the local conditions model (Data Card 2200XY) must
be used. Two stacks are needed, one for the active subnodes and another for the two-region
model. A conductor should be modeled for the region occupied by each subnode, which the
exception of the top most node. It should be subdivided into two or three heat conductor. This
will allow the local conditions model to function correctly when the two-region node occupies
the top subnode only.
7.5.1.3

PWR Reactor Vessel Head

The two-region nonequilibrium solution can be used for regions or components other than a
PWR pressurizer. In particular, it can be used where there either is a distinct level initially
present or where a level may develop during the transient. A PWR vessel upper head is such a
situation where vapor may become trapped during transients such as a steam line or feedwater
line break. During these transients, the primary coolant shrinks and the upper head fluid may
flash and form a vapor bubble. As safety injection fluid refills the primary, the upper head vapor
region will be compressed and superheated. The behavior of vapor developed in the upper-head
region and the pressurizer during refill in these transients will influence the primary-side
pressure response.
It may be necessary to model the upper head metal mass associated with the volume as heat
conductors. The local conditions model provides a way to associate the wall heat fluxes with the
appropriate region for the two-region model. This may allow condensation to help collapse the
vapor bubble. Stored energy in the metal mass may also have the opposite effect if the
temperatures exceed the saturation temperature.
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7.5.1.4

BWR Upper Downcomer Regions

In BWR applications, the two-region nonequilibrium volume model is used in the upper
downcomer and/or the separator. The region being modeled should be similar in that it should
have acquiescent liquid-vapor interface such as that of the steam dome to downcomer region or
any tank with distinct liquid and vapor regions. Use of the two-region nonequilibrium volume in
these regions produces a higher peak pressure for pressurization transients than a normal bubble
rise volume would give due to superheating of the vapor region. This in turn would cause more
core void collapse and a higher peak power due to void reactivity feedback. Experimental data
indicates that these nonequilibrium effects are real; thus indicating the need to use models that
account for them.
When the two-region nonequilibrium model is used in the upper downcomer and/or separator of
either a BWR or PWR steam generator it may be necessary to define an additional model
parameter. This parameter is the rainout velocity VRAIN. The rainout velocity is used to define
the mass transfer of liquid from the vapor region to the liquid region. Where the bubble rise
velocity allows vapor to rise from the liquid region, the rainout velocity allows liquid to fall from
the vapor region into the liquid region. If the rainout velocity is zero, liquid can artificially
accumulate in the vapor region if a flow reversal in the steam path draws liquid into the vapor
region. A nonzero rainout velocity will then allow the liquid to fall to the liquid region.
Rainout velocities in the range of 5 to 10 ft/sec are reasonable.
7.6

Steam/Water Separator Model

In conventional PWR steam generator and BWR vessel separator designs, the two-phase mixture
enters the separator from the bottom and impinges on swirl vanes that impel the liquid radically
and allows the vapor to pass vertically. The separated liquid is collected by gravity and returned
downward to the vessel downcomer region. Because the separation is not perfect, some liquid
(carryover) is entrained in the vapor flow path and some vapor (carryunder) is transported in the
liquid flow path. The phase separation is in the range of 98% efficient.
The mechanical separation cannot be modeled directly with the RETRAN-3D flow equations
therefore a separator volume must be treated specially. The options are





a bubble rise model (described in the previous section),
a bubble rise model with the two-region nonequilibrium volume option (described in
Section III.6.5), or
the RETRAN-3D “separator” model.

Option 1, the bubble rise model by itself will provide 100% steam to exit the steam path and
either liquid or two-phase fluid to exit the recirculation path. This model is adequate for PWR
steam generator applications and authors are not aware of any studies that have shown a more
sophisticated model is needed. For BWR applications options 2 or 3 are needed for
pressurization transients to get the correct reactor kinetics feedback.
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Option 2 is used in most BWR models. As in Option 1, the steam path will pass pure steam.
However, the separator steam region and steam flow can become superheated during
pressurization events such as a turbine valve closure. The peak vessel pressure will be higher
with this option as compared to Option 1 which will collapse more BWR core voids and will
produce a higher pressure peak. This option will produce a more realistic vessel pressure
response while Option 1 will produce a nonconservative BWR pressurization transient result.
In most BWR RETRAN models, the upper downcomer and separation are simulated with
separate volumes. In these BWR models the upper downcomer (bubble rise volume) uses the
nonequilibrium volume model. However, not all use a nonequilibrium volume model in the
separation. The pressure wave from a steam line value closure can reach the core either through
separation down or through the upper downcomer to lower core flow path.
The decision whether to use a nonequilibrium volume model in one or both regions should be
made by sensitivity studies and comparison to pressurization transient data.
Option 3 treats the separator as a nonequilibrium volume and allows liquid entrainment (carry
over) in the steam flow path. This is a specific RETRAN-3D model that requires input of
separator performance data. There are built-in or default separator performance curves but they
are limited to a narrow range of operation. For general use of this model it is recommended that
specific separator performance curves be obtained from the Vendor if possible. Option 3 is
discussed below
The most explicit reporting of separator performance data is in Reference III.7-7, which shows
that steady-state separator performance varies significantly with inlet quality and downcomer
mixture level. The RETRAN-3D separator model determines carryover and carryunder behavior
based on data presented in Reference III.7-7. These default data are based on BWR/6 separator
designs and are only applicable in a small range around the normal operating conditions. The
user must supply data for other separator designs and for other conditions outside the range of
default curves. Otherwise the built-in performance data will be extrapolated outside their range
and potentially cause unrealistic behaviors and/or numerical problems.
The two-region nonequilibrium treatment (see section below) used in the separator model is
necessary for transients where accurately predicting vapor carryunder and liquid carryover is
considered important. Figure III.7-8 illustrates the application of the two-region model
specifically for a steam/water separator. It uses separator performance curves or carryover and
carryunder to determine the interregion mass and energy transfer.
Typically the carryover and carryunder prediction is not an important factor in determining
overall system behaviors. Both regions are assumed to be at the same pressure but need not be in
thermal equilibrium.
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Figure III.7-8. Steam Separator Component Volume
7.7

Accumulator Model

Prior to the development of the accumulator model, users occasionally modeled the accumulator
using a bubble rise volume with air above the mixture level. With this modeling approach the air
region remains at the same temperature as the liquid (or two-phase) region; thus, representing an
isothermal expansion. This results in higher pressures and accumulator flow than are realistic for

III-94
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

Modeling Physical Phenomena

transient less than a few hundred seconds in duration. The accumulator model is a two-region
nonequilibrium model that allows the cover gas to cool as it expands and forces liquid out of the
accumulator. The cover gas cooling reduces the pressure and thus the flow. The model includes
an energy equation for the gas region that accounts for heat transfer from the vessel wall and
liquid region to the gas region as it cools, as well as the work done on the liquid by the gas
region. A gas continuity equation is not needed since the gas mass remains constant while the
accumulator model is used. More detail on the accumulator model is available in the Theory
Manual, Section VI.7.
The accumulator vessel is assumed to be a right circular cylinder with spherical heads. The
height of the volume (ZVOL) extends from the lower bound of the bottom sphere to the top of
the upper sphere. The flow area (FLOWA) is that for the cylindrical section of the vessel and the
geometric diameter DIA (not the hydraulic diameter DIAMV input) is determined from the area.
The length of the cylindrical section of the vessel is (ZVOL – DIA). The user-supplied volume
(V) for the accumulator must agree with the volume of the assumed geometry
V =  [(1/6) DIA3 +  DIA2 (ZVOL – DIA)]

(III-7-6)

where
DIA

=

(4 FLOWA / 

If the input volume does not equal that given by the above the volume will be redefined to be
consistent with the geometry.
A spherical vessel can be modeled by specifying the volume height equal to the diameter,
determined as shown above.
The vessel mass is determined from the vessel surface area and user-specified wall thickness
assuming that the wall is a plate. As the level changes, so does the surface area above the level
and the mass of the vessel wall that is included in the lumped parameter heat transfer model.
The volumetric heat capacity is provided by the user through input for the accumulator model on
the 620XXX data cards. Since wall heat transfer is included in the model, heat conductors do
not need to be included in the model. Likewise, they should not be included in the input model
for the accumulator. It is assumed that there is no appreciable heat transfer between the vessel
wall and liquid.
There are no accumulator model specific parameters for the user to provide; only the geometric
description and material properties (noncondensable gas and vessel wall volumetric heat
capacity) are needed to describe the accumulator.
It is possible to model a purely isentopic or isothermal expansion with the RETRAN-3D even
though the polytropic expansion model is no longer supported. If either the wall thickness,
DXWALL, or the volumetric heat capacity, CVWALL, or both are input as 0, no wall heat
transfer will be modeled. Likewise CHWALL and CHSURF can be input as zero, which turns
all heat transfer off. This will result in the pressure response being characteristic of an isentropic
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expansion. If the wall thickness and/or volumetric heat capacity are input as very large numbers
and CHWALL is a large number, the gas region temperature will remain equal to the initial
temperature, which will result in the pressure response being characteristic of an isothermal
expansion. Normal accumulator pressure responses are bounded by these two processes and are
obtained directly from the RETRAN-3D accumulator model.
A volume initial condition data card, 231XXX is used to define the pressure and temperature of
the accumulator volume. The initial gas temperature is assumed to be equal to the water
temperature. The initial level and vessel wall thickness are specified on the 620XXX
accumulator data card. Given the level, the volume of the gas region and liquid regions are
known from the assumed vessel geometry, allowing the liquid and noncondensible masses to be
determined. Note that the noncondensible mass remains constant as long as there is liquid in the
accumulator. Once all liquid has drained, the volume is re-initialized to a noncondensible only
volume where the accumulator model is turned off and the standard noncondensable gas pressure
search is activated.
The accumulator validation results presented in Section III.11.3 of the Application Manual –
Volume 4, demonstrate that relatively short duration accumulator discharges like the LOFT L1-4
and L2-5 experiments are nearly isentropic. This corresponds to an expansion coefficient of 1.4
for a polytropic expansion model like originally included in RETRAN-3D (no longer available).
If no heat transfer is included in the current accumulator model by setting the wall and surface
heat transfer multipliers, CHWALL and CHSURF, to 0.0 on the accumulator data card 620XXX,
the pressure and level behavior will be representative of an isentropic expansion. If the
multipliers are left at the default unity values, there will be heat transfer but it will be negligible
for short transients, also giving an isentropic behavior for the pressure.
Long duration accumulator discharges, such as the LOFT L3-1 small break experiment also
reported in Section III.11.3 of the Application Manual – Volume 4 are impacted by heat transfer
from the vessel wall and liquid surface, heating the gas region. An isentropic expansion would
significantly under predict the pressure for a given level because of the heat transfer effects. The
current model accounts for heat transfer effects, giving an accurate pressure response for both
short term and long term events.
Reference III.7-12 points out that the Semiscale S-04-6 results indicate increased heat transfer
due to the large surface area to volume ratio for the accumulator vessel. The current model
accounts for the effects of surface area base on vessel geometry. For approximately the first 16
seconds of accumulator discharge during the Semiscale S-04-6 test, heat transfer effects were
insignificant. After the first 16 seconds heat transfer becomes more significant which is
predicted by the current accumulator model.
The short-term pressure behavior of an accumulator discharge is isentropic and is governed by
the gas volume. This is true for a simple polytropic expansion model (no longer available in
RETRAN-3D) or the new model based on the gas region energy equation where the work term is
the primary contributor for the early portion of the discharge.
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Uncertainties in the vessel wall and surface heat transfer can be included by modifying the
corresponding heat transfer multipliers in the accumulator input data provided on data card
620XXX.
The accumulator model has not been reviewed by the NRC; however, Section III.11 of the
RETRAN-3D Applications Manual, Volume 4,[III.7-12] includes comparisons with data from
experiments summarized above. The RETRAN-3D results are in good agreement with the data.
These results can be used as justification to the NRC for use of the accumulator model.
Normally during initial plant startup, accumulators or core flood tanks are tested by charging
them and blowing them down to an empty reactor vessel. These data provide a good opportunity
to benchmark the core flood tank and piping system model, which could supplement the model
verification and validation identified above.
7.8

Local Conditions Heat Transfer Model

The heat transfer correlation selection logic generally uses average volume properties. However,
when a bubble rise volume (see Section III7.3) or two-region nonequilibrium volume (see
Section III.7.5) has heat conductors attached and is partially filled, the mixture level may reside
within the upper and lower bounds of the volume, which can lead to part of the conductors being
exposed to steam above the mixture level and two-phase or liquid conditions below the mixture
level. In order for the heat transfer selection logic to know this, the local conditions heat transfer
model must be used.
The local conditions heat transfer model was developed to permit stacked heat conductors
attached to a single-volume region to respond to the appropriate fluid conditions above and
below the mixture level.
The model has two distinct applications,



for single-node steam generator secondary modeling where there is a significant
depletion of steam generator coolant and the tubes may become uncovered, and



for simulating heat transfer from vessel walls to a nonequilibrium volume such as the
pressurizer or upper vessel head.

For a single-node U-tube steam generator secondary, the bubble rise model is used to obtain a
distinct mixture level. The bubble rise model imposes the assumption that the vapor above the
mixture level is saturated steam and the fluid below the mixture level is either two-phase or
saturated liquid. The local conditions model then provides a way to approximate the local
conditions for selecting and evaluating the heat transfer coefficients. This modeling approach
will degraded the overall heat transfer compared with the single volume secondary without using
the model, but the results will still generally over predict the steam generator heat transfer for the
reason discussed below.
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Steam generator tube uncovery cannot be accurately simulated with a single bubble rise volume
because complex geometry and flow paths have been combined into a simple geometry. The
bubble rise mixture level is directly proportional to the mixture volume occupied. In addition,
the liquid and vapor phases are in thermal equilibrium so any energy added by uncovered tubes
will be used to flash liquid rather than superheat the vapor. Also, the liquid cannot be subcooled.
If best-estimate results are desired, it is recommended that a multi-volume steam generator
secondary be used.
To model vessel walls in a nonequilibrium volume (pressurizer), the local conditions heat
transfer model is needed. It determines how to partition the energy transfer from the wall
between the vapor region and liquid regions. In this application, the vapor can be superheated
and the liquid subcooled. In addition, a vessel like a pressurizer is assumed to be a right circular
cylinder, which conforms with the assumption that the mixture level is directly proportional to
the liquid region volume.
The local conditions heat transfer model requires a “stack” of at least two conductors. The
mixture level and conductor elevations are then used to select heat transfer correlations for the
conductors in the stack. On the Heat Conductor Cards (15XXXY), the parameters CELEV and
CHNL or CHNR are used by the local conditions model to determine where the conductor is
located relative to the bottom of the volume. CELEV is the elevation of the conductor midpoint
(relative to same reference as volumes and junctions) and CHNL or CHNR is the conductor
height. In addition to these parameters, the conductor stack information is input on the 2200XY
data card. Separate stacks will be required to model the upward and downward side of the Utube regions. Thus, two stacks will be required for each steam generator.
7.9

Trip Model

In RETRAN-3D, trips are switching control system elements that are designed to allow modeling
of the trip logic of reactor systems, to initiate transient events, and specify conditions for
termination of a simulation. Trip logic of arbitrary complexity may be modeled by using AND
trips, OR trips, indirect trips, reset trips, and standard trips on high or low setpoints. Trips are
defined using the 04XXX0 trip control data cards.
Some of the actions which can be controlled by the trip controls are:
•
•
•
•
•
•
•
•
•

problem termination,
opening initially closed valves,
closing initially open valves,
fill water injection (or removal),
pump on or off,
reactor scram,
off and on switching of a simplified heat exchanger,
binary switching in continuous control systems, and
a variety of other useful actions.
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Several different component models that are affected by trip signals may refer to the same trip.
The effect is to model multiple actions, which are initiated simultaneously when the trip is
actuated.
7.9.1

Standard Trips

Standard trips can monitor numerous signals or parameters that are computed during the
simulation and activate on high or low setpoint values.
The signals which can be monitored by the trip controls are:
•
•
•
•
•
•
•
•
•
•
•

elapsed time,
normalized reactor power,
reactor period,
average pressure in any volume,
mixture level in any separated, two-region volume,
liquid level in any volume,
water temperature in any volume,
metal temperature in any core volume,
mass flow at any junction,
temperature of any node of any conductor, and
output of any continuous control system block.

A continuous control system trip is simply a trip that monitors the output signal of a control
block in a continuous control system model. Continuous control system trips greatly increase the
capability of the trip logic by allowing the modeling of trips that are an algebraic, differential, or
integral functions of various system parameters.
7.9.2

OR Trips

A trip which can be activated if any one of a number of conditions is met is called an OR trip.
For example, if a reactor scram is to occur in a PWR when either the pressurizer pressure is low
or when the pressurizer pressure is high, two trips are needed to model the trip for the scram.
One will specify a trip on a low pressure setpoint and the other will specify a trip on a high
pressure setpoint. When either condition is met, the scram trip will be actuated.
7.9.3

Coincidence Trips

The coincidence trip, also called an AND trip. It is a trip that only occurs after both of two
conditions (of all of many) have been satisfied. For example, a PWR may trip a safety injection
system when there is low pressure and low level in the pressurizer. Cascading coincidence trips
allow modeling of trips that are activated when all of multiple conditions are met. The ability to
model AND and OR trips together allows modeling trip logic of arbitrary complexity. For
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example, it is possible to model a "majority gate", where a trip is actuated only when two out of
three conditions are met.
7.9.4

Indirect Trips

An indirect trip is defined to be a trip which is actuated, with possibly an additional delay, by
another trip. Consider a system which trips the turbine whenever the reactor is scrammed. If the
reactor scram could be tripped by a number of different signals, say, six signals, then the reactor
scram would be composed of six trips. If an indirect trip is used to model the turbine trip, only
one additional trip card would be required. Different delays may be assigned to each indirect
trip, allowing a single trip to initiate several actions at different times. Thus, indirect trips can
model a sequence of events, all triggered by the same trip.
7.9.5

Reset Trips

Reset trips provide a mechanism to reverse or reset a previously activated trip. All other trips,
once activated, remain activated for the duration of the simulation unless reversed by a reset trip.
Reset trips specify conditions under which previously activated trips are to be reset. For
example, an initially closed valve that was opened by a trip can be reclosed by a reset trip. If the
valve is opened on a high pressure setpoint, a reset trip will allow the valve to close if the
pressure falls below the setpoint value of the reset trip. A reset trip used in this way is
sometimes called a "reverse" trip or an "off" trip. Trips whose setpoint threshold has been
crossed but whose delay time has not yet expired can also be reset. Reset trips are dominant;
thus, if the normal and reset trip are both "true", the reset trip will block the normal trip.
When a reset and normal trip are used together, the trips could alternately be activated by system
conditions. In the example given above, the valve may be opened and closed repeatedly as
required by the trip conditions. Thus, "bang-bang" control systems can be modeled using the trip
controls.
There are two actions, problem termination and scram, which cannot be reversed by a reset trip.
The only way to reverse a scram is to supply multiple reactivity tables which are each activated
by different trips. Thus, a scram represented by a trip which inserts negative reactivity could be
reversed by using a second scram table and trip to add positive reactivity.
7.10

Control System Model

Plant control systems are designed to detect deviations from parameter setpoints and provide
feedback signals that will return the parameter to its normal conditions. In some cases, the
corrective action anticipates the deviation. In general, fluid temperatures, pressures, flows, and
levels are monitored and controlled as well as the neutron flux level.
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Typical PWR control systems include reactor control (rods, boron), primary coolant pressure
control, primary coolant volume control, steam dump (turbine bypass) control, feedwater control,
and turbine control. Appendix A of the RASP PWR Event Analysis Guidelines[III.7-13]
provides a functional description of the control systems commonly used for PWR systems.
The use of RETRAN-3D control blocks is not limited to plant control systems. The blocks may
also be used to prepare combinations of parameters for editing, units conversion and to perform
other special functions as may be necessary. Control systems referred to in RETRAN-3D terms
are a collection of control and input blocks connected together to perform a function. This may
be to simulate a plant control system or merely a calculation of interest. Because of the
versatility of the RETRAN-3D control system and the number of component characteristics they
can define, they are used for many other things than plant control systems.
When modeling controls with RETRAN-3D, system parameters from the thermal-hydraulic
simulation are processed and used to control the appropriate parameter in the thermal-hydraulic
system. Figure III.7-9 illustrates the steps in the general scheme of taking information from the
thermal-hydraulic model, processing it, and returning a feedback action.

System
Parameters

Instrument
Model

Controls
Model

Hardware
Model

Controlled
Parameter

Pressure, Temperature,
Flow, Power, Etc.

Ranging, Scaling,
Compensation

Logic, Gains, PID,
Limits, Etc.

Valve Actuators,
Valves, Pumps,
Tanks, Etc.

Reactivity, Flow, Etc.

Figure III.7-9. Schematic of Control System Block Functions

All of the minor edit variables are available for use in the control models. This list includes the
parameters normally used for monitoring and controlling the plant as well as a wide variety of
other physical parameters. The first step in the modeling process, selecting the system
parameters, such as hot leg temperature or steam flow rate, is well defined. However, the
locations of the instruments must be known in order to choose the proper nodal or junction
parameters for use in the control scheme. The location of the instruments and their importance
to the outcome of the transient may also dictate the noding in the model. For example, consider
a thermal transient where the temperature in a long pipe is being used for control. If the response
of the long pipe is sufficiently quick, a single node may be adequate. However, if the thermal
response is sufficiently slow that there is a difference between the response as a whole and the
response at the sensor location, then additional noding detail is in order. The system parameters
in the control model must reflect what is actually being measured by the instrument system. In
some cases, it may be advantageous to use a parameter that is not exactly what the instrument is
measuring and then perform some adjustments to it within the instrument model.
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The second step in the modeling of control systems is the processing of system parameters;
pressure, flow, etc., so they reflect the characteristics of the instrument system. In this step, the
following characteristics should be considered:



the time response characteristics of the instrument and signal conditioning system;



calibration of the instrument, particularly the way in which off-nominal conditions may
affect the accuracy or response;



the instrument range; and



the instrument output scaled from the physical units to voltage, current, air pressure, etc.,
for use by the control system. Nonlinearities may also exist in the instrument output.

The signal does not need to be scaled to the operating units of the actual controller if physical
units are used throughout the model. There are advantages to both approaches. Use of physical
units allows a direct check of outputs for a given signal error. Scaling to control units provides
information directly from the controls setup and calibration documentation, as well as giving
intermediate signals within the control system. This can be valuable for plant data that include
key intermediate control signals (perhaps in voltages), which can be compared with the
predictions of the model. Using the internal control units allows the use of limits, gains, biases,
etc., exactly as they are set in the plant.
The next step involves the modeling of the control components themselves, the logic, gains,
proportional plus integral devices, dynamic compensation, limiters, etc. The digital logic within
a control system may be represented by using trips (Card 04XXX0) or by using a control block
with the gains and limits such that it is effectively a digital device. Each way of representing
digital logic may be more efficient, depending on the configuration. One should probably avoid
taking parameters from a control system, performing digital tests on them via trip cards, and
returning them into the control scheme. While this approach is completely valid, it can become
difficult to debug with so many interfaces in and out of the control blocks. For the RETRAN-02
control system solution (optionally available in RETRAN-3D), the order of calculation can also
cause some difficulties in this case because the triggering of the trip may not be based on the
block value from the same time step as the rest of the control block information. RETRAN-3D
has a default iterative solution method for the control systems that removes concerns regarding
ordering.
7.10.1 Control System Solution Methods

In RETRAN-02 the control system solution was done simply by solving one control block at a
time in the order of the control block numbers defined by the code user. Therefore if a
calculation was desired that used consistent time step values, the block should be numbered from
the lowest to the highest from one end of the calculation to the other. If a control block in the
middle of the control system did not fit this sequence, every control block calculation
downstream would be one time step behind. In theory was the best approach, but as input
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models expanded or were revised it became more difficult to have these calculations flow in a
cascading order.
In RETRAN-3D, the solution method has been revised to improve stability and eliminate the
dependence on sequence numbering as present in the RETRAN-02 solution. With the implicit
solution the output of all blocks are evaluated at the same time level, which results in a system of
coupled equations that must be solved simultaneously. A Gauss-Seidel iterative solution is used,
rather than a direct matrix solver. The Gauss-Seidel method converges well as long as the
system of equations is diagonally dominant. However, when an off-diagonal element (feedback)
in the matrix is dominant, the method may converge slowly or may fail to satisfy the
convergence criteria. The following section addresses several methods for resolving
convergence issues.
7.10.2 Resolving Nonconvergence Errors in Tight Feedback Loops

Many RETRAN-3D models include sophisticated control systems to simulate plant systems such
as pressurizer level control or feedwater control. A common component of these control systems
is the feedback loop. Feedback can introduce off-diagonal elements that are large compared with
diagonal elements leading to nonconvergence of the Gauss-Seidel solution scheme as noted
above.
As individuals start using RETRAN-3D, they must be cautioned that feedback loops in control
systems can result in numerical problems where the solution does not converge. Someone
familiar with RETRAN-02 may think “we use feedback loops all the time.” Here’s the situation.
In RETRAN-02 control blocks are evaluated once per time step, sequentially, according to card
number. In the feedback loop example in Figure III.7-10, Control Block -941 actually sums the
new value from Block -940 with the previous time-step value of Block -944. Control Block -942
actually sums the new value from Block -941 with the previous time-step value of Block -945.

Feedback Loop:
-940

-941
SUM

Target
Signal

-2.8

-942

-943

SUM

INT

-944
G=
2.0

VLM

-946

-945
INT

G=
1.055

FNG

G=
26.56

Compensated
Signal

-1

Figure III.7-10. Example Control System with a Feedback Loop

In an effort was made to make the solution more implicit, control blocks are evaluated as a
system of coupled equations. The Gauss-Seidel solution iterates until the output of each block
has converged. Convergence is measured by the normalized change during an iterate. This
allows Control Block -942 (in the example below) to sum the new value of Block -940 with an
updated value for Block -944. This iterative solution method works well when the feedback
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corrections are small. When the feedback terms become dominant, the Gauss-Seidel iterative
matrix solution can fail to converge (know limitation of the method).
Two approaches to resolving the problem are available. One is to increase the number of
iterations allowed by the Gauss-Seidel method. This is done using the 701000 data card. This
works for many control system models; however, it can increase running time and some control
blocks still may not converge.
Another solution is to hold the feedback loop values at the old time value. By defining a control
input as the output of the desired feedback control block and using the control input in the
control system, the feedback does not change from one iteration to the next and the solution
converge problem is eliminated. Figure III.7-11 shows the same control system with the
feedback loops replace with the control input for the feedback variable.
Broken Loop:
-940

-941
SUM

Target
Signal

990

-2.8

-942

-943

SUM

INT

-944
G=
2.0

VLM

-946

-945
INT

G=
1.055

FNG

G=
26.56

Compensated
Signal

-1

COUT
-944

991
COUT
-945

Figure III.7-11. Example Control System with Feedback Loop Removed

In summary, passing a feedback signal through a COUT block places the value at the old time
and effectively moves the element from the coefficient matrix to the right-hand side in the
solution of the coupled equation set. This eliminates the nonconvergence problems caused by
feedback signals.
7.10.3 Old Time Values Dependent on RETRAN-02 Solution Order

When converting RETRAN-02 control system models to RETRAN-3D, be wary that the
dependence of the RETRAN-02 solution on the order control blocks were defined may have
been used. At times, the solution order was used to the analyst’s advantage to obtain an old time
value for use in calculating a parameter difference. If this is the case, the revised RETRAN-03D
solution method creates a problem since the parameter will be at the new time level rather than
the old time.
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On solution to the parameter is to use a COUT block as was done above. This old time value of
the parameter can then be used and the solution remains independent of the input order.
An option is also available in RETRAN-3D to simulate (to the extent possible) the RETRAN-02
order dependent solution scheme. This option may be useful for organizations that are
converting RETRAN-02 input models to RETRAN-3D. It is activated using INIT = 1 on the
701000 control system problem dimension data card. When this option is used, the RETRAN3D solution improvements are not available.
7.10.4 Control System Initialization

An option to use the RETRAN-02 control system solution in RETRAN-3D is available by
selection INIT > 1 on the 701000 data card. INIT = 1 selects the RETRAN-02 control system
transient solution and makes one pass through the control system calculation after steady-state
initialization is complete. INIT > 1 defines the number of iterations through the control system
solution after steady-state initialization is complete and uses the RETRAN-02 control system
transient solution. The ability to iterate with the RETRAN-02 solution after steady-state
initialization helps resolve noncascading control block numbering. INIT = 2 provides a second
pass through the calculation and is adequate to resolve control block numbering problems. It
also provides the same option that is available in RETRAN -02.
The RETRAN-3D control system steady-state solution iterates or until the solution converges (to
a maximum of fifteen times). The code user cannot change the number of iterations, but the
current maximum iteration value has proven adequate.
Proper initialization of plant control systems is important to avoid the control system output from
drifting from the desired value once the transient solution begins. Control systems that define
plant component operating values are the key ones to initialize properly. Examples of these are
feedwater control systems and pressurizer heater and spray control systems. Control blocks that
are used for side calculations or that become active later in the transient do not need the same
attention to correct initial values.
The control system initialization will give the initial control block values RETRAN thinks are
needed. Those initial values can be used to replace the original values and the calculation
repeated. Proper initialization of control systems may require several manual iterations to finally
home in on acceptable control block (and system) convergence. For most nonlinear blocks such
as lead, lag, integrator, derivative and delay blocks, RETRAN-3D will not change the supplied
initial values and the several manual iterations are needed to get these blocks to converge.
7.10.5 Control System Methods

One of the most powerful features of the RETRAN-3D code is the control system. They are
used for many purposes, from simple things like converting a flow to gallons per minute, to
sophisticated control systems such as complex feedwater controllers. Control systems are highly
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versatile, but occasionally there appear to be a limitation, which makes it difficult to perform the
desired task. The following sections provide modeling methods to resolve these problems.
7.10.5.1 Storing a Value

Occasionally, the problem being solve using the control system requires saving a value for later
use. An example might be control system might require saving the initial value of prompt power
for later use. Saving an initial value seems like a common item; many RETRAN-3D models
contain control systems use initial values. Most involve user interaction by assuming the initial
value is already known from the input initial condition. For these control systems, even small
changes in the input model require the user to go back and reevaluate all initial conditions.
There is an easier way to solve this problem for most situations. It is based on the method
described below.
The description of a delay block (DLY) states that the output of the block is:
y(t) = y0 for 0 < t <  .

(III-7-7)

If a time constant, , larger than the transient time is used, the output of the DLY is always the
initial value. The initial value is saved and can be obtained as the output from the DLY block.
But why stop there? This method can be extended to save a value at any point in the transient.
The time constant for a DLY block can be variable, defined by the output of another control
block. If the time constant is zero then there is no delay and the input is just passed through. On
the other hand, if the time constant is suddenly increased to a very large value, the output of the
block is frozen and the value at that point is saved.
As an example, define Control Block -9 as a delay on Control Input 8, which is the normalized
power. The time constant, , is defined by Control Input 9 which samples Trip ID 4 as shown in
Figure III.7-12. The number of samples for Control Block –9 is set to 1. Since the value of the
time constant is zero until the reactor trip, initially the delay block is transparent and the output
of Control Block -9 tracks Control Input 8. When the Trip ID 4 trips, the large gain on Control
Input 9 makes the time constant equal to the gain and the output of Control Block -9 is frozen at
the current value. Figure III.7-13 demonstrates that this simple method has saved the value of
normalized power at the time of the trip actuation.
With the simple addition of a DLY block, the output for any control system variable can be
saved for use by another control block.
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Figure III.7-12. Flow Logic for Variable Time Constant Delay Block

STEAMLINE BREAK - RETRAN-3D MODEL -HALF CORE, 19 CHANNEL (19FILL BC)
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Figure III.7-13. Normalized Power Saved at Time of Reactor Trip
7.11

Enthalpy Transport Model

When heat transfer present within a RETRAN-3D control volume, there is a difference between
the volume inlet and outlet enthalpy. The enthalpy transport model determines the exit junction
enthalpy such that the volume average enthalpy reflects the gradient and has a value between
those of the inlet and outlet junctions. In the case of steady flow, the volume enthalpy will be the
linear average of the inlet and outlet.
Two separate enthalpy transport models are available in RETRAN-3D. One is the single node
model where the model is applied to a control volume connected to a heat source. With this
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model, the heat source (or sink) is assumed to be known. At steady state the wall heat flux is
determined by the core section power so the heat source is known. During the transient, the
source is reasonably approximated by the previous time step value of the heat flux. For these
reasons, the model is applicable to reactor cores.
The model is typically applied to steam generators, even though the wall heat flux is not known.
It is really a function of the temperature difference across the steam generator tube wall. Steadystate initialization iterates until estimates of the wall heat flux satisfy the energy balance
requirements. The primary and secondary-side wall heat fluxes are used with the single node
enthalpy transport model to determine the junction enthalpy. During the transient solution the
old wall heat flux is used to define the heat addition/removal for the enthalpy transport model.
When a steam generator secondary node dries out, the volume on average may be two-phase, but
the exit junction enthalpy becomes representative of single-phase vapor. Using the single node
enthalpy transport model will often result in steam temperatures that exceed the hot leg
temperature, because the heat addition rate is not correct. The two-region enthalpy transport
model was developed to resolve this problem. The use of both models is discussed in following
sections.
7.11.1 Single Node Model

If energy is exchanged between the fluid within a control volume and the surfaces enclosing it,
the enthalpy of the fluid exiting the volume will have a different value than the average volume
enthalpy. The change in enthalpy between the volume center hk and the exit junction hj will
depend on the rate of energy exchange with the surrounding surfaces Q, the flow rate of the
mixture wj and the slip velocity VSLj (difference between the liquid and vapor velocities). The
enthalpy transport model accounts for this difference. It is described in Section III.2.3 of the
Theory and Numerics Manual – Volume 1. Figure III.7-14 illustrates the situation where the
model might be used. It can be used for energy addition as would be found in the core or
secondary side of a steam generator or energy removal as would be found on the primary side of
a steam generator.

Figure III.7-14. Enthalpy Associated with Energy Exchange
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Without enthalpy transport being activated, the junction enthalpy of fluid leaving the volume is
the same as the volume average hk, that is, the junction enthalpy is "donored" from the volume.
At steady state, this means that the volume enthalpy is elevated (heat addition) to the value
required for the junction enthalpy to satisfy an energy balance. The either increases the volume
temperature used in heat transfer calculations for single-phase conditions, or increases the
volume quality for boiling conditions. Increasing the quality will decrease the mass in the
volume. It is easy to visualize that as fluid flows through a heated (or cooled) volume, the
enthalpy will vary continuously. The enthalpy transport model attempts to capture this effect.
Early RETRAN input models used coarse nodalization to maximize computing efficiency and
minimize the cost when computer time was purchased. With large nodes in heated regions, the
enthalpy transport model was developed to improve the accuracy of the mass and temperature
distributions. With computing efficiency being a less significant consideration for models,
detailed nodalization in heated regions tends to resolve the enthalpy distribution accurately,
reducing the need for the enthalpy transport model. Many core models that use either the onedimensional or three-dimensional kinetics model, use in the vicinity of 24 axial nodes in the
powered region. This will minimize the need for the enthalpy transport model. However, core
models nodes that are 2 to 4 feet in length should use the enthalpy transport model to improve
the accuracy.
Activating enthalpy transport for inlet and outlet junctions for a volume that also has heat
transfer affects the following features of the computation.



In the steady-state initialization solution, the energy and mass distributions will be
change.



Subcooled volume temperatures will decrease for heated volumes.



The temperature changes affect the associated heat transfer.



Heat transfer changes will lead steady-state initialization to affect adjustments made to
the heat conductor areas.

There are some limitations to the utility of the enthalpy transport model.



It is assumed that if multiple junctions exit from a common control volume, all that use
the enthalpy transport model will have a common enthalpy of hj, i.e., all junctions exit at
the end of the pipe volume. If some do not use enthalpy transport, the enthalpy will be
equal to the volume average enthalpy.



The model was formulated assuming concurrent flow. If countercurrent flow is
predicted, the model can produce unrealistic values for junction enthalpy which will
cause the calculation to fail or force a significant increase in CPU time. In addition, large
slip ratios can potentially cause problems with the junction property calculation.
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The model assumes a dominant flow direction. When flows stagnate or flows reverse,
unrealistic values for junction enthalpy can result, which may cause the calculation to
fail.

RETRAN-3D contains a feature to determine if the flow pattern assumptions associated with the
model are violated and further to determine if the computed junction enthalpy is out of range. If
either occurs, the enthalpy transport result is abandoned and the donor enthalpy is used. This is
now a default behavior for the enthalpy transport model. A user option is available on the
enthalpy transport deactivation option Data Card 080000 (IENTRN=1) to deactivate the fix up
logic just described. This is not the recommended option, but is provided to allow backward
compatibility with prior code versions. If no 080000 card is provided, IENTRN is defined as 0
by the code.
Several user-defined options for deactivating enthalpy transport (on Data Card 080000) during a
calculation have been added to RETRAN-02 and RETRAN-3D over the years. These options
are used to eliminate code failures when the limitations described above are encountered. For
the most part, they are unnecessary when the default (IENTRN=0) option is used in RETRAN3D. These options are







deactivate enthalpy transport at all junctions on a trip signal,
deactivate enthalpy transport for a particular set of junctions on a trip signal,
deactivate enthalpy transport at a junction that encounters a flow reversal,
deactivate enthalpy transport at a junction that encounters a counter current flow, and
deactivate enthalpy transport at a junction when the difference between volume center
and junction enthalpy is less than a user-specified value.

With the first two options, users can define when and where enthalpy transport is deactivated.
Typically it is deactivated after a reactor trip where the difference between volume center and
junction enthalpy is minimal. With the last three options, it is possible during the transient to
have a heated region where enthalpy transport is off in some junctions and not in.
Several studies have been performed with models that use and do not use the enthalpy transport
model. It was found that with increased tube and bundle region nodalization for U-tube steam
generators, essentially identical transient results can be obtained for cases with and without using
the enthalpy transport model on the secondary side as long the two cases start with identical
initial conditions. These include the same steam generator fluid mass, the same steam generator
tube area adjustment and control systems initialized properly in each case. These results are
given in Appendix A.
Appendix A also evaluated the effect of using enthalpy transport for once through steam
generators. Here it was found that increasing the number of nodes did not produce the same
results for the cases with and without the enthalpy transport model on the secondary side.
Detailed nodalization is an alternative to using the enthalpy transport model for U-tube steam
generators.
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7.11.2 Two-Region Model

The first study reported in Appendix A illustrates that the enthalpy transport model (single node)
can give anomalous superheating when it is used in a tube bundle that dries out. At dry out, the
volume average conditions result in the wall heat transfer being determined by one of the twophase heat transfer correlations. Each of these correlations will give a different effective heat
transfer coefficient, but all will use the saturation temperature for the bulk fluid temperature.
The problem occurs when the resulting wall heat flux and enthalpy transport model produce
superheated vapor at the exit junction. Since there is no direct coupling between the wall heat
flux and the temperature of the superheated vapor that would limit the junction enthalpy, it is
possible for the exit steam to superheat hundreds of degrees higher than the temperature of the
corresponding primary volume. This is what is observed in the Appendix A
There are two causes for the secondary temperature exceeding that of the corresponding primary
volume. The first is that the heat addition source term in the enthalpy transport equation is
treated as a known quantity, when in reality it should be dependent on the junction enthalpy that
is being computed, especially when the conditions in the tube region change from two-phase to
single-phase vapor. The other problem is due to the fact that the heat transfer within a volume is
only based on the two-phase heat transfer regime, even though single-phase vapor conditions
exist at the exit. There are at least two distinct types of heat transfer occurring in such a volume,
one that is driven by the saturation temperature (two-phase) and the other (single-phase) that is
driven by the average temperature of the superheated vapor, which directly depends on the heat
addition to the single-phase subregion. Simplifying assumptions in the standard enthalpy
transport model neglect this coupling.
The anomalous superheating behavior can be eliminated and accuracy improved by use of a
model that dynamically subdivides a secondary node undergoing a transition from two-phase to
superheated conditions. The two-region enthalpy transport model addresses this in its solution,
which is described in Section III.2.3.7 of the Theory and Numerics Manual – Volume 1.
The common application of the two-region enthalpy transport model will be for steam generators
as illustrated below. The model is activated when enthalpy transport is on in a junction and
when the donor volume is two-phase but the exit junction is superheated steam (as determined
from the standard enthalpy transport model). Heat conductor(s) associated with the two-phase
volume are required to be two sided for the current implementation. The left boundary
volume(s) are assumed to be single-phase liquid (steam generator tube volumes). The right
boundary is the secondary volume.
Figure III.7-15 illustrates a cross section of a typical steam generator model of the bundle region
that is one node high. It is comprised of a volume representing the tubes on the upflow side, a
volume modeling the tubes on the downflow side, a single secondary-side volume, and the twosided heat conductors that allow for heat transfer between the tube volumes and the secondaryside volume.
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Figure III.7-15. Typical Steam Generator Model Segment

When the secondary volume exit junction dries out (superheats), the axial cross-section nodes are
divided into two regions, a two-phase region (Region 2), and a superheated steam region (Region
1). Additional heat conductors (auxiliary conductors) are added automatically to Region 1. The
primary conductor will be applied over the normalized two-phase length ℓ2 and the auxiliary heat
conductors over the superheated length (1-ℓ2).
The model assumes
•

volumes are oriented vertically,

•

heat conductors are two-sided,

•

the two-phase volume is the right boundary for the heat conductors,

•

the tube volumes are on the left surface and they will be single-phase liquid,

•

axial heat conduction can be neglected,

•

the subregion (two-phase) length can be applied to the tube volumes and associated heat
conductors,

•

all liquid in the secondary-side volume is below the dryout point, and

•

all associated exit junctions use enthalpy transport,.
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In addition to requesting the use of enthalpy transport for the junctions in the steam generator,
the two-region model must also be activated using the 080001 data card to set SHSFLG = 1.
The two-region enthalpy transport model was originally developed for RETRAN-02W, but has
since been implemented in RETRAN-3D.[III.7-14] indicated that when running with the
standard single node enthalpy transport model, the interior enthalpies were unreasonable but the
exit steam enthalpy compared reasonably well with the LOFTRAN and NOTRUMP codes and
MB-2 test results. However, when enthalpy transport was turned off, the outlet steam enthalpy
was considerably under predicted when the base nodalization was used. Reasonable behavior
was obtained with 13 bundle region nodes and no enthalpy transport (compared with
LOFTRAN), but the runtime was “exorbitant” (4-loop model). Use of the model is
recommended unless the increase in runtime associated with increasing the number of bundle
nodes is acceptable.
The two-region enthalpy transport model has not been reviewed by the NRC. Use of the
model in a licensing submittal to the NRC will require justification.
7.12

Temperature Transport Delay Time Model

The timing of temperature changes in the primary system can be very important in the simulation
of plant transients because of the effects of reactivity feedback and/or steam generator heat
removal on the system transient response. Temperature changes move through some regions
(such as piping) essentially as a front; that is, the incoming fluid does not mix with the fluid
within the particular region but only displaces it.
The standard RETRAN method for determining the junction enthalpy is to use the donor volume
enthalpy. This has the effect of instantaneously and homogeneously mixing incoming fluid with
the contents of a particular region; thus, the outlet enthalpy begins to respond immediately to
changes in the inlet. This is the type of response that best represents a plenum. The transport
delay model considers the movement of fluid through a region as a slug. In other words, the
fluid coming into a region at time (t) leaves that region at time (t + τ) where τ represents the time
required to transport that fluid through the volume.
If both the transport delay model and the enthalpy transport model (Section III.7.11 above) are
selected for the same junction, RETRAN-3D will use the transport delay model to compute the
junction enthalpy if the volume fluid is single-phase liquid. If the volume becomes two-phase,
the enthalpy transport model will be used to compute the junction enthalpy. When both options
are selected at input, a discontinuity in the junction enthalpy may result if the volume changes
phase.
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7.12.1 General Modeling Approach and Assumptions

The temperature transport delay model utilizes an enthalpy mesh substructure within a control
volume to track temperature front movement through control volumes. Transport volume
geometries are assumed to be typical of piping sections with all inlet flow paths entering one end
and all exit junctions leaving the opposite end. Figure III.7-16 illustrates a typical transport
volume with multiple inlet and outlet junctions and the enthalpy mesh structure overlaid upon the
control volume. All input junctions terminate in node 1 of the enthalpy mesh, while all outlet
junctions initiate in node N.

Figure III.7-16. Piping Transport Delay Time Mesh Structure

The model is activated by setting the number of enthalpy mesh points MESH (must be equal to
or greater than 2) on the volume Data Card 05XXXY.
A complete discussion of the temperature transport delay time model can be found in Section
III.2.3.5 of the Theory and Numerics Manual – Volume 1. The following assumptions and
approximations are made to facilitate the solution of the transport delay problem:
•

The transport delay model is applied only to single-phase liquid volumes. If the volume
contains two-phase water or superheated steam (or noncondensable), one of the other
junction enthalpy models is used.
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•

When the transport delay model is applied, it is reasonable to assume that the fluid flow
between internal nodes is incompressible. The incompressible flow assumption implies
that any flow-induced displacement is the same for all nodes.

•

The average of the inlet and outlet volumetric flow rates multiplied by the time-step size
is representative of the flow-induced mesh displacement.

•

All mesh points are at the volume average pressure.

•

Temperature fronts will introduce density fronts; i.e., the mass in each node is a function
of the enthalpy.

•

Any heat addition or removal via heat conductors is distributed uniformly to all mesh
points.

•

Both the mass and energy inventories obtained by summing over all mesh points must
equal the volume average quantities.

Applications of the temperature transport model using a single inlet and a single outlet junction
will correctly model flow reversals. Although the model is sufficiently general to allow for
multiple inlet and/or outlet junctions, anomalous results may occur if the flow response of all
inlets or all outlets is not similar, e.g., if one inlet junction flow stays positive while the flow for
the other inlets remains negative. Under these or similar circumstances, there is a local
circulating flow in the boundary mesh of the transport volume and the assumption that all
meshes have a common displacement is violated, particularly since the displacement is computed
by averaging the inlet and outlet volumetric flows.
Several guidelines for use of the temperature transport delay model are noted. The first guideline
deals with the number of mesh intervals required to accurately simulate the time delay between
the inlet and outlet and at the same time preserve the shape of the input temperature front. For a
simple temperature front given by a step change, two or three mesh points are adequate. If the
temperature front is more detailed, e.g., a sine wave, many more nodes are required in order to
minimize distortion at the outlet. For a sine wave temperature history with a period of T
seconds, the number of nodes needed in a volume of length Δx with a fluid moving at a velocity
of v can be estimated by
N =|

 x No
|,
Tv

(III-7-8)

where
No

=

is the number of discrete points required to approximate one cycle of the
sine wave.

This estimate does require some knowledge of the magnitudes of T and v during the time interval
of interest.
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There are two conflicting requirements for the number of nodes used in the transport delay
model that must be judiciously considered by the user. The first requirement deals with
specifying enough mesh points to preserve the shape of the thermal wave phenomena, while the
opposing restriction is that the thermal-hydraulic time-step size cannot exceed the single-mesh
material transport time given by

=

x
.
Nv

(III-7-9)

The implication is that if a lot of detail is necessary, the maximum thermal-hydraulic time-step
size must be limited by Eq.III-7-9. There are no automatic time-step control algorithms that
include the transport delay mesh Courant limit. If the mesh Courant time-step limit is exceeded,
atypical mesh enthalpy values will be computed and the problem will generally fail.
7.13

Method of Characteristics Model

The method-of-characteristics (MOC) transport model is similar to the temperature transport
delay time model (discussed above), which is used to eliminate numerical diffusion from the
RETRAN-3D solution scheme by appropriately computing the junction enthalpy. Unlike the
temperature transport model, the MOC transport model is valid for both single-phase liquid and
two-phase nonequilibrium conditions. The model is designed for use in BWR cores for
application to stability analyses. The MOC model will be used to compute the junction enthalpy
for the junctions if a 6300XX data card is supplied. It must include a list of junctions for which
the model will be used to define the junction enthalpy and phasic void fraction. Otherwise, the
MOC model will not be used.
The MOC transport model requires input of a minimum resolution that specifies the minimum
number of particles that will be present in the volume with the highest liquid velocity.
Since this minimum resolution corresponds to the highest velocity volume, volumes with lower
velocities will have a proportionately higher resolution (number of particles). The ratio of the
exit to inlet liquid velocity defines the proportionality constant. Its sole use is for determining
the space necessary to store the particle array information. Minimum resolutions in the range of
3 to 7 are generally adequate. It should be noted that the MOC model is limited by the Courant
condition and as the resolution is increased, proportionately smaller time-step sizes are required
to satisfy the Courant limit. This limit is not included in the time-step control algorithms and
must be maintained by limiting the maximum time-step size.
Currently the MOC model can only be used if the five-equation option is used (NEQS=1 on Card
01000Y). A complete discussion of the solution method is given in Section III-2.3.6 of the
Theory and Numerics Manual – Volume 1.
As implemented, the MOC model assumes that the gas phase is solely vapor. Although it may
be relatively straight-forward to extend the model to noncondensables, no such capability exists
and, consequently, the MOC model should not be used where noncondensables are present.
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7.14

General Transport Model

The general transport model describes the distribution of either a gaseous of solid impurity in a
RETRAN-3D model system. The impurity concentration and its transport are directly linked to
the fluid equations. The impurity is assumed to be soluble in either vapor or liquid (transport
medium), but it has no direct effect on the fluid equations, e.g., it has no effect on the fluid
properties or the terms in the fluid flow equations. The details of the model and solution are
given in Section VII.5.0 of the Theory and Numerics Manual – Volume 1.
While the general transport model can be used to track a gaseous impurity, its primary use is to
track boron that is injected into the reactor vessel or piping system to control reactivity. It might
also be used to track fission product migration from the primary-to-secondary side during a
simulated steam generator tube failure transient.
The model is activated using the IGNTRN flag on the problem description Data Card 010001.
Additionally, the general transport model volume Cards 4520XX are used to define where
sources or sinks for the impurity are located and the control system that is associated with the
source or sink. The general transport model junction Cards 4530XX are used to define the fill
junctions that provide the impurity. Separate control blocks can be used to define the
concentration for the impurity and a junction mixing efficiency. Lastly, there may be an initial
concentration or the impurity. This is specified using the initial impunity concentration Card
454001.
Note that both controlled concentrations and impurity sources may result in Courant-associated
limitations. This will require that the time-step size be limited to a fraction of the Courant time
limit of transport time through the volume. If the Courant limit is exceeded, numerical
oscillations in the solution may be observed or the impurity concentration solution may fail. A
Courant limitation with respect to the junction mixing efficiency has not been observed,
however, this potential does exist.
When noncondensables are present, the general form of the general transport model is not
affected. If vapor is designated as the transport medium, the combined vapor/noncondensable
gaseous mixture becomes the transport medium. The impurity is then assumed to be suspended
in and transported by this gaseous mixture.
As a final note, the solution numerical solution scheme for the general transport model uses
upwind differencing and is therefore subject to numerical diffusion. This causes impurities
injected into the system to propagate downstream faster than the transport medium is moving.
The amplitude is also damped. In general, as time-step size is reduce below the Courant limit,
the faster the impurity propagates downstream and the more damping is introduced. Operating
near the Courant limit can minimize the effect of both. In practice this may not be very practical
since time-steps are controlled by other competing conditions and nonlinearities in the solution.
Code limitations associated with the model are given in Section VII.1.9.
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7.15

Subcooled Boiling or Void Profile Model

The homogeneous mixture model and the slip models in RETRAN-3D (thee- and four-equation
models) are based on equilibrium thermodynamics and, thus, the vapor- and liquid-phase
temperatures are equal when two-phase conditions exist. This limitation can be important for
certain BWR transient analyses because void formation associated with subcooled boiling has a
significant effect on the moderator reactivity and the equilibrium model neglects it. Zolotar and
Lellouche[III.7-15] developed a void formation model based on a drift flux model and also
includes boiling and recondensation effects. The details of the model can be found in Section
VII.4.0 of the Theory and Numerics Manual – Volume 1.
This model can be used to compute a neutron void for each core fluid volume when the
homogeneous mixture model is used (with or without slip). It is only applied for heated core
sections. The neutron void is only used to compute the moderator reactivity feedback for the
point or one-dimensional kinetics models. It is activated by setting IVOID = 1 on the 010001
problem description data card.
The model requires the user to define some model parameters that are used to adjust the model
for their particular use. They are input on the profile fit Data Cards 061XX1. The first
parameter KAPPA1 is used for the flow channel geometry. The default value of 0.71 is for tubes
and channels, but should be defined as 0.80 for rod bundles. A coefficient use with the drift flux
model CGL, can be supplied, but the default of 1.41 is the recommended value. The next
parameter CDB, is used to adjust the subcooled convective heat transfer for the particular
geometry. The default value is 0.023, standard Dittus-Boelter heat transfer correlation
coefficient, which applies for tubes and channels. For rod bundles, the value should be supplied
as
CDB = 0.013 + 0.033ε

(III-7-10)

where ε is the fraction of unit cell available for flow. Similarly, the proportionality constant,
CHN, of the Hancox-Nicoll correlation is given the default value of 0.2 (for tubes and channels)
unless modified by input. The recommended value for rod bundles is 0.1 Dhe/Drod where Dhe is
the heated equivalent diameter and Drod is the rod diameter. Note that the default values do not
apply for most rod bundles so this data must be provided.
It should be noted that the profile fit model does not account for the presence of
noncondensables. The intent of this model is to estimate fluid void fraction in subcooled liquid
where voids do not otherwise exist (due to homogeneous equilibrium assumptions). Implicit in
the model is the assumption that the fluid is water, and that heat transfer is to liquid and/or
boiling two-phase water. Noncondensables, to a certain extent, invalidate these assumptions.
In summary, the subcooled boiling model provides an estimate of void fraction used in the
neutronics calculation only, and does not affect the hydraulic conditions directly. Further, the
model was developed for use with the homogeneous equilibrium hydraulic solution method
where vapor cannot exist in tandem with subcooled liquid. This limitation does not exist if,
instead of the homogeneous equilibrium solution, the five-equation solution is used. Hence, the
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subcooled boiling model is not used when the five-equation solution is invoked. Consequently,
if noncondensables are present it is recommended that the five-equation solution be used in lieu
of the subcooled boiling model/homogeneous equilibrium solution.
The profile file model will not be used even if it is activated, but the 5-equation (NEWEQS = 1
on 010001 card) balance equation formulation is used.
7.16

Dynamic Gap Model

The dynamic gap conductance and cladding deformation models account for their effect on the
gap conductance due to temperature effects on the fuel rod geometry. They account for the
effects of thermal expansion of both fuel pellet and cladding on gap dimensions and fill gas
pressure and the effect of pressure (internal and external) on the gap dimensions. Phenomena
other than temperature affecting the rod geometry such as pellet fracturing are neglected.
Although the heat conduction model and portions of the gap conductance model are both derived
for one-dimensional geometry, the dynamic gap conductance model requires use of heat
conductor stacks defined using the 2200XY heat conductor stack data cards. This is because all
of the conductors in a stack are included in the gap gas pressure calculation.
The dynamic gap conductance model has not been reviewed by the NRC. Its use with a
licensing submittal will require justification.

The dynamic gap conductance model data cards 225XXY are use to define model parameters
and fill gas composition. The model is activated by setting IGP = -1 on the conductor geometry
data cards 17XXYY.
Three modes of heat transport are permitted in the model, i.e., radiation, conduction in the fill
gas, and contact conduction when the pellet is in physical contact with the cladding. These
modes are additive and the total gap conductance is given by
Hgap = Hrad + Hgas + Hcontact

(III-7-11)

where
Hgap
Hrad
Hgas
Hcontact

=
=
=
=

total gap conductance, Btu/hr-ft2-F,
thermal radiation component,
gas conduction component, and
pellet-cladding contact component.

The gap is assumed to be an independent composition having a single mesh space. The gap
geometry is assumed to be cylindrical as illustrated in Figure III.7-17. The effective conductivity
of the gap is given by
kgap = H gap g

(III-7-12)
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Figure III.7-17. Fuel/Clad Gap Geometry

where
kgap

=

effective thermal conductivity of the gap, Btu/hr-ft-F, and

τg

=

initial gap width, ft.

The models for each of the gap conductance components are described in Section V.1.3 of the
Theory and Numerics Manual –Volume 3.
The fuel rod deformation model is used to predict changes in gap width caused by elastic and
thermal stresses. Thermal expansion is the only source of transient fuel pellet deformation
considered. Any fuel pellet geometry changes from as-built specifications due to burnupdependent quantities, such as relocation and densification, are not modeled and should be
included in the input value for the cold gap width. For the cladding, however, deformation under
both mechanical and thermal stresses is considered. If the fuel cladding gap is open, elastic
deformation may be induced by the difference between the internal gas pressure and the system
pressure. When the gap closes, elastic displacement of the clad by radial expansion of the fuel in
contact with it is calculated, but deformation is neglected. Bending stresses or strains in the clad
or fuel are considered insignificant, and creep deformation of the clad is ignored.
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7.17

Auxiliary DNB Model

The auxiliary DNB model roughly approximates the subchannel DNB models used for PWRs. A
RETRAN-3D hot channel model cannot be expected to produce the same prediction of local
fluid conditions as a detailed subchannel analysis code. The model includes some of the
engineering factors generally associated with PWR subchannel analysis. While the model does
account for the engineering factors, the DNB correlation itself again may not be the same as that
used by the NSSS vendor. In addition, the engineering factor models and correlations are subject
to change as new fuel designs and experimental data are obtained. The details of the model are
given in Section VII.2.0 of Reference III-1. The auxiliary DNB model has had little validation.
Because of this and the limitations mentioned above, the NRC recommends the model be used
only for scoping studies and to rely on subchannel codes designed for this purpose to produce
more accurate DNB values.
7.18

Turbine Model

Typical RETRAN-3D input models simulate downstream of the turbine admission valve with a
pressure boundary condition and upstream of the feedwater control valves with a flow boundary
condition. Components downstream of the turbine admission valve and upstream of the
feedwater control valves are generally not modeled. At one time, an effort was made to add the
necessary balance of plant (BOP) models (one being a turbine model) to close the loop.
The turbine model was added in RETRAN-02 and carried forward to RETRAN-3D and has had
very little use and validation. For this reason, the turbine model is not recommended unless it is
needed for a very specific application. The turbine model is described in Reference III.7-1,
Section VI.6.0, if further information is desired.
8.0

FRONT MOTION

A pressure wave is one example of a front motion where the wave moves through the system. In
other situations, the temperature, enthalpy, and/or material interfaces may arise and propagate
during normal or off-normal transient incidents. These may be due to changes in heat addition or
removal in a segment of a piping system or the activation of a system to inject a material, e.g.,
borated water, to the system. Special purpose models are used to supplement the basic fluid flow
equations to improve the modeling accuracy.
8.1

Pressure Waves

Pressure waves may occur in both PWR and BWR NSSSs for a variety of reasons. A break in
the piping, for example, produces in a decompression wave that travels through the coolant and
the structure of the NSSS. Other sources of pressure waves include fast closure of valves. As
the changes in pressure propagate through the system cyclic pressure waves may be generated.
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The RETRAN-3D hydrodynamic and thermodynamic state equations contain all the elements
required to calculate propagation of pressure waves. A pressure wave can be viewed as a
moving interface across which the pressure theoretically changes discontinuously. Good spatial
resolution of the wave requires a sufficient detailed geometric nodalization of the region where
the pressure wave occurs. For instance, closure of a main steam isolation valve (MSIV) will
cause a pressure wave to resonate. The steam line must contain adequate nodalization upstream
of the MSIV to prevent damping of the pressure wave. If pressure wave resonance is important
to the calculation, nodalization studies should be performed to determine what nodalization is
adequate. In particular, pressure waves will change the BWR core vapor void fraction, and thus,
the power generation.
8.2

Thermal Fronts

Temperature fronts arise from abrupt changes in the performance of steam generators and other
heat exchangers. A sudden change of the state of the coolant on the secondary side of a steam
generator in a PWR produces a change in the temperature of the primary coolant leaving the
steam generator. This change in the coolant temperature affects the power generation in the
core. A decrease in coolant temperature, for example, increases the power generation. Because
of the overall system response, the transport time of the coolant from the steam generator outlet
to the core inlet should be modeled.
As with the pressure wave, a good spatial description of the piping from the steam generator to
the core is necessary to obtain an accurate description of the transport time of the coolant and the
temperature front.
For temperature fronts detailed nodalization will help but not completely solve the problem. The
RETRAN-3D solution will result in “numerical diffusion”. At the end of the time step, the fluid
in each normal volume is considered to be homogenously mixed. Therefore as the fluid with a
different temperature enters a volume over a time step, it will change the mixture state slightly
and the new mixture temperature\enthalpy will be carried out the next time step. Small changes
in fluid temperature will start reaching the core sooner than a front would. The term numerical
diffusion is used to describe this behavior.
A model is available in RETRAN-3D to simulate temperature fronts and eliminate numerical
diffusion. The model is called the temperature transport delay model.[III.8-1, Section III.2.3.5]
The model accounts for the time required for the temperature front to flow through a volume
based on the flow rate at the entrance to the volume. The transport delay model is activated by
specifying a value for the number of volume meshes (MESH) on the volume card. The model is
designed for use in volumes that have a clear flow direction (such as piping) and should not be
used in plenum volumes. Typically three to five meshes within a volume is adequate to simulate
a temperature front movement.
The temperature transport model applies only to subcooled liquid, so an alternate model to track
enthalpy fronts is available. It is called the Method of Characteristics model and is discussed in
Section III.7.13.
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The RETRAN-3D numerical solution allows time-step sizes that exceed the time it takes to
exchange the fluid in the volume (the material courant limit). The courant limit also applies to
the mesh volume size. The mesh courant limit is not factored into the RETRAN-3D time step
selection logic. Therefore, excessive mesh divisions may limit the calculation stability.
Even though the meshes apply to volumes, this model is really a junction enthalpy model since it
delays the inlet temperature front from reaching the outlet junctions and as such it cannot be used
in conjunction with other optional junction enthalpy models, i.e., enthalpy transport, bubble rise
models or method of characteristics. Also, once a volume becomes two-phase the model is
deactivated because the entire volume must be at saturation temperature.
8.3

Enthalpy Fronts

The temperature transport delay time model (Section III.7.12) has been available to allow
temperature fronts in single-phase liquid to be followed through piping systems. That model
eliminates numerical diffusion from the homogeneous equilibrium model for single-phase
conditions. A similar approach is used to develop a more general phasic property transport
model for use with the five-equation model to eliminate the numerical diffusion resulting from
the default solution scheme used by RETRAN-3D.
The transport model follows the discrete phasic void fraction and enthalpy distribution within
control volumes and utilizes the Method of Characteristics (MOC)[III.8-2] to solve for the phasic
property distribution in a Lagrangian coordinate system that is then superimposed on the
RETRAN control volumes. This model was developed specifically for BWR instability analysis
since numerical diffusion from the standard solution method proved to give results that changed
with nodalization and time step size.
The MOC model has had limited application experience.
8.4

Material Fronts

Injecting a material into the coolant can cause material front, e.g., injection of boron for
reactivity control. RETRAN-3D has a general transport model to simulate transport of
impurities such as boron around the reactor coolant system. Impurity injection locations,
concentrations and injection rates can easily be input. The impurity concentration in each
volume is computed so it can be edited or used in a control system to convert the concentration
into a reactivity value.
The general transport model was designed primarily for boron injection, but can be used to track
any other impurity. The impurity transport is a side calculation and has no direct affect on the
overall balance equations.
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There is an option in the model to approximate noncondensable flow. This option was
implemented when noncondensable flow could not be modeled directly RETRAN. This option
is not recommended because noncondensable flow does influence the overall balance equations
and noncondensable flow can be modeled directly with RETRAN-3D with its proper influence
on the volume equation of state.
It should be noted that the general transport model does not move material as a front and suffers
from numerical diffusion as described in the prior subsection. The net results is that small
concentrations of boron will reach the core sooner than if it were treated as a front movement. If
the front timing is important for a particular analysis, a delay in the injection time could be
considered to compensate.
9.0

ENERGY GENERATION

The energy generation models are associated with conductor heat sources (excluding the energy
deposition from a centrifugal pump). These models are primarily intended for describing the
thermal behavior of nuclear reactor cores, although they can be employed to simulate other types
of heat sources. The energy generation options in RETRAN-3D are







fission reactions,
decay heat,
metal-water reactions,
moderator heating, and
time-dependent heat source.

The energy source from fission reactions is derived from a RETRAN-3D reactor kinetics model.
This model provides a volumetric heat source for the uranium regions of the nuclear fuel. The
initial magnitude of total core power is specified as an input parameter. RETRAN-3D allows the
user to provide a tabular representation of power or to use either the point kinetics, onedimensional kinetics, or three-dimensional kinetics options to compute transient variations in
power due to reactivity changes. These options are summarized in the two following sections
and are discussed in detail in Chapter V of the RETRAN-3D Theory Manual.
9.1

Point Kinetics

The point reactor kinetics model, the one-dimensional reactor kinetics model, and the threedimensional kinetics model can be derived from the time-dependent transport equation. As
applied to RETRAN-3D,[III.9-1, Chapter V] these methods assume the neutron flux can be
represented by a time-varying power function and a space-independent function.
For point kinetics, the spatial function is assumed constant for all time, effectively reducing the
kinetics equations to a function of time only. Thus, one limitation of using the point kinetics
option in RETRAN-3D is that it should only be applied for those analyses in which the effects of
a changing flux shape does not significantly influence transient results. Point kinetics is
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typically used for PWR applications but not for BWR applications. It is recommended that the
feedback variables be core averaged values to be consistent with point kinetics assumptions.
RETRAN does however, permit the reactivity component to be regionally weighted which can
be used for sensitivity studies if desired.
The point kinetics model can be used for most PWR transient analyses because the fluid in the
core region is generally single-phase liquid and the flux shape does not change significantly
except in response to a scram signal. Using the point kinetics model for BWR analyses requires
is not recommended, primarily because the flux shape will change due to core void formation or
collapse.
9.2

One-Dimensional Kinetics

The basic limitation of the point kinetics model is the assumption of a constant flux shape.
The one-dimensional kinetics model in RETRAN-3D allows the user to account for axial flux
shape changes during the transient. The one-dimensional model assumes that the flux shape
changes slowly in time relative to the change in amplitude. Thus, the flux shape can be treated in
a quasi-static manner and the function may not need to be upgraded as frequently as the
amplitude calculation. This frequency is controlled by the user via input.
The one-dimensional kinetics model requires different input than the point model. Some of the
input is similar (i.e., decay heat and delayed neutron yield fractions and decay constants and
direct moderator heating), however, the rest of the input contains much more detail plus an
external cross-section data file is required (FORTRAN Unit 40, TAPE40). The cross-section file
format is described in Section IV.2.2 of the RETRAN-3D Programmer’s Manual. Details of the
reactivity feedback and control rod models are presented in Section V.5.0 of the RETRAN-3D
Theory Manual.
Subcooled boiling and a slip model are important reactivity BWR feedback components.
Subcooled boiling can be modeled directly by using the five-equation option or by using the
profile fit correlation that computes subcooled void as a side calculation for reactor kinetics
feedback. The five-equation option was not available in RETRAN-02, but is the RETRAN-3D
recommended option for subcooled voiding because a direct part of the solution method and has
the appropriate influence on other balance equations. The RETRAN-02 subcooled boiling model
is still available for backward compatibility.
9.3

Three-Dimensional Kinetics

The three-dimensional kinetics model in RETRAN-3D allows the user to account for axial and
radical local flux shape changes during the transient. These transients include but are not limited
to a BWR rod drop, PWR rod ejection and PWR steam line break.
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The three-dimensional kinetics option allows simulation of each fuel assembly with multiple
axial nodes. In theory, the RETRAN-3D thermal-hydraulic channels can be matched with the
fuel assemblies and axial nodalization on a one-to-one basis. However, the number of volumes
and junctions required for a one-to-one match may make the calculation prohibitively slow to
run. On a practical basis, detailed thermal-hydraulic nodalization is not needed for assemblies
not close the region of flux change. Therefore, less important fuel assemblies can be
strategically “mapped” to lumped thermal hydraulic channels and the fuel assemblies in the area
of the anticipated flux change can have greater thermally-hydraulic channel detail to provide
reactivity feedback data.
Different input information is required than the other kinetics models. There are a specific set of
input data cards and two external files. The first external file is called the CDI file (FORTRAN
Unit 78, TAPE78) which contains the assembly layout and geometric data that allows RETRAN
to internally generate volume, junction and conductor channel data so that RETRAN-3D input
does not need to be generated by hand. The second file is a cross-section file (FORTRAN Unit
68, TAPE68) that contains data to describe nodal cross-section behavior as a function of the
reactivity feedback parameters. The format required for the CDI and cross-section files are
described in the RETRAN-3D Programmer’s Manual, Section IV.2.3.
The three-dimensional kinetics model uses the same decay heat and direct moderator heating
options as the other kinetics models.
9.4

Decay Heat Options

RETRAN-3D provides two options for modeling the decay heat component of power. The first,
based upon the original 1971 decay heat proposed standard,[III.9-2] has been used in previous
versions of RETRAN-3D and is implemented nearly identically to previous versions. The latter
is based upon the more recent 1979 decay heat standard.[III.9-3]. A common decay heat model
is used with point, one-dimensional or three-dimensional kinetics.
Decay heat can be a significant fraction of the power and accounts for energy production after
the reactor is shut down due to the radioactive decay of fission products. The transient nature of
the decay heat source depends on the operating history of the core. In RETRAN-3D, the initial
decay heat can be defined by




assuming that the core has been operating for an extended period at the power at which it
is initialized, or
by a specific operating history.

There are three options for decay heat modeling with the last two applicable to both the 1971 and
1979 standards





no decay heat,
decay heat with 11 gamma emitting decay groups, and
11 gamma emitting decay groups plus actinides.
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Most analyses are done using the second or third option. In addition, the total decay heat
contribution can be multiplied by an arbitrary constant to provide conservatism, if desired.
This 1971 decay heat model is the original decay heat model available in RETRAN codes. It is
included in RETRAN-3D as an option to provide comparisons with RETRAN-02 calculations
that used this model. This model assumes equilibrium decay heat at the initial power level. No
power history can be simulated. In addition it is an earlier fit to data representing uranium fuel
only.
The 1979 decay heat model fitting coefficients uses data for three isotopes, U-235, U-238, and
Pu-239, and uses 23 groups for each isotope. This model also permits the initial decay heat to be
defined by an operating history as well as initial power equilibrium conditions. It is considered
to be superior to the 1971 standard and is the recommended option.
9.4.1

1979 ANS Decay Heat Uncertainties

It may be necessary when using the 1979 ANS 5.1 decay heat model, to account for uncertainties
for each isotope included. The model as implemented in RETRAN-3D, can use a single
fissionable isotope 235U or it can use three isotopes, 235U, 238U, and 239Pu. The choice is up to the
user.
When 235U is the only isotope, the uncertainty can be simply specified via the KMUL input
parameter. To account for a one-sigma uncertainty of 2%, KMUL would be specified as 1.02, a
two-sigma uncertainty would be 1.04. If the three isotope model is used, it is not as straight
forward to determine the necessary multiplier, since each isotope has a different uncertainty, but
the code only provides one multiplier, KMUL. The following discussion describes a way to
account for one-sigma uncertainty for a given isotope mix.
Assume three isotopes with the following yields are used: 70% 235U, 8% 238U, and 22% 239Pu.
From the standard we can get an approximate average uncertainty value for the data for each
isotope: 2% for 235U, 10% for 238U, and 5% for 239Pu.
Fissile Isotope
235
U
238
U
239
Pu

Fractional Split
0.70
0.08
0.22

Uncertainty (1σ)
2%
10%
5%

To account for the separate isotope uncertainty values, the fraction of the isotope was increased
by the percent uncertainty. The adjusted fission fractions for the three isotopes and their sum
are:
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235

U 0.70 x1.02
U 0.08 x1.1
239
Pu 0.22 x1.05
238

=
=
=

0.714
0.088
0.231
1.033

This sum of the isotope fission fractions is used to define the single decay heat multiplier, or
KMUL = 1.033.
RETRAN-3D requires that the isotope fission fractions to sum to 1.0; therefore, the adjusted
isotope fractions listed above are re- normalized as shown below.
235

U 0.714 / 1.033 =
U 0.088 / 1.033 =
239
Pu 0.231 / 1.033 =
238

0.6912
0.0851
0.2236
1.0000

These renormalized isotope fractions are then supplied as input to RETRAN-3D decay heat
model.
9.5

Direct Moderator Heating

The moderator heating option provides a means of simulating gamma heating of the fluid
volumes adjacent to fuel elements. Direct moderator heating is an important phenomenon that
can influence transient results (particularly for BWRs) because this fraction of heating will
bypass the conduction solution time constants and supplies this energy immediately to the
coolant.
The direct moderator heating option may be used with any RETRAN-3D kinetics option. It has
two fractions, one that applies to fission and the other to decay heat. The fractions apply the
amount of power generated in the heat conductor. Values for the decay heat are typically in the
vicinity of a few percent on the thermal power.
To invoke this option, the user simply specifies the fraction of nuclear reaction energy to be
allocated as moderator heating in the kinetics input on the 144XXX data card for point kinetics
and one-dimensional kinetics and on the 67000Y data card for the three-dimensional kinetics
option.
9.6

Metal Water Reaction

The metal-water reaction model determines the amount of energy generated by exothermic
chemical reactions between fuel element cladding and coolant. The rate of reaction is assumed
to follow the parabolic rate law of Baker and Just.[III.9-4] Such reactions can occur whenever
fuel cladding and coolant vapor temperatures are sufficiently high. These conditions occur only
in severe transients such as large break loss of coolant analyses. This model contains one input
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parameter specification, the initial cladding thickness on the core conductor cards. It is activated
by an input entry in the problem dimension set.
Limitations associated with the use of the metal-water reaction model are given in Section
VII.1.11.
9.7

Time Dependent Power Source

The time-dependent power option is available so that predetermined values of heating can be
specified for heat conductors. The heat source may also be manipulated via a control system.
This option is convenient for modeling nonnuclear heat sources such as the electric heaters used
to simulate reactor cores in some system experiments.
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IV
PHYSICAL COMPONENT MODELING

In developing a RETRAN-3D model, it is essential to understand the phenomena involved and
ensure that the RETRAN-3D model correctly simulates these phenomena occurring in the
components and systems that are represented. This chapter describes methods that can be used
to model the physical components of nuclear reactor systems. Section IV.2.0 discusses PWR
systems and components (Table IV.1-1) and Section IV.3.0 describes BWR system and
component modeling (Table IV.1-2). Although the division of the model into specific systems
and components may vary from plant to plant, the major components selected for these sections
represent a typical configuration. The discussions are intended to assist the RETRAN-3D user in
preparing the required input information. In general, the function, possible modeling
approaches, important RETRAN-3D parameters, and pertinent modeling considerations are
presented for each of the major components.
1.0

VOLUME, JUNCTION, AND HEAT CONDUCTOR NODALIZATION

Nodalization of a PWR or BWR system is straight forward in some regions and highly subjective
in others. Many PWR and BWR RETRAN-3D nodalization diagrams are available in public
literature that provide example of what organizations have used previously.
Nodalization methods may depend on whether a best-estimate calculation is desired or if the
calculation is for licensing purposes and simple nodalization provides conservative results.
Many PWR models used for licensing purposes have a single-node steam generator secondary
which may produce conservative results for some transients.
The discussion presented here is based strictly on producing best-estimate calculations. If
conservatism is desired then nodalization studies should be done since a model nodalization may
be conservative for one transient and not another.
Many older RETRAN models were developed when computer time was purchased. Since the
number of nodes influenced the running time for a transient, economics were involve in the
nodalization process. Therefore, the older RETRAN models (particularly PWRs) have
insufficient detail for best-estimate analysis for a wide variety of transients. These models
should be used as a guide with the considerations discussed in this section. Several PWR and
BWR model diagrams are presented in Section IV.2.0
Nodalization selection is very much transient and key phenomena dependent. However, with
prudent selection a RETRAN model can be developed to simulate a wide range of transients.
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Table IV.1-1
PWR Components

1. CORE REGION
- fuel assemblies
- bypass region
- control rods

- core barrel
- core baffle/former
- power generation

2. REACTOR VESSEL AND INTERNALS
2.1 UPPER HEAD, UPPER PLENUM
- hot leg nozzles
- upper support plate / plenum cover
- control rods and rod guide structure

- upper core plate
- core barrel
- vessel wall

2.2 LOWER PLENUM
- lower core support plate
- in-core instrumentation guide tubes
- core flow distribution baffle/mixer plate

- vessel wall
- lower grid/bottom support assembly

2.3 DOWNCOMER
- cold leg nozzles
- vessel wall

- core barrel
- specimen holder

3. REACTOR COOLANT SYSTEM PIPING
- pressurizer spray line piping
- auxiliary and ECC interface piping

- reactor coolant piping
- surge line piping

4. REACTOR COOLANT PUMPS
- two-phase performance
- pump description data

- pump flow/speed characteristics

5. PRESSURIZER
- pressurizer vessel
- power-operated relief valves
- safety valves

- surge line
- spray

6. STEAM GENERATOR (U-TUBE)
- separators and dryers
- tubes
- tube wrapper and shell
- auxiliary feed nozzle
- downcomer

-

main feedwater sparger
steam line nozzle
flow baffles
tube support plates
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Table IV.1-1(Cont’d)

7. STEAM GENERATOR (ONCE-THROUGH)
- tube bundle
- tube wrapper and shell
- tube support plates
- flow baffles
- auxiliary feed nozzle
-

main feedwater nozzle
steam line nozzle
aspirator
downcomer
steam annulus

8. STEAM LINE
- piping
- safety valves
- flow restrictions
- main steam isolation valves

turbine control valve
turbine stop valves
turbine bypass piping
turbine bypass valves

-

9. POWER CONVERSION SYSTEM
- turbine
- condenser
- feedwater heaters

- condensate and feedwater pumps
- piping and valves

10. AUXILIARY AND SAFETY SYSTEMS
- auxiliary feedwater
- chemical and volume control
- high pressure injection

- low-pressure injection
- accumulators
- residual heat removal

11. SAFEGUARDS ACTUATION SYSTEMS
12. CONTROL SYSTEMS
13. CONTAINMENT
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Table IV.1-2
BWR Components

1. CORE REGION
- fuel assemblies
- bypass region
- core inlet orifices
- control rods

- core shroud
- power generation

2. REACTOR VESSEL AND INTERNALS
2.1 UPPER PLENUM
- core spray spargers
- top guide plate

- shroud head

2.2 LOWER PLENUM
- lower core support plate
- recirculation line nozzles (nonjet pump)
- in-core flux monitor guide tubes
- standby liquid control system injection line
2.3 DOWNCOMER
- feedwater sparger
- level sensor taps
- recirculation line suction nozzles
- coolant injection nozzles

- control rod guide tubes
- vessel wall

- core shroud
- vessel wall
- jet pumps

2.4 STEAM SEPARATORS AND DRYERS
- separator standpipes
- separator assemblies

- steam dryers
- dryer shroud

2.5 STEAM DOME
- upper head spray nozzle
- steam line nozzles

- head vent
- vessel wall and head

3. RECIRCULATION SYSTEM
- piping and valves
- RWCU interface
- RHR interface
- pump

- equalizer line (some plants)
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Table IV.1-2 (Cont'd)

4. JET PUMPS
- drive nozzles
- suction interface

- throat
- diffuser

5. STEAM LINES
- steam line piping
- safety/relief valves
- flow restrictors
- main steam isolation valves
6. POWER CONVERSION SYSTEM

-

- turbine
- condenser
- feedwater heaters
7. AUXILIARY AND SAFETY SYSTEMS
- high pressure coolant injection system
(HPCI)
- low pressure coolant injection system
(LPCI)
- high pressure core spray system (HPCS)
- low pressure core spray system (LPCS)
- reactor core isolation cooling (RCIC)

turbine control valve
turbine stop valve
turbine bypass piping
turbine bypass valves

- feedwater pumps
- piping and valves

- residual heat removal (RHR)
- reactor water cleanup (RWCU)
- standby liquid control (SBLC)
- automatic depressurization system
(ADS)

- isolation condenser (IC)
8. SAFEGUARDS ACTUATION SYSTEMS
9. CONTROL SYSTEMS
10. CONTAINMENT
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There are natural physical boundaries that define volume boundaries. These are








flow area changes,
restrictions,
changes from an unheated to a heated region,
component locations,
measurement locations, or
fluid state interfaces such as subcooled liquid below feedwater spargers and saturated
above.

Regions where there are no physical boundaries but are subdivided into several volumes in order
to better represent spatial gradients of key parameter such as flow and slip velocity.
Temperature distribution is important in the core and steam generators to get




correct fluid temperatures for heat transfer, or
reactivity feedback or,

vapor void fraction distribution is important for






heat transfer correlation selection,
wall friction,
reactivity feedback, and
to allow the vapor to rise to upper regions and the liquid to drop particularly during
natural flow conditions.

Vessel, vessel internals and piping metal mass store a significant amount of energy or can absorb
additional energy. This metal mass should be modeled as conductor since they can absorb or
release energy to the system during a transient.
1.1

Unheated Regions

If a region is unheated such a piping volume and is expected to remain single-phase vapor or
liquid multiple volumes in this region are unnecessary. However, multiple volumes should be
considered if two-phase conditions are expected. Piping region elevations can change
significantly from the inlet to the outlet and multiple volumes are required to get the phases to
separate due to gravitational forces.
Branch or valve locations should be considered correct pressure is calculated at these locations.
RETRAN-3D considers junctions to be at the inlet or outlet of the volume so if special location
is important for a junction within a volume, the volume should be subdivided.
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Pressure wave propagation can only be simulated with a proper number of nodes. This
phenomenon is particularly important in a BWR steam line where closure of the turbine or
isolation valve will lead to pressure waves influencing the core voiding and reactivity feedback.
1.2

Heated Regions

Heated regions include the reactor core, PWR steam generators and regions where metal mass is
modeled. The regions with metal mass are much less of a consideration for detailed nodalization
than the core or steam generators so this discussion does not apply to system metal mass.
1.2.1

PWR Core Nodalization

For PWR cores, point kinetics is adequate for all transients rod ejection and potentially steam
line break. The point kinetics feedback coefficients or tables are derived from core average
conditions. Therefore detail core nodalization is typically not important for the kinetics.
Typically three to six nodes is adequate for core heat transfer.
For asymmetric transients that have significant reactivity feedback consequences such as a steam
line break (SLB) transient, the reactor vessel is modeled with two parallel paths through the
downcomer, lower plenum, core, and upper plenum. The parallel core paths represent the
fraction of the faulted and unfaulted loop. For a four loop plant, with one faulted steam line, the
vessel would be split into parallel paths representing ¼ and ¾. Three-dimensional kinetics is
needed to perform a best-estimate simulation of the simulate core flux tilt that would be
expected. However, a point kinetics model is typically used for this event with conservative
weighting of the parallel reactivity feedback and conservative assumptions regarding cross-flow
mixing of the parallel paths.
1.2.2

PWR Steam Generator Nodalization

Transients driven by primary-to-secondary heat transfer mismatch are sensitive to steam
generator tube and shell nodalization. Steam generator nodalization studies for a loss-offeedwater ATWS[Error! Reference source not found.] determined that twelve tube nodes (six
up and six down) with six shell side nodes produces a converged solution for peak RCS pressure
response. Additional steam generator nodes produced similar results, while fewer nodes
produced a different peak RCS pressure.
1.2.3

BWR Core Nodalization

The axial nodalization of a BWR core is usually made consistent with the axial node size of the
upstream reactor physics code that produces the one-dimensional cross sections for RETRAN.
Six inch high vertical nodes are used are typically used for the main core channel.
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1.3

Automatic Piping Subnodalization

RETRAN-3D requires users to provide input that defines the geometry and model options for all
control volumes and junctions. The automatic subnodalization option can be used to refine the
nodalization for a pipe volume. A better resolution of pressure, temperature and density
gradients for two-phase transients can be obtained by increasing the number of nodes. Long
straight pipes such as cold leg and hot leg volumes can be subdivided using the automatic
subnodalization model.
The automatic subnodalization option is also suitable for use in defining the subnodes for the
multinode pressurizer model by subdividing the single volume pressurizer description.
The automatic subnodalization option can also be used for sensitivity cases for core volumes and
steam generator volumes. The number of subnodes can be varied easily to understand the effect
of nodalization on energy distribution.
1.3.1

Automatic Subnodalization Input

The automatic subnodalization option is activated through user input and includes additional data
to identify number of subnodes, orientation and related subnode junction data when multiple
junction flow out of the volume. The base volume to be subdivided must be defined using the
volume specification cards 05XXXY. The number of equal size subnodes (including the base
node) is specified on the on the automatic subnodalization data cards 58XXXY. A volume
orientation flag is used to specify volume as a horizontally or vertically oriented volume. The
current implementation prevents subnodalization of inclined volumes such as the cold leg loop
seal.
Volumes and Junctions
When the model is active, subnode volumes and associated junctions are created automatically
by RETRAN-3D. They are numbered differently than the normal RETRAN-3D volumes and
junctions. Subnode volumes are numbered as ‘1000 x Volume number + n’; where n is the
subnode number, which varies sequentially from bottom o the top for vertical volumes and from
inlet to the outlet for horizontal volumes. The last subnode has the same number as the base
volume. All subnode volumes are modeled as homogeneous volumes, i.e., no phase separation.
The top subnode volume number remains the same as the parent volume so the associated
junctions, trips, control systems etc. do not get affected by the automatic subnodalization. Any
minor edits requested for the parent volume will only be edited for the top subnode. If edits are
desired for the other subnodes, they must be specified on the input for the specific subnode
number.
Additional junctions are created to connect the volume subnodes. There will be one less than the
number of subnodes. These junctions will be numbered the same as the ‘from’ side volume
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subnode). The same convention is followed for the junction connecting to the top or exit
subnode. For all newly created junctions, the choking model is turned off if they are part of
multinode pressurizer stratification model.
Heat Conductors
Any conductors associated with a subdivided volume will also be subdivided and numbered the
same as the associated volume subnode, except for the parent node. The base volume will still
be associated with the base heat conductor. For the pressurizer, conductors are required to be
stacked using a stack model. When the automatic subnodalization scheme is used for the
multinode pressurizer, the top subnode conductor is automatically divided into three different
conductors. This allows modeling heat transfer between vapor region and liquid region of the
pressurizer and the wall when the level moves into the top most subnode. An additional stack is
also created. The bottom stack stores the conductors associated with the liquid region subnodes
and the second stack stores the conductors connected to the two-region node (top). During the
transient, conductors move from one stack to the other as the mixture level increases or
decreases.
If the volume to be subdivided already has a conductor stack associated with it, all conductors in
the stack are summed into a single conductor which is then subdivided to create a new conductor
for each subnode and three for the top subnode. This ensures that conductors are correctly
associated with new volume subnodes. If the conductor associated with the subdivided volume
is not in a stack, no new stack will be created. However, conductors are still subdivided so they
can be associated with the new subnodes.
When multiple junctions are connected to the subnodalize volume at the inlet or outlet,
additional information is required to identify which new subnode it should be connected to. The
distance from the inlet to the location along the flow length where the junction is located is
specified on the automatic nodalization data cards. RETRAN-3D connects this junction with the
appropriate subnode after the subnodalization is performed. This applies to both horizontal and
vertical volumes. A total of ten additional junctions can be connected to a subnodalized volume.
2.0

PWR COMPONENTS

The PWR system is designed with a closed primary coolant system that circulates coolant at high
pressure through the reactor core where energy is added. The primary coolant continues through
the steam generator where it provides energy to the secondary fluid to generate steam for the
power conversion system. The turbine and feedwater systems are basically the same for both
PWR and BWR systems where steam flows through the turbine converting thermodynamic
energy to mechanical energy. The condensate from the turbine extractions and the main
condenser is pumped back to the steam generator through a series of feedwater heaters.
This chapter discusses the modeling aspects of each of the components and systems shown in
Table IV.1-1.
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Figure IV.2-1 through Figure IV.2-4 illustrate some different nodalization schemes for PWR
systems. The first diagram is one used steam generator tube rupture studies. Figure IV.2-2 and
Figure IV.2-3 are typical models that may be used for a wide variety of primary or secondary
transients. Note the detail in the once-through steam generator and the U-tube steam generator
where primary-to-secondary heat transfer is important for transient response. Figure IV.2-4 was
developed to analyze steam line break transients. The junction arrangement in the lower plenum
and into the core provides for incomplete mixing of the two loops. This arrangement may be
used for other transients, but the impetus for its development is primarily the steam line break.
2.1

Core Region

The core region as used herein and the components associated with the region include everything
between the lower and upper core support plates and radially out to the core barrel. Within this
region the components are similar for all PWRs, although variations in detailed design features
will be seen. The core is made up of a large array of fuel assemblies that are usually identical in
mechanical design but may have a different fuel enrichment or may contain control rods or
lumped burnable poison rods.
2.1.1

Fuel Assemblies

Most PWR fuel assemblies contain a large number of fuel rods mechanically joined in a square
array. The fuel rods are supported at intervals along their length by grid assemblies, which
maintain the lateral spacing between the rods.
The fuel assemblies contain in-core instrumentation and guide thimbles used for rod cluster
control assemblies (RCCAs), neutron source assemblies, burnable poison assemblies, and
thimble plug assemblies. The exact design varies from plant to plant. The bottom and top
nozzles serve as structural elements of the fuel assembly and help direct the coolant flow.
The fuel rods consist of uranium dioxide pellets contained in tubing (cladding), which is plugged
and seal-welded at the ends. To avoid overstressing the clad or welds, volume and clearance are
provided within the fuel rods to accommodate fission gas releases, thermal expansion differences
between materials, and fuel density changes during the core lifetime. Most fuel rods are
internally pressurized with helium gas during welding to minimize compressive clad stresses at
plant operating pressures and to improve internal heat transfer characteristics. The tubing
(cladding) is usually Zircaloy.
The information needed to model RETRAN-3D core volumes and junctions can usually be
obtained from the FSAR, suitable plant drawings, or specifications. For example, the active fuel
height, the core equivalent diameter, the total flow cross-sectional area, the total number of fuel
rods and the fuel rod outside diameter. However, the design may be different from the first fuel
loading, so correct information must be obtained for the particular time in life of each analysis.
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Figure IV.2-1. Typical PWR Nodalization with Single-Node Steam Generator
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Figure IV.2-2. Typical B&W Plant Two-Loop Nodalization Diagram
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Figure IV.2-3. Typical Two-Loop Nodalization Diagram
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Figure IV.2-4. Main Steam Line Break Two-Loop Vessel Model Nodalization Diagram

For a wide variety of system transients, a considerable experience base has been developed using
three axial core nodes. This is not to say that a three axial node model has been established as
adequate and necessary based on specific sensitivity studies but that three nodes have been used
for a wide variety of analyses with no apparent anomalies. For particular transients such as the
steam line break where radial or azimuthal variations may be expected in the reactivity feedback,
the core may be broken into two or more azimuthal nodes at each axial plane.
The core region parameters are normally based on the active length region of the fuel. The fluid
region at each end of the active fuel may be modeled as a separate node or may simply be
included in the adjoining plenums. For most single-phase core transients, including the inactive
fuel regions in the adjoining plenums will be adequate. Two-phase fluid situations and low flow,
reversing, or stagnant flow conditions may require separate nodes for the inactive portions of the
fuel assembly.
The volume and junction geometry parameters for the core can be calculated using the methods
in Chapter II. Particular attention should be devoted to the unrecoverable losses associated with
the fuel rod grid assemblies. Since there are typically seven to eight grids on each PWR fuel
assembly, the grid positions will not correspond to junction locations in a typical three-node
core, and the unrecoverable pressure drop for the core junctions will probably be different for
each junction. However, if desired, the losses can be distributed evenly over the region by
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assigning equal loss coefficients to each junction or by specifying the pressure distribution and
letting RETRAN-3D calculate the junction loss coefficients. The pressure drop across the core,
including unrecoverable losses, momentum flux differences, and density head, is calculated and
published by the NSSS or fuel vendor. The pressure drop calculated by RETRAN-3D should be
compared with this value.
The RETRAN-3D enthalpy transport option can be used at the core junctions (Card 08XXXY,
Word 20-I). This option provides a better estimate of volume center temperature when using
coarse noding of the core region. For countercurrent flow or high slip velocity situations in the
core region, the enthalpy transport option may cause the code to fail on junction enthalpy errors.
If this occurs, the best course of action is to remove the option using generalized restart. The
other choice is to use more core volumes and not enthalpy transport. This choice will naturally
produce a better core fluid temperature distribution. Typically a design core average fuel
temperature is available and is targeted by adjusting the fuel gap conductance. For a given core
nodalization, the average fuel temperature will be different if enthalpy transport is used versus
not used because the volume fluid temperature will change.
The enthalpy transport model is based on the assumption that the flow is single-phase or if twophase, the vapor and liquid phases are concurrent. Also inherent in the enthalpy transport model
is the flow is in a dominant direction. When frequent flow reversals or countercurrent flow
occur, the enthalpy transport model is operating outside the basic assumptions and can produce
unreliable results and frequent code failures. For these reasons, RETRAN-3D deactivates the
enthalpy transport model when flow reversal or countercurrent flow events occur. This is not
true for RETRAN-02, which requires input to deactivate the model.
A slip option should be used whenever the core (or RCS) becomes two-phase. The slip model
may not be extremely important as long as the reactor coolant pumps are running, but it is
essential should the pumps be turned off.
The RETRAN-3D heat conductors representing the fuel rods require input for conductor volume,
heat transfer area, hydraulic diameter, and heated equivalent diameter (Card 15XXXY). The
core section data and conductor geometry data cards require cladding thickness, gap thickness,
fuel pellet radius, and the fraction of the power generated in each core section (for point kinetics
only). The conductor volume for the fuel rods should include the total volume inside the fuel rod
heated surface. The heat transfer area is the total heated fuel rod surface exposed to the fluid.
The hydraulic diameter should be representative of an average bundle rather than include the
wetted perimeter of the core former baffle. From a practical standpoint, the difference is very
small. The heated equivalent diameter should be calculated using the heated surface rather than
the wetted surface.
Heat generation from the exothermic reaction of the Zircaloy cladding with steam at high
temperatures may be included in the model. The user can activate this option via the problem
dimensions card (Card 01000Y, Word 20-I). The other required input is the initial cladding
thickness for each core section on the 16XXX0 card. This thickness is used as a test in the code
to see if all cladding has oxidized. This reaction rate is exponential with temperature and does
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not produce appreciable energy until the cladding temperatures reach the 1800ºF range. This
option should be considered whenever cladding temperatures over 1400ºF are expected to occur.
The fuel rod cross-sectional dimensions are input on the 17XXYY cards. The actual crosssectional dimensions for a single-heated fuel rod should be input. If the core is made up of fuel
with different characteristics such as different pellet or cladding dimensions, each fuel type may
be modeled separately or the fuel can be consolidated in some way. Conservative analyses may
require the fuel rod dimensions that produce the largest stored energy or fuel temperature. The
most straightforward manner to model multiple fuel types for best-estimate analyses is to
represent each type as a separate conductor. More than one conductor may be attached to a
given RETRAN-3D volume. For many system transients, the sensitivity to variations in initial
stored energy in the core may be such that an average fuel rod cross-section may be used.
The core geometric information used by the conduction equations and surface heat flux
calculation is the geometry supplied on the geometry (17XXYY) data cards and the conductor
volume supplied on the conductor cards (15XXXY). The wall heat flux is then multiplied by the
conductor surface area from the conductor cards to get a volume heat source term. Therefore it
is extremely important the input conductor surface area is consistent with the other geometrical
terms or the volume heat source will be incorrect. RETRAN-3D will write a warning message
after processing the conductor and geometry input if there is an inconsistency. For unheated
system metal mass particularly internal structures is unlikely the surface area will match the
other geometric parameters because of the geometric complexity. It is best to input the correct
surface area and conductor volume and ignore the warning message for these conductors.
The number of radial nodes in each of the fuel rod conductor materials must be determined. The
fuel pellet has a pronounced temperature profile resulting from the internal heat generation and
low conductivity. Because of these factors and the large heat capacity of the fuel, the fuel rod
conductor will require several radial nodes. The number of nodes is important for both steadystate and transient reasons. From a steady-state standpoint, it is important in establishing the
average fuel temperature and stored energy. It is also important in the transient heat transfer
behavior as each space step in the conduction path is treated as its own cell of material. The
number of space steps required will depend on the transient. Six to eight is a typical number of
space steps. If the fuel temperature response is critical to the analysis, either from a feedback
standpoint or because of a fuel temperature limitation, a sensitivity study on the number of nodes
should be performed.
For exposed fuel, the fuel pellet properties can differ radially. If this situation is important for a
specific calculation, the fuel pellet can be simulated as concentric material rings with different
material properties
The number of nodes in the cladding is not nearly as significant as in the fuel. The cladding
normally has no internal heat generation, good conductivity, low specific heat and a nearly linear
internal temperature distribution. Therefore, space steps on the order of two to four are typical.
If the transient being analyzed involves internal heat generation in the cladding because of metalwater reaction, then additional space steps should be added to the cladding. As was the case with
the fuel, sensitivity studies are in order if the cladding temperature is an important parameter.
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The gap should have only one node since it is a resistance and has little or no specific heat. The
fuel to clad gap conductance is a complex function of gap gas composition, distance across the
gap, pellet and cladding roughness, pellet cracking, contact pressure, and so on. The gap
conductance is also a strong function of the time in life for each assembly since the pellet,
cladding, and gap undergo substantial changes. Beginning of life, unirradiated dimensions for
the pellet and cladding are usually used in RETRAN-3D analyses. The gap conductance is that
material conductivity for the gap region, which along with the gap thickness establishes the
temperature difference across the gap. The gap conductivity input to RETRAN-3D can be
adjusted to achieve the proper initial average fuel temperature. The target fuel temperature will
probably come from an analysis using a detailed fuel performance code but may be extracted
from a previous safety or nuclear analysis if consistency between analyses so requires.
Establishing the gap conductivity to achieve a specified initial temperature normalizes the
resistance through the gap at the initial power condition.
The RETRAN-3D gap expansion model will calculate thermal expansion changes in the gap
dimension during the transient. The use of the gap expansion model should be justified through
comparison of RETRAN-3D to a more detailed fuel performance code; otherwise, the gap
dimension is better left unchanged during the transient.
There is a “dynamic gap” model in RETRAN-3D that was designed to track transient variations
in the gap conductance due to fission gas release and pellet and cladding thermal expansion.
This model has had very little use or validation.
2.1.2

Bypass Region

A fraction of the total flow through the reactor vessel bypasses the core rather than flowing
through it. Several flow paths contribute to the bypass, including:







control rod guide tube thimbles,
water tubes,
leakage through the space between the vessel and core barrel,
cooling flow between the baffle and core barrel, and,
flow in the gaps, the core periphery, and the baffle wall.

Vendors specify the design value of bypass flow as a percentage of core flow.
The bypass region(s) in a PWR core is typically modeled as a single node. A multinode bypass
region may be considered if two-phase conditions are anticipated. The importance of the bypass
region is primarily that of a fluid path around the core. It also provides a path for downward
circulation when the core contains a large void fraction and the bypass is subcooled.
The bypass region volume is normally calculated based on the description of each leakage path
comprising the total leakage flow. The junction areas at the bypass inlet from the lower plenum
and the exit to the upper plenum are normally based on conservative estimates. The loss
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coefficients are most often calculated from the core pressure drop, the estimated area, and the
bypass flow from the vendor. Heat transfer from the core fluid volumes to the bypass is not
typically modeled for PWRs. The heat conducting structures are seldom needed for proper
transient performance except in cases where a long-term heatup or cooldown is involved.
2.1.3

Control Rods

Reactivity control components include absorber rods, burnable poison rods, and soluble poisons
in the coolant. If the point kinetics option is used, control rod reactivity is defined by the
RETRAN-3D scram table (Card 141XYY). This reactivity insertion can be a function of time or
can be modeled with RETRAN-3D control system logic. Reactivity defined from the control
system can be used to represent control rod movement, boron injection, xenon, or any other
reactivity change that cannot be directly modeled with other input.
The scram reactivity is determined from the scram rod position versus time after trip and the rod
worth versus position. The actual rod position versus time is determined from data taken in a
component test facility and in the plant. A conservative scram curve is normally presented in the
plant safety analysis report or vendor topical report. The cycle specific scram reactivity should
be determined using a steady-state reactor physics code for best-estimate analysis and may be
extracted from the plant safety analysis report otherwise. For normal control group movements
to control power and average temperature, the control system capability of RETRAN-3D is used.
The control rod bank integral worth versus position or incremental worth versus position is
modeled with control blocks such that a normal control reactivity term is included in the
reactivity summation.
If the three-dimensional kinetics option is employed, a cross-section feedback model is required
and the appropriate coefficients are supplied in an external data set. This option is discussed in
more depth in Section IV.2.1.6 of this report. The effect of control rod motion is simulated by a
cross-section feedback model as the rods move through each node.
Although the control rod material could be modeled as passive heat conductors, the control rods
usually need to be considered only in regard to their effect on power generation.
2.1.4

Core Barrel

The core barrel serves to enclose the reactor core. Typically, the core barrel is divided into upper
and lower parts. The upper core barrel is above the active core and encloses the upper plenum
region with its control rod guide tube assemblies. The lower core barrel encloses the active core,
the baffle/former assemblies, the lower core plate, the upper core plate, and the lower diffuser
plate. The exact hardware and arrangement vary from plant to plant. In general, the core barrel
separates the downcomer region from the core and core bypass regions. Consequently, there is a
significant temperature differential across the core barrel wall.
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If the RETRAN-3D model is intended to represent passive heat conductors in great detail, the
core barrel can be included. Conversely, ignoring the core barrel metal will not significantly
alter the results for many analyses. In general, if reactor coolant temperatures change
substantially during the transients being analyzed, the core barrel and similar metal masses
should be considered.
2.1.5

Core Baffle/Former

The core baffle/former structure fits inside the core barrel and forms the boundary for the fuel
assemblies. The core baffle/former structure also forms the inside boundary to one of the bypass
regions between the baffle and core barrel. The core baffle/former is seldom modeled itself, but
it’s inside boundary is the outside dimension of the core fluid volumes. If heat transfer from
passive metal structures is deemed important for the analysis being performed, then the
baffle/former can be modeled as a two-sided heat conductor between the core fluid volumes and
the bypass fluid volume.
2.1.6

Power Generation

Modeling the reactor core power generation is one of the most important considerations in many
transients. If power is known as an explicit function of time, it may be described as such in the
RETRAN-3D input. Otherwise, one of the core kinetics options must be used. Fission energy is
computed prompt and delayed neutrons and optional decay heat models are available. Both
fission and decay heat power components can be divided between the fuel rod and direct
moderator components. The reactor core heat source can be computed with the following
options:









retrieve normalized power versus time from a previously generated restart file (Cards
01000Y, 01XX20, and 01XX2Y),
normalized power versus time from tabular data (Cards 01000Y and 141XYY),
normalized power as a control block output (Cards 01000Y and 141XYY),
nonconducting heat exchangers (Cards 21XXYY),
point kinetics option,
one-dimensional kinetics option, and
three-dimensional kinetics..

Simple approaches using power versus time or some other parameter (Options 2 and 3 above)
may be appropriate for a wide range of analyses if the power generation and/or deposition in the
fluid is not a function of other parameters in the problem. Examples of situations where these
approaches might be used are core stand-alone analyses where the system response defines the
overall power response, transients where a reactor scram occurs immediately or very shortly after
transient initiation, or where the analyst wants to control the power to approximate the behavior
of the average temperature controller.
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Another approach (Option 4) is to use nonconducting heat exchangers (Card 21XXYY) to
deposit heat directly into the fluid. This approach can be used to simulate gamma heating of the
bypass. For reactor core modeling, this approach should not be used.
The reactor kinetic parameters (Options 5, 6 and 7) must be obtained from other technical
organizations or from references prepared by other groups or the fuel vendor. It is extremely
important to understand the methods and assumptions employed to develop this information
since the method of obtaining the parameters can affect how the values should be used. Care
should be taken to ensure that the manner in which the kinetics parameters are used in the
RETRAN-3D analysis is consistent with the methods and assumptions used in their
development.
The one-dimensional neutronics model in RETRAN-3D is used to predict axial power shape
changes due to reactivity feedback from the fuel and coolant. Since axial power distribution
changes are not expected in PWR applications, the one-dimensional kinetics model is not used.
The three-dimensional kinetics option is available in RETRAN-3D to simulate transients where
axial and radial power shifts may occur. This option should be considered for best-estimate main
steam line break and rod ejection transients. The cross-sections are supplied as an external crosssection file. The RETRAN-3D neutronics mesh will correspond to the upstream physics code
that produces the cross-section file. The axial core volume nodalization should correspond to the
axial mesh from the physics code. Cross-sections are available for each assembly and axial
node, but each fuel assembly does not need to be simulated individually with a parallel RETRAN
volume and junction channel.
A RETRAN hydraulic channel can include several fuel assemblies. The only drawback is that
all those assemblies see the same reactivity feedback parameters. Detailed hydraulic channel
modeling is done around the anomaly (stuck or ejected control rod) with less hydraulic detail in
surrounding regions where reactivity feedback is less important. Since the number of volumes,
junctions and heat conductors for detailed core modeling can become large, automatic generation
of the input for these components can be done by supplying a few dimensions and hydraulic
channel mapping data on an external CDI file. The format of this file is defined in the
RETRAN-3D Programmers Manual. This removes the burden of developing all the core input
data manually.
The fraction of total power that is fission power is typically is typically in the 93% range for
fission products that are at an equilibrium with the power. However, the decay heat fraction can
vary considerably based on operation history. The initial decay heat level can optionally be
defined from a power history, otherwise equilibrium conditions will be assumed. The same
decay heat model is used for all the reactor kinetics options
For most PWR transients, the core power generation dynamics can be modeled sufficiently using
the point kinetics model. Since the effect of a change in the core thermal-hydraulic state is to
change the reactivity, it is possible to define reactivity coefficients that reflect reactivity changes
due to changes in fuel temperature and coolant density. The point kinetics model requires as
input:
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the delayed neutron fraction divided by the prompt neutron generation time (Card
140000),
the fraction of total power that is fission power (Card 140000),
delayed neutron decay parameters and yield fractions (Card 14000Y), and,
reactivity coefficient data cards or data table cards (Card 140XX0 or, 1420XX and
1430XX).

The delayed neutron fraction divided by the prompt neutron generation time will change as a
function of cycle lifetime and from fuel cycle to cycle. These parameters may be calculated by
physics codes or extracted from vendor SAR or fuel cycle design reports.
The delayed neutron decay and yield fraction parameters can be important for transients that
involve fairly rapid reactivity insertions. These yield fractions can be changed from the default
data for point kinetics. For one-and three-dimensional kinetics these data are contained in the
cross sections and cannot be externally modified.
The reactivity parameters for moderator density, fuel temperature, and water temperature are key
parameters for the pre-trip portion of many transients. They can also be important when the
plant cools down to the point where an inadequate shutdown margin may allow the possibility
the core will become critical again.
The reactivity feedback components may be supplied via input of linear coefficients for the
moderator temperature ($/ F) and the fuel temperature ($/ F) or via tables of reactivity versus
density for the moderator and reactivity versus temperature for the fuel. The linear coefficients
are convenient because the vendors often quote reactivity parameters in this form in licensing
documentation. However, they are valid only over a very small range. The use of the tabular
reactivity function is much more appropriate for wide ranges of each of the independent
variables. If linear coefficients are supplied they must be weighted for each core section so the
individual core section coefficients add up to the desired total coefficient value.
Reactivity weighting factors for tabular reactivity data are supplied on the 140XXY data cards.
Generally reactivity data should be defined with either a linear coefficient, in tabular form or a
mix of the two. But for a given reactivity component such as Doppler both a coefficient and a
table should be supplied both because RETRAN-3D will add them together and a double
accounting may occur.
RETRAN-3D point kinetics models generally assume that the system is critical at time zero.
Consequently the kinetics model is initialized with zero reactivity. This is done by computing a
time zero value for each reactivity component and saving that value as a biasing reactivity for the
duration of the calculation. An option is available where a subcritical source term can be
included to start a simulation from zero power.
A fraction of the core power is deposited into the core coolant directly due to gamma heating
rather than into the fuel rods. This is referred to as the direct moderator heating fraction and
RETRAN-3D has an option to supply a fraction for both prompt and decay heat deposition.
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Typical values for this parameter are in the range of 2%. The effect of modeling direct
moderator heating is to deposit energy directly into the coolant and bypass the thermal lag of the
normal heat transfer process. Generally this phenomenon is more important in BWRs than
PWRs.
Core average values are used to develop RETRAN-3D point kinetics reactivity feedback data.
To be consistent with the physics codes the weighing factors should be linear since the nodal
reactivity changes, including any input weighting, are summed to arrive at the total feedback to
be applied in the point kinetics equation. If nonlinear weighting data tables are used, this
approach is not consistent with the procedure generally used to develop the feedback functions.
Another approach is to use the control blocks to compute core average fuel or moderator
temperature or moderator density to retrieve feedback data.
The direct moderator heating input parameters are applicable to both the point and onedimensional kinetics models. The fraction of fission power and the fraction of decay power
deposited directly in the moderator are input (Card 1440XX). The heat deposited directly in the
moderator can be modified during the transient by an optional input, which accounts for changes
in moderator density during the transient (Card 1450XX). This input allows accounting for the
fact that both the prompt and decay portions of the direct moderator heat deposition are a
function of the moderator density. If this is not provided, the direct moderator heating multiplier
defaults to the ratio of initial specific volume to the specific volume at the current time.
If direct moderator heating fractions are not available in a FSAR or the user wants to develop the
fractions, coupled neutron-gamma transport calculations are necessary. Detailed power
distributions in a fuel assembly are first determined for various coolant densities. With these
power distributions as the source terms, detailed spatial energy deposition rates can be calculated
with transport codes. Summing the energy deposited in the coolant and averaging over the core
results in an overall moderator heating fraction that can be correlated with density. The prompt
and delayed moderator heating fractions can be separately calculated by properly specifying the
starting energy distribution of neutrons and gamma rays.
The axial power distribution is defined on the 16XXX0 series of cards. The axial power
distribution varies during the life of the cycle. It may also vary during the transient depending on
the event being examined. For PWRs, the sensitivity of the system response to the core power
distribution is generally weak. Transient changes in axial power distribution are less of a
problem for most PWR transients than for BWRs where there is a large axial density gradient at
operating conditions.
The three-dimensional kinetics option is available for transients where a severe radial flux shift
needs to be simulated.
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2.2

Reactor Vessel and Internals

The reactor vessel and its internals represent a number of components and fluid regions that must
be considered when modeling a PWR NSSSs. The arrangement and components are very similar
for each vendor's system.
2.2.1

Upper Plenum, Upper Head

The upper plenum is above the core, and above the upper plenum is a hemispherical region
commonly referred to as the upper head. In W and CE plants, there is an appreciable leakage
from the cold leg entry region, the upper downcomer, to the upper head, and then returning
through the upper plenum. In W designs the upper head will initially be cooler than the upper
plenum. In B&W plants, the upper plenum is sometimes divided into two regions: the region
above the core and inside the core barrel and the region outside the core barrel. The region
outside the core barrel is called the outlet plenum. In B&W plants there is an appreciable flow
from the upper plenum up through the control rod guide structure and other flow paths through
the upper head then into the outlet plenum.
Upper Head
The upper head should be modeled as a separate volume in all PWR models since it represents a
region that is at a different temperature than the upper plenum initially and can contribute
significantly to the response of some transients
To contrast the characteristics of the two regions, the upper plenum is a well mixed plenum
region that sees the majority of the primary coolant flow; on the other hand, the upper head is a
tight (i.e., low flow) thermal reservoir. In other words, changes in the upper head conditions will
lag the system response in an inverse proportion to the flow rate through the region. Thus, the
lag in upper head response will increase dramatically under natural circulation conditions. This
can be particularly important in natural circulation transients where the possibility exists for the
upper head to become the hottest region in the system (other than the pressurizer) due to poor
mixing. If the response characteristics of the upper head are not important to the transient, it can
be lumped with the upper plenum.
The upper head flashing can be an extremely important aspect of a cooldown transient where the
primary loop is cooling fairly rapidly and draining the pressurizer. In this type of transient, the
system will depressurize very rapidly after the pressurizer has drained until the hottest fluid
region (at its local pressure) will flash. The response of the upper head temperature depends
heavily on the plant design and the mechanisms (leakage paths) available to keep the upper head
fluid mixed with the rest of the system.
When flashing occurs in the upper head, the steam bubble is trapped and during re-pressurization
the upper head will act like a second pressurizer. Therefore, the upper head volume should
include a bubble rise model and use the nonequilibrium volume option. In addition, the upper
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head vessel metal mass should be modeled since it can absorb energy if the vapor region super
heats.
For W and CE plant models where the leakage from the downcomer to the upper head has been
represented, the upper head will initialize at the cold leg temperature. This will result in the
upper head flashing at much too low a pressure during cooldown events. This difficulty can be
remedied several ways: the desired upper head temperature can be specified if the leakage flow
is not modeled or the initially closed valves are placed in the leakage paths that opened when
initialization is complete. Another method is to put in more than one upper head node and set up
the junctions such that the leakage flow communicates with only one of the nodes;. The other
node(s) may be initialized at the core outlet temperature or at some other temperature.
The best available information on the upper head temperature for the plant should be used.
Assuming the upper head is at the hot leg temperature or conversely at the cold leg temperature
may not be appropriate for plant-specific, best-estimate analyses. For licensing calculations,
conservative assumptions regarding the upper head temperature are generally made.
Upper Plenum
The upper plenum region lies above the upper core plate and below the plenum cover (or upper
support plate). Although bypass flow paths may vary from plant to plant, the core bypass flow is
typically modeled as going from the lower plenum to the upper plenum via a core bypass volume
or volumes. Similarly, a bypass flow may enter the upper plenum from the upper head through
control rod guide tubes. Thus, the upper plenum is a mixing region as well as a region in which
the flow changes direction. Although the upper plenum can be thought of as extending from the
upper core plate upwards to the upper support assembly, it is frequently assumed that the upper
plenum includes fluid within the core region above the top of the active core (see Section
IV.2.1.1).
The upper plenum is almost always represented as a single fluid node. There is not much
incentive to increase the nodalization in this region unless a great deal of detailed information
regarding void distribution or plenum level is required. The RETRAN-3D volume and junction
geometry input may be defined by applying the principles and approaches described in Chapter
II. If the unheated portion of the core is included, the bottom elevation of the upper plenum will
be below the upper core plate at the top of active fuel.
If the outlet plenum is modeled as a separate node from the upper plenum, then the input data for
this region must be defined. This region will receive flow from the upper plenum through large
holes in the upper core barrel. This flow mixes with any flow returning from the upper head and
moves toward the hot leg nozzles. This region does not have well developed flow patterns such
as within a pipe but is a well mixed plenum-type region. The guidelines in Chapter II should be
followed to prepare the volume and junction geometry inputs.
B&W plants have check valves, called "vent valves", in the upper core barrel. Their function is
to allow steam that may be generated during the reflood portion of a LOCA to be vented back
into the downcomer. This venting will ensure that the region above the core does not pressurize
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due to steam evolution and prevent the core from being reflooded. The vent valves can be
represented in RETRAN-3D as a junction with a check valve or by supplying an extremely large
junction reverse loss coefficient i. e. 1.0E20.
The heat conducting structures within the upper plenum includes the control rods, rod guide
tubes, and rod support structure. Adjoining structures are the upper core support plate, the upper
support (plenum cover) assembly, and the core barrel. The reactor vessel may be an adjoining
conductor to the upper plenum or the outlet plenum depending on the system design and
modeling choices. In general, a detailed representation of the control rods and associated
structures is not included in system models. If the heat capacity of these structures is deemed to
be necessary, then they can be consolidated into the core barrel or other adjoining structures.
The consolidation of the structures should follow the principles and approaches described in
Chapter II.
2.2.1.1

Hot Leg Nozzles

The heated fluid leaves the reactor vessel through the hot leg nozzles. These nozzles extend
from the upper or outlet plenum to the hot leg piping and are structurally heavier than the piping
itself. Generally the flow area in the hot leg nozzle is slightly greater than in the hot leg;
therefore, the RETRAN-3D volume and model normally includes the hot leg nozzle volume and
length with the hot leg. Also, the RETRAN-3D junction areas are defined based on the hot leg
piping parameters. A discrete representation of the nozzle region is necessary only if detailed
information about the nozzle region is required.
2.2.1.2

Upper Support (Plenum Cover) Assembly

The upper support (plenum cover) assembly separates the upper plenum and upper head and
provides structural support at the top of the control rod guide structure. The effect of the upper
support assembly from a hydraulic standpoint is discussed in Section IV.2.2.1, Upper Plenum,
Upper Head. The upper support assembly is seldom represented as a conductor. However, if it
is deemed necessary, it can be modeled in a very simplified form as a rectangular two-sided
conductor between the upper plenum and upper head.
2.2.1.3

Control Rods and Rod Guide Structure

The control rods and rod guide structure occupy volume within the reactor vessel above the core
and as such are a factor in the volume and junction calculations. The metal contained in the rods
and structures is seldom modeled in detail in system model studies. If it is modeled, it generally
is consolidated into one conductor and modeled with the core barrel.
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2.2.1.4

Upper Core Plate

The upper core plate is a key structural element at the top of the core. It provides the positioning
for the fuel assemblies and carries uplift forces from the fuel assemblies. The hydraulic
characteristics of the upper core plate must be factored into the volume and junction calculations.
The heat conducting characteristics of the upper core plate are only represented if deemed
necessary.
2.2.1.5

Core Barrel

The upper core barrel is a fairly thin shell around the upper plenum and has a large surface area.
Thus, some heat transfer through the barrel takes place during steady-state operation of the
reactor. Typically a heat conductor is not used to represent the upper core barrel.
2.2.1.6

Vessel Wall

The vessel wall represents a significant mass of metal that can serve as a source or sink of energy
for transients in which the fluid temperature changes substantially.
The vessel adjacent to the upper head may be relatively more important than the balance of the
vessel in transients where the upper head fluid flashes. In this case, the head metal will provide
energy to the flashing fluid to increase the amount of fluid changing to steam. This steam
evolution supports the pressure in much the same way as the pressurizer heaters do in the
pressurizer. In transients like a steam line break, the vessel wall can absorb energy from the
upper head steam bubble as it is compressed. Refer to the discussion in 3.2.1.
Because of the physical geometry, the vessel wall primarily conducts heat only to the downcomer (cold leg) fluid. If the vessel is included as a conductor, it is generally attached only to
the downcomer and not the upper plenum or outlet plenum.
2.2.2

Lower Plenum

The lower plenum is normally defined as the fluid region between the bottom of the downcomer
and the core. The lower plenum region typically contains a number of hardware pieces. These
may include in-core instrumentation guide tubes, secondary support assemblies, tie plates, core
support columns, the core support plate, core flow diffuser plate(s), and the lower core plate.
The actual hardware and terminology may vary from plant to plant.
Fluid comes into the vessel from each steam generator at the cold leg nozzles, turns, spreads, and
moves down the downcomer, mixing somewhat as it goes. It then enters the lower plenum and
turns and mixes as it moves through the lower internals to the core inlet. For symmetric
transients, i.e., transients where the behavior of each loop is the same, the flow and temperature
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coming in the downcomer will be approximately equal. Examples of this include turbine trip and
coastdown of all reactor coolant pumps. During an asymmetric transient, the flow and/or
temperature may be different in one or more of the loops. If the transient is strictly a flow
perturbation, such as a single pump coastdown, then a portion of the flow in the downcomer will
be moving from the active inlet nozzles around the downcomer to the dead loop. This will
change the flow distribution in the lower plenum and at the core inlet. If the transient involves
asymmetric heat removal, then one (or more) of the loop temperatures entering the downcomer
will be different. This is the case in a steam line break when heat removal is drastically
increased as the steam generator depressurizes. The flow distribution mixing fractions within the
downcomer and lower plenum may be available from vendor vessel model flow tests. .
The core inlet temperature distribution resulting from asymmetric reactor vessel inlet
temperatures may also be available from vendor tests. Asymmetric core inlet temperature
distributions can be important to the reactivity feedback during a system transient where the
reactor is critical or approaching criticality.
Predicting three-dimensional flow and temperature distributions within the downcomer and
lower plenum is beyond the capability of the RETRAN-3D one-dimensional flow equation. This
data generally describes mixing as a percentage in the lower and upper plenums. For asymmetric
vessel temperature distributions, the desired mixing can be approximated by exchanging energy
between two parallel core paths.
Most RETRAN-3D models, both single and multi-loop representations, will have a single
downcomer node and a single lower plenum node. This representation is completely acceptable
for symmetric transients. For asymmetric transients, this representation assumes complete
mixing in the downcomer and lower plenum. Note that from a core standpoint a multinode
downcomer attached to the single lower plenum node the result would be the same, i.e., a
completely mixed core inlet. From an engineering standpoint the single node approach
represents one extreme of possible assumptions, i.e., complete mixing.
At the opposite end of the spectrum of assumptions is no mixing whatsoever. In this instance
there would be two (or more) downcomer nodes connected to two (or more) corresponding lower
plenum nodes connected to an equal number of core nodes and ultimately connected to an equal
number of upper plenum nodes. In other words, all of the flow from one loop would flow
through the corresponding portion of the core and back to that loop. The net reactivity feedback
would be a combination of the feedbacks from each of the azimuthal segments. This will
probably produce a fairly conservative core response if the core is critical or approaching
criticality depending on how the feedbacks from each region are combined. An ultraconservative approach from a core reactivity standpoint is to assume that all the steam generators
are behaving like the faulted one.
An example of one method of vessel mixing for a steam line break is described in detail in
Reference IV.2-1. The vessel model is shown in Figure IV.2-4. For this analysis, the loop
mixing was defined in terms of the faulted and unfaulted leg temperature as
RATIO = [Thot (unfaulted)-Thot (faulted)] / [Tcold (unfaulted)-Tcold (faulted)] .
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Note that for complete mixing RATIO =1 and for no mixing RATIO = 0. Data from a similar
vessel to TMI-1 indicated that the RATIO was in the range of 0.4 to 0.5 and in addition 20% of
the mixing occurred in the lower plenum and 80% in the upper plenum.
Note the vessel in Figure IV.1-4, the downcomer, lower plenum, core, and upper plenum are split
into two parallel paths. Both loops behave independently with the exception of with the bypass
flow path which connects the upper and lower plenum volumes to keep the loop pressures in
balance. The desired amount of mixing is accomplished by exchanging energy between the two
lower plenum volumes and the two upper plenum volumes with nonconducting heat exchangers
(one in each upper and lower plenum volumes). A control system was developed to define the
nonconducting energy removal and addition based on the desired RATIO value. The core model
in Figure IV.1-4 is shown for a point kinetic model, but the analysis presented in Reference IV.21 utilized three-dimensional kinetics. More detail on the core model can be found in the
Reference.
The geometry and complexity of the lower internal components make the determination of net
fluid volume a fairly tedious chore. There is a trick that can be used to compute the internals
metal volume, which in turn can expedite the determination of the net fluid volume or be used as
a check on the calculation from the internal drawings. On many drawings (or sometimes in a
specification the internals) weights will be defined. The volume can be determined using the
weight along with a material density.
In the discussion concerning the core region (Section IV.2.1.1), it was noted that the bottom
elevation of the lowest core node is often assumed to be that corresponding to the bottom of the
active core. Thus, the top of the lower plenum node will be extended to the bottom of active
fuel. The junction parameters for this junction should be defined according to the guidelines in
Chapter II. As mentioned in Section IV.2.1.1, additional nodes to represent the inactive portion
of the fuel should be considered when low flow and two-phase conditions exist.
2.2.2.1

Lower Core Support Plate

The core support plate is the plate below the core on which the fuel assemblies sit. This plate
contains holes of different sizes for core support columns, flow holes into the assemblies, and
instrumentation guide tubes. The major influence of the core support plate is reflected in the
calculations for the RETRAN-3D lower plenum volume and in the flow resistances calculated
for the core inlet and core bypass inlet junctions.
If passive heat conductors are to be included in the lower plenum, the lower core support plate
can probably be consolidated with other conductors of similar thickness within the lower
plenum. Geometrical modeling and consolidation considerations are included in Section II.5.0.
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2.2.2.2

In-Core Instrumentation Guide Tubes

The in-core instrumentation guide tubes come through the lower reactor vessel head, then
through several structures on their way to the lower core plate. The guide tubes probably do not
really affect the model from a hydraulic viewpoint. From a conductor standpoint, the metal
volume of the guide tubes can be conveniently consolidated into one of the other structures.
2.2.2.3

Core Flow Distribution/Mixer Plate(s)

There are typically one or two flow distributor plates in the lower plenum. These plates restrict
the flow so as to break up vortices in the lower plenum and flatten the flow and pressure
distribution at the core inlet. The flow area through these plates is normally a parameter that
should be calculated and used in preparation of volume and junction geometry parameters. If
there are multiple vertical nodes in the lower plenum, the flow distributor plates may be an
appropriate place for a node boundary. This depends on the specific design and location of the
plates, which differs for each vendor. The plates may be combined in one conducting structure.
2.2.2.4

Vessel Wall

If passive heat conductors are to be included in the RETRAN-3D model, the reactor vessel wall
should most certainly be included. All of the lower hemispherical head and cylindrical vessel
that is adjacent to the lower plenum boundaries should be included. The vessel wall is
significantly thicker than the other components in the region, so consolidation with other
components is normally not done.
2.2.2.5

Lower Grid/Bottom Support Assembly

The fuel assemblies are supported by the lower grid/bottom support assembly. From a fluid
system modeling standpoint, the lower grid assembly does not require any special considerations.
Proper flow areas, lengths, etc., should be factored into the volume and junction geometry
calculations. If heat conductors are included in the model, the metal mass of the lower grid
should probably be consolidated with other lower internal structures such as the flow distribution
plate and guide tubes.
2.2.3

Downcomer

The downcomer fluid region lies between the cold leg inlet nozzles and the entrance to the lower
plenum at the bottom of the core barrel. The region above the cold leg nozzles up to the plenum
cover is normally included in the downcomer. The downcomer is an annular cylindrical region
with the vessel on the outside and the core barrel on the inside.
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The dominant flow path in the downcomer is from the cold leg toward the core inlet. In W and
CE plants, most of the flow that enters the upper head enters from the downcomer. Normal flow
patterns in the downcomer are symmetric. Nonsymmetric flow, thermal, or boron concentration
patterns require substantial modeling finesse and scrutiny. The vent valves included in B&W
plants between the vessel outlet plenum region and the downcomer are discussed in Section
IV.2.2.1.
The discussions in the lower plenum section relate and apply to the downcomer since it is the
behavior of the two together that characterizes the core inlet conditions. Downcomer modeling
itself is important for asymmetric flow transients and transients where voiding may occur in the
downcomer to a large or small RCS break.
For most transients, the downcomer remains single-phase liquid and the transient is symmetric.
A single downcomer node is adequate for these transients.
For asymmetric transients such as a steam line break the downcomer is modeled as two parallel
flow paths where one flow path represents the fraction of the faulted loop flow and the other the
fraction of the remaining loops. Typically cross flow is not modeled between the downcomer
volumes and the loop flow mixing is done in the reactor vessel. A single axial node for each
downcomer flow path is adequate.
For RCS piping breaks that are large enough to cause significant RCS voiding, the downcomer
should be divided into several vertical nodes to all the vapor and liquid phases to separate and to
predict the proper core inlet enthalpy.
Subdividing the downcomer into several axial and vertical volumes with cross-flow junctions
may be considered for large break LOCA applications where there may be a significant vertical
and azimuthal density and pressure gradients. However it should be recognized that complex
three-dimensional flows can only be approximated with the RETRAN-3D flow equation.
2.2.3.1

Cold Leg Nozzles

The cold leg piping is welded to the reactor vessel cold leg nozzles. The flow area will usually
increase slightly between the weld and the nozzle-to-downcomer entrance. The fluid volume and
flow length of the cold leg nozzles are typically included in the RETRAN-3D cold leg piping
volumes. If passive heat conductors are to be included in the RETRAN-3D model, the metal of
the cold leg nozzle wall is usually lumped into a passive heat conductor attached to the
downcomer or with the cold leg piping.
2.2.3.2

Vessel Wall

The vessel wall forms the outside boundary for the downcomer fluid volume. The outside
surface of the vessel is typically considered insulated.
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2.2.3.3

Core Barrel

The core barrel, along with the thermal shield attached to it, forms the inner boundary of the
downcomer volume. Normally there is a leakage flow between the two structures, but it is
seldom modeled. The core barrel and thermal shield are usually consolidated into one conductor
if structural metal is being included.
2.2.3.4

Specimen Holder

The specimen holder is located against the vessel wall in the proximity of the core. Its function
is to hold vessel material specimens such that they can be exposed to approximately the same
flux as the reactor vessel. The specimens are then periodically removed and tested. The
specimen holder is never modeled.
2.3

Reactor Coolant System Piping

The function of the reactor coolant piping and pumps is to transport the coolant between the
core, system generators, and various other systems. The arrangement of the piping varies with
the plant manufacturer and from plant to plant but can still be considered in terms of hot leg, cold
leg, and pump suction sections. The terminology may vary from vendor to vendor. The
pressurizer surge line and spray line piping interact with the pressurizer and there is other piping
attaching various auxiliary and ECC systems to the RCS.
2.3.1

Pressurizer Spray Line Piping

The pressurizer spray line piping is a small diameter line that runs from the discharge of one or
more of the reactor coolant pumps to the top of the pressurizer. The spray line and connecting
junctions are generally modeled
Sometimes the spray line volume is not modeled explicitly since it contributes little coolant
inventory. For RETRAN-02 the small spray line volume could control the time–step size via the
Courant time-step control algorithm when the spray is active. This provided another reason to
model the spray flow with a fill. There is no Courant limit associated with small volumes in
RETRAN-3D.
If the spray line is not modeled a fill junction is used to define the spray flow based on the
demand and spray valve capacity. The spray fill enthalpy will have to be defined by control
blocks to be that of the cold leg enthalpy. In order to conserve mass and energy a “negative” fill
must remove the same flow from the cold leg. In addition, logic must be incorporated to make
sure the spray is not available when the reactor coolant pumps (RCPs) are tripped.
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The disadvantage of modeling the spray line with flow boundary conditions is that the dynamics
of the spray line are lost, which include friction, pressure differential, inertia and transport of
temperature fronts due to cold leg temperature changes. Also, with fill boundary conditions the
spray flow cannot be accurately predicted during RCP coastdown. If the spray line is modeled,
the pressure differential between the cold leg and pressurizer is automatically factored into the
spray flow computation. The spray valve area can be sized to provide the designed maximum
flow at nominal operating conditions.
2.3.2

ECC and Auxiliary Interface Piping

There are a number of different systems that interface with the RCS piping. Flow boundary
conditions (fill junction) are generally uses to represent these systems. The fluid inventory in
this piping can be included in other regions if it is significant.
The initial piping fluid temperature can be significantly different than the ECC source
temperature. Consequently once active, the ECC flow temperature delivered to the RCS will
change as the initial piping volume is purged. This can be simulated using a control system to
define the fill enthalpy change when the piping is purged.
The same concept applies to boron that may be delivered to the RCS.
2.3.3

Reactor Coolant Piping

The hot leg piping directs the fluid from the reactor vessel outlet nozzle to the steam generator.
The pressurizer is connected to one of the hot legs through the pressurizer surge line. Sometimes
there is a connection to the hot leg for the emergency core cooling system (ECCS) or charging
system. The hot leg geometry can vary a great deal depending on the NSSS vendor. Both W
and CE use U-tube steam generators where the hot leg fluid enters the steam generator at the
bottom; hence, their hot leg piping is relatively short and almost vertical. On the other hand, in
B&W plants with the once-through steam generator (OTSG), the hot leg fluid enters the top of
the steam generator. The hot leg on B&W plants is much longer than W or CE plants and also
has a large vertical rise. In modeling the hot leg piping for W or CE plants, one node is generally
used except perhaps for a hot leg LOCA. For B&W plants, multiple nodes may be desirable to
more closely represent the hot leg temperature instrument response. Further, for two-phase
transients, multiple nodes along with slip are a necessity.
The cold leg piping is sometimes referred to as the pump discharge piping and is usually defined
as the length of piping between the pump discharge and the reactor vessel inlet nozzle. Most
ECCS injection is directed into the cold legs. For most transients, a single cold leg node is
completely adequate. For LOCA transients or transients in which significant ECCS injection is
expected, the cold leg is normally divided into two or more volumes.
The pump suction piping, sometimes called the intermediate leg, connects the steam generator
outlet to the pump inlet or pump suction. Typically, the suction piping goes down in elevation
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from the steam generator and then rises in elevation to the pump suction, forming a loop seal that
may be important for transients with voiding. The pump suction leg is frequently divided into
two RETRAN-3D volumes with the junction between the two volumes located at the lowest
center- line elevation. For transients that do not involve two-phase behavior in the system, the
pump suction leg may be represented by a single volume.
The movement of temperature changes through the hot leg piping to the steam generator may be
important in the outcome of reactivity or power escalation transients. Similarly, the movement
of temperature changes from the steam generator through the pump suction and cold leg piping
to the core can be equally important to the timing of power generation and removal. The
movement of a temperature change through a pipe, without mixing, can be simulated by using
the optional temperature transport delay model. This model is activated by input on the volume
cards (05XXXY) defining the number of mesh divisions within the volume. The necessity for
using the transport delay depends on the transport time of the volume (or volumes) relative to the
parameters of interest, but in general, the use of the model produces a more physically correct
result for piping.
The volume and junction geometric input will be a straightforward application of the principles
and guidelines described in Section II.5.0. If the piping is to be included as a conductor, the
geometry input is straightforward. In addition to the piping, the metal mass of the nozzle may
also be included.
2.3.4

Surge Line Piping

The surge line connects the hot leg piping to the bottom of the pressurizer. Its volume is
relatively small and can be consolidated into the pressurizer. However, care should be exercised
in preserving the inertial and frictional characteristics of the surge line particularly if significant
pressurizer flow in-surges or out-surges are expected. In severe pressurization transients, the
RCS may pressurize at a higher rate than the pressurizer due to the flow through the surge line
not being able to accommodate the RCS fluid expansion.
The loss coefficients for the surge line junction to the hot leg are a function of the flow splits.
Therefore, the loss coefficients for this junction are time varying quantity depending on the flows
in each path. The necessity of including this dependence is not well established and it is
generally ignored. A flow split dependent loss coefficient correlation can be included by
calculating the loss coefficient with control blocks and connecting the block via the junction
input.
The loss coefficient between the surge line and pressurizer should be accurately represented
since it can represent a significant resistance due to diffusers or other devices at this junction.
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2.4

Reactor Coolant Pumps

Reactor coolant pumps in PWRs are centrifugal pumps (see Section III.7.1) that provide the head
to maintain the loop flow. The RETRAN-3D model employs a set (or sets) of homologous pump
curves to describe pump characteristics. RETRAN-3D also requires rated pump performance
data and optional motor data. Pump head multiplier data, pump torque multiplier data, pump
stop data, and two-phase pump head and torque data may also be required for a particular model.
2.4.1

Two-Phase Performance

The theory and methodology used by RETRAN-3D to account for the degradation of pump
performance for two-phase fluid conditions is discussed in Section III.3.2.1. The two-phase
input is optional. If two-phase conditions at the pump are not encountered during the transients
being simulated, the two-phase option is not necessary.
To account for two-phase pump performance, the pump description cards input must specify the
sequence number of the desired two-phase difference curve set. The pump curve set card allows
the use of the Semiscale two-phase head difference curve set (default curves). Torque difference
curves must still be input with this option. Another option is to input both the head difference
curves and the torque difference curves. In addition to the two-phase difference curve set, pump
head multiplier and pump torque multiplier data will also be required. Section III.3.2.1 discusses
the sources of data for two-phase pump performance, including more recent information.
2.4.2

Pump Description Data

Pump description data requirements include the pump rated conditions, which should be readily
available. However, the rated performance is almost always different than the initial pump
conditions. This is because the core flow rate will be determined from a thermal standpoint and
there is a reasonable uncertainty in the unrecoverable losses in the system. Therefore, the pumps
will be sized to produce a larger head than expected at the required thermal design flow. As a
result of this design approach, the actual initial pump status will almost always be different than
the design conditions.
Rated speed, flow, head, torque, density, motor torque, and the pump moment of inertia are input
on the pump description data cards. Pump moment of inertia is important for pump coastdown
transients, where the pump or pumps are tripped and coast down. The most common problem
encountered is that rated speed, flow, and head may not match the best estimate for the loop
pressure losses. An easy solution to get the pump model to produce the desired head is to adjust
the rated head proportionally. If the pump head is too large, an alternate method to decrease the
rated head is to allow the code to compute an appropriately large loss coefficient at the pump
outlet.
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The friction torque is often a difficult parameter to find. In the absence of better information, a
value between five and ten percent of the rated torque is frequently used. The functional form of
the friction torque is a user-controlled third order function.
2.4.3

Pump Flow Speed Characteristics

The pump flow speed head and flow speed torque characteristics are based on measured data for
the actual pumps or class of pumps being used in the plant. The pump head and torque are
obtained from the characteristic curves given the pump speed and volumetric flow.
These characteristics will typically only be available for the normal operating quadrant (positive
speed and flow) of operation. Pump characteristic curve data for the other three quadrants
(negative speed and/or flow) may not be available because of the difficulty and expense in
obtaining these data.
Most transients require only the normal operating quadrant. If the other quadrants are needed but
not available from the pump manufacturer, The pump-specific normal quadrant data can be
input and the built-in pump curves can be used for the other four quadrants. The selection of one
of the two the built-in data sets should be bases on similar specific speed numbers.
Most PWR RC pumps have anti-rotation devices that prevent negative speed.
Pump performance is normally measured between the pump inlet and the pump outlet.
Therefore, form losses within the pump volume and at the pump junctions are included in the
pump performance curves, and form losses at these junctions should be due only to form losses
occurring in the piping, not in the pump volume. It is a common practice to allow the code to
calculate one of the pump junction form loss coefficients when using RETRAN-3D steady-state
initialization.
2.5

Pressurizer

The pressurizer and associated equipment, including sprays, heaters, safety valves, and poweroperated relief valves (PORVs), are designed to maintain pressure control in the primary system.
The pressurizer and its supporting equipment are key elements in many system transients. The
two-region nonequilibrium volume option should be used to model the pressurizer for all
transients. This option is described in Section III.7.3 with further detail in Reference III-1.
Without the two-region nonequilibrium volume option, the vapor and liquid region temperatures
will remain at saturation values. No vapor region superheat or liquid region subcooling can be
predicted. Consequently, the peak RCS pressure will be under predicted for over pressurization
transients.
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2.5.1

Pressurizer Vessel

The pressurizer is a treated as a vertical right cylindrical vessel connected to the primary system
via the surge line between the bottom of the pressurizer and one hot leg. Pressure control is
provided by maintaining a steam volume and through the use of heaters, sprays, and relief
valves.
From the design and transient analysis standpoint, the total pressurizer volume and initial steam
volume are key parameters with respect to the system pressure response.
The two-region nonequilibrium model of the pressurizer effectively separates the volume into
two mass and energy conservation regions (vapor and liquid regions) which can be at different
temperatures. During in-surge transients, the liquid region will tend to subcool as a result of the
incoming hot leg fluid and the compressed vapor region will tend to superheat. Within each
region, the nonequilibrium model assumes complete instantaneous mixing of the fluid.
There are several model parameters that affect the movement of mass and energy between the
liquid and vapor regions. These parameters include:









rainout velocity (Card 610XXX),
bubble velocity and gradient (Card 06XXXI),
inter region heat transfer coefficient (Card 610XXX)
vapor condensation on the vessel wall (Card 15XXXY),
local condition model (Conductor stack data card 2200XY)
the pressurizer spray model (Card 08XXXY), and
pressurizer heaters

All of these parameters can have a notable influence during short-term and long-term transients.
The rainout velocity is the average velocity at which droplets in the vapor region fall to the liquid
region. Liquid can become entrained in the vapor region when the homogeneous spray model is
used and the vapor reaches saturation conditions. A nonzero rainout velocity is needed to allow
the liquid to fall or rainout into the liquid region. In theory, this velocity depends on the droplet
size and shape. For transient analysis purposes, the liquid would be expected to drop to the
quickly liquid region and long term liquid entrainment would not be physical. A typical rainout
velocity is between three and five feet per second will be adequate to keep the liquid from
residing in the vapor region for an unreasonable time.
The rainout velocity has little effect on the results if the special pressurizer spray junction option
is used, which is the recommended option. If the pressurizer drains and then refills, the rainout
velocity allows the liquid that is initially deposited into the vapor region to fall into the liquid
region. Once a liquid region is re-established, the insurged fluid will be deposited directly into
the liquid region.
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The bubble velocity and gradient defines how the vapor in the liquid region moves into the vapor
region. The existence of a substantial quantity of vapor in the liquid region as an in-surge
transient begins, can result in quite a different response than if that vapor were in the vapor
region. Vapor in the liquid region will be collapsed by subcooled fluid entering the region
before the liquid region begins compressing the vapor region. Thus, there will be a flat pressure
response followed by an increase. If the entire vapor is in the vapor region, the pressure increase
will begin immediately on an in-surge. Based on input specification, the bubble velocity can be
calculated with the "Wilson" bubble model. This empirical model adds a measure of realism
during the transient, but the behavior of the pressurizer will not be too sensitive to the bubble
velocity as long as it is not unreasonably small. An input value in the 3 ft/sec or larger range
should give a similar response to the Wilson model.
Inter-region heat transfer due to condensation on the liquid level surface area depends on the
difference between the vapor and liquid temperature and the heat transfer coefficient. EPRI
sponsored experimental work on pressurizer behavior[IV.2-2] determined the inter-region heat
transfer is small unless droplets from the spray are causing churning of the surface. A surface
heat transfer coefficient of 1000 Btu/hr-ft2-ºF is appropriate for a quiescent surface and 27000
Btu/hr-ft2-ºF when the spray is on. The heat transfer coefficient can be input as a constant value
or a mechanistic model can be used based on the work from the above reference where the heat
transfer coefficient is directly proportional to the spray flow. An inter-region heat transfer
coefficient in the lower range of the values above will have a small effect on the pressurizer
behavior.
Heat transfer between pressurizer vessel metal and the fluid regions can also be appreciable for
long-term transients and can be modeled using a stack of two or more conductors attached to the
volume. The local conditions heat transfer model must be used to represent the influence of
changes in mixture level on the heat transfer and correctly partition the energy transfer to the two
regions.
Thermal stratification can occur during transients that experience pressurizer in-surges. In
particular, the in-surge can result in a temperature gradient through the liquid region that extends
upward from the vessel inlet to the vapor/liquid region interface. Similarly, the spray and
condensation flow from the vapor region into the liquid region can also introduce thermal
stratification near the surface of the liquid region. If the region below the liquid level is
considered to have multiple nodes, each node may have a significantly different temperature than
the average temperature that would exist if all of the liquid were mixed homogeneously.
If thermal stratification is present in a pressurizer, it can affect the pressure response for
depressurization scenarios because the region will have to depressurize to the local saturation
pressure before flashing can help decrease the rate of depressurization. When a single liquid
region model is used, cold fluid flowing into the pressurizer through the surge line will mix with
warmer or possibly two-phase liquid region fluid, effectively lowering the pressure where
flashing will occur and resulting in a more rapid depressurization until the saturation pressure is
reached.
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Another situation where thermal stratification can affect the rate of depressurization occurs when
saturated liquid from steam condensing on the vessel wall accumulates at the surface of the
mixture. This warm fluid will flashes before the cooler liquid in the liquid region, thus reducing
the depressurization rate.
An optional multinode pressurizer model can be used to account for the effects of thermal
stratification. This model is discussed in Section III.7.5.
The two-region nonequilibrium model discussed in Section III.6.4 provides the basic framework
for the RETRAN-3D pressurizer model. It also relies on the models described below to
supplement the base model features.
The initial conditions for the vapor and liquid regions are assumed to be saturated when the
pressurizer spray and surge line flows are zero. When the pressurizer initialization option is
used, the time zero heater power is used to determine the value of the spray flow that satisfies the
mass and energy balances associated with spray condensation, flashing due to heater induced
boiling in the liquid region, wall condensation and inter-region condensation.
2.5.2

Spray System

The spray system consists of control valves and a line connecting spray nozzles in the top of the
pressurizer to a cold leg. During a pressure increase, the pressurizer spray valve opens to allow
fluid from the cold leg piping to spray into the vapor region of the pressurizer. The cold fluid
spray condenses steam in the vessel, which reduces the pressure. The spray flow rate is the
dominant parameter to be considered.
During normal system operation there is a small continuous flow through the spray system. This
flow reduces thermal shock when the spray valves open and helps maintain water chemistry in
the pressurizer. The difference between this small continuous spray flow and the maximum
spray flow is so large that assuming zero flow at time zero for steady-state does not normally
impact the system response. However, in some plants, operations will increase the normal spray
flow and increase the heater power to improve the short-term responsiveness of the pressurizer.
In this case, modeling of the spray and heater power prior to the initiation of the transient may be
important to match the actual plant response.
For RETRAN-02 and pre-MOD004.6 versions of RETRAN-3D, steady-state initialization
requires the initial spray flow to be zero as well as the heater power. If nonzero initial spray flow
is required to match plant response, it may be necessary to initialize with no flow and heater
power and then turn the spray flow and heater power on and run a transient to a new steady-state
condition. It may be necessary to ramp the flow and heater power over a short interval. Other
adjustments may be necessary to obtain the desired initial conditions such as pressurizer pressure
and level.
The pressurizer steady-state initialization option incorporated into MOD004.6f95 allows the
pressurizer spray flow to be determined from a specified initial heater power. It includes the
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affects of wall condensation associated with environmental heat loss, cooling of the liquid
region, inter-region heat transfer, and rainout if these processes are include in the input model.
The energy and mass transfer to the liquid region from the spray and condensation mass flow
rates is balanced by pressurizer heater induced flashing. The pressurizer initialization feature
works as a standalone option that will be updated once each steady-state iteration for the system
balances equations.
During steady-state operation, the spray valve is normally closed but there is leakage flow
passing through it. When the transient begins, the valve can be opened to increase the flow as
determined by a control system. The new steady-state initialization will compute the leakage
area required to give the computed spray flow, while balancing the pressure drop across the
spray line. A special valve is required for steady-state initialization. W-1 on Valve Data Card
11XXX0 can be set to be a special spray valve.
The pressurizer steady-state initialization feature, will be activated when the spray junction flow
is specified on the input and the steady-state initialization option is activated. W-20 ISP on
Junction Data Cards 08XXXY can be set to 1 to activate pressurizer steady-state initialization.
Two-sided conductors may be used to model the pressurizer vessel environmental heat losses.
The left boundary volume to the conductor is the pressurizer and the appropriate liquid and vapor
region dependent properties are determined using the local condition model. The right boundary
will typically be a time-dependent volume.
Spray valves are controlled by a control system that responds to the pressurizer pressure. In
rapid transients, the response of the instrument system, valve controller, valve, and fluid network
could be important in stopping a pressure transient that is headed towards a PORV or safety
valve opening.
The spray system may be modeled with a volume for the spray line and a variable junction valve
area which will be based on demand. By modeling the spray line and the junctions at both ends
the spray flow will depend not only on the valve area but also the cold leg to spray valve
pressure differential. Although this is the most rigorous way to represent the system, it may
cause some slowing of execution time when the spray valve is opening and closing because of
the small spray-line volume.
The other alternative in modeling the spray system is with a negative fill from the cold leg and a
positive fill into the pressurizer. Using control blocks, all of the proper effects and functional
relations can be represented. The flow rate can be functionally dependent on the control
dynamics, valve parameters, and pressure drop. The spray enthalpy can be based on the cold leg
enthalpy with a transport delay to the pressurizer that is dependent on the flow rate.
RETRAN-3D provides two modeling options for the spray junction, a special spray model or as
a normal junction. The spray junction option is selected on the junction cards (Card 08XXXY,
Word 20-I). If the spray junction model is used, enough vapor will be condensed on the spray
droplets to bring them to saturation temperature. The spray plus condensed mass is deposited as
saturated liquid directly in the liquid region without a time delay. The appropriate energy
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exchange between regions for the vapor condensation will be done. The spray option will
desuperheat the vapor region, but not as much as a normal junction would.
If the normal junction option is used, all of the spray fluid is homogeneously mixed with the
vapor region fluid. All the spray will be converted to vapor if there is enough vapor region
energy to do so. If not the entrained spray will remain in the vapor region and both phases will
coexist at saturation conditions. To remove the liquid from the vapor region a rainout velocity
must be supplied.
The use of the spray option will result in a higher RCS pressure and lower pressurizer level for
pressurizer flow insurge transients. Depending on the limiting criteria for a transient one model
may be more conservative than the other. For instance for peak RCS pressure concerns the spray
model is conservative or for pressurizer filling concerns the normal junction approach is
conservative.
The spray option is generally used for best-estimate analysis.
2.5.3

Heaters

The pressurizer heaters are electrical heaters that control the pressure in the system by boiling
fluid in the pressurizer. When the pressure decreases, the heaters are turned on. For normal
environmental heat losses, there is a bank of heaters that has a variable power control to match
the heat losses and normal spray requirement. In general, there are various banks of heaters that
turn on and off at different pressure setpoints for transient control.
Important parameters to consider when modeling the heaters include heater capacity, heater time
constant, and heater control setpoints. The proportional heaters and backup heaters can be
modeled using control blocks and the nonconducting heat exchanger option (Card 21XXYY).
Optionally on-off heaters can be modeled using another option of the nonconducting heat
exchanger model which allow for a heat up and cooldown time constant.
When using the multimode pressurizer model option, nnodes > 1 on Card 610XXX, it is
important to supply the correct elevation for each pressurizer heat so the heater power is added to
the correct subnode.
2.5.4

Safety Valves

The safety valves are located on top of the pressurizer. The function of these valves is to protect
the primary system from overpressurization. The valves are held closed by the force of a spring
and begin opening when the setpoint is exceeded.
Many analyses are performed with RETRAN-3D model safety valves using the negative fill
option. The use of this modeling approach has a limited range and has several implicit
assumptions. These assumptions include small changes in fluid conditions from reference
values, the pressurizer will not fill, and an adequate pressure drop for critical flows. The
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negative fill approach is not a recommended modeling approach. A correct approach to safety
(and PORV) modeling is to use a normal junction and the critical flow models in RETRAN-3D.
The contraction coefficient on the junction card (Card 08XXXY, Word 16-R) can be adjusted so
the open valve will produce the design flow out of the valve at the design pressure and fluid
conditions. This approach has the advantage that as the pressure conditions change or if the fluid
conditions would change, such as would occur if the pressurizer fills, a physically correct
response will result.
Safety valve opening and closing is characterized by the specification for accumulation and
blowdown of the valve. Accumulation is the increment of pressure, in excess of the setpoint,
that is required to fully open the valve. Accumulation is typically defined as a percentage of the
setpoint. Blowdown is the increment of pressure, less than the setpoint that is required before the
valve will close. It is also generally presented as a percent of the setpoint. Figure IV.2-5
illustrates the opening and closing characteristics of a safety valve. When the setpoint is
reached, the valve begins to open and is fully open when the pressure is equal to the setpoint and
the accumulation. Line (1) of the figure shows a linear opening characteristic. Line (2) shows
the type of characteristic observed in the EPRI valve test program.[IV.2-3] Once the valve is
fully open (position = 1.0), the valve will stay fully open until it reaches a pressure
approximately equal to the setpoint less the blowdown. The valve may close with a slight
relationship to pressure as shown by line (3), but the EPRI test results showed most valves closed
quite abruptly.



The best approach to model the safety valves is to use control blocks to represent the
physical relationships with accumulation and blowdown.
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Figure IV.2-5. Safety Valve Opening and Closing Characteristics
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The ERPI valve test program provides considerable information for critical flow models and
discharge multipliers for the valve junctions.[IV.2-4] However, the correct valve design flow
capacity should be obtained by adjusting the critical flow contraction coefficient (CONCO on the
08XXXY data cards)
As with all junctions that remove fluid from a bubble rise volume, the safety valve junction
elevation should be moved down an inch or two from the top of the pressurizer volume and the
vertical junction option used, JVERTL = 1 (Card 08XXXY, Word 11-I). . This option allows
the input of an artificial vertical junction area to smooth the change in junction properties as the
mixture level passes through the junction elevation and will prevent numerical problems should
this occur
2.5.5

Power-Operated Relief Valves (PORVs)

The PORVs are located on top of the pressurizer and function to limit system overpressurization.
The valves can be opened by the operator; however, if the pressure exceeds the setpoint, the
valves will open automatically. The setpoints on the PORVs are below the setpoint of the safety
relief valves so that the operation of the PORVs limits the number of undesirable openings of the
safety relief valves.
Modeling considerations for the PORVs are the same as those discussed for the safety valves.
However, the opening and closing characteristics of the PORVs can be opened and closed by the
pressure or a compensated pressure signal. Typically the PORV opening behavior is simulated
with control blocks.
2.5.6

Surge Line

The surge line model was discussed in Section IV.2.3.4. One additional point should be noted as
pertains to the draining of the pressurizer. Just as in the case where the pressurizer is being filled
to the PORV and safety valve elevation, abrupt fluid changes at the surge line connection when
the pressurizer is being drained will cause difficulties in the solution. This can be remedied by
using the vertical junction option, JVERTL = 1 (Card 08XXXY, Word 11), and an appropriate
vertical junction diameter. The surge-line volume and the pressurizer volume should be
vertically overlapped by one to two inches and the junction elevation changed to the vertical
midpoint of the overlap.
2.6

Accumulator

Accumulators are modeled using a volume described on the volume data cards 05XXXY, which
provide that basic geometry for the accumulator volume. A junction connects the accumulator
volume to the cold leg or the discharge piping. It is described using the junction data cards
08XXXY. The accumulator model is activated for the control volume using a 620XXX data
card. It defines the initial level and the vessel wall thickness and heat capacity. A valve is
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required for the junction that in initially closed, but is opened when the RCS pressure drops
below the setpoint pressure. It is defined using the valve data cards 11XXX0 and the trip used to
actuate the valve in defined using the trip data cards 04XXX0.
The vertical junction option, JVERTL = 1 (Card 08XXXY, Word 11) has no effect for
accumulator volumes since they do not use the bubble rise model.
The accumulator cover gas will either be air (the default) or a specific gas determined by the
noncondensible gas composition data card 010010.
Typically, the accumulator is isolated from the RCS before it drains and discharges
noncondensible gas. If it is not isolated, noncondensible gas will flow into the RCS once the
liquid inventory is depleted.
2.7

Steam Generator (U-Tube)

No comprehensive study of steam generator modeling requirements exists although some
comparative work can be found in References IV.2-5 through IV.2-9. The modeling options
mainly involve the number of volume nodes to be employed for the geometric description. This
may range from a one-volume node to very complex descriptions (many volume nodes). The
level of detail required depends largely on the nature of the analysis being performed, i.e., the
type of transient and the phenomena of interest. From the viewpoint of the influence of the
steam generator on primary fluid temperature response, the most important consideration is in
obtaining a suitable representation of heat transfer rate.
The secondary-side noding is probably the most variable, and perhaps important, parameter in
steam generator models. Single node secondary-side models have been the most widely used,
primarily because of their simplicity. They are easy to set up and understand, and they are quick
from an execution standpoint. In addition, many of the single node models were set up to make
comparisons with vendor work performed with a model of comparable detail. Single node
models are reasonably acceptable for:





short transients,
transients where the steam generator inventory doesn't change drastically, and
transients where the heat transfer to the secondary is not an important effect on the
parameters of interest.

A major disadvantage of a single node model is that the distribution of fluid from both energy
and mass standpoints is lost. Hence, the downcomer fluid that is typically subcooled is modeled
as a saturated liquid. The bundle region mass and energy distribution directly affects the heat
transfer, but with a single node secondary it is homogenized with other fluid in the generator,
thus distorting the film coefficients and heat capacity. Also, it is impossible to derive a
downcomer level from a single node representation.
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The single node model will not naturally predict the actual steam generator liquid and vapor
inventory. These quantities must be known from other sources and the input level adjusted to
establish the proper liquid and vapor masses. Also, velocity in the bundle region will not be
correct because the effect of recirculation is not represented by a single node. Compensation for
this is obtained by dividing the actual tube bundle flow area by the recirculation ratio. Since the
recirculation ratio is a function of power as well as downcomer level, an area adjustment using a
certain ratio is really only valid at one point. Refer to Chapter II, Geometric Modeling, for the
impact this might have on other modeling parameters.
The next level of sophistication in steam generator modeling is probably represented by a threenode model:





one volume for the downcomer below the feedwater spargers;
one volume for the tube bundle, riser, and inside to the separators; and
one volume for the upper downcomer, dryers, and steam dome.

These nodes characterize the different fluid regions in the generator: the subcooled downcomer,
the two-phase bundle, and the inventory of saturated liquid and steam. In this type of model, the
flow area of the bundle needs no adjustment since the recirculation flow along with the
feedwater flows through the node. The measured downcomer level can also be derived from the
downcomer liquid parameters. However, this model is far from perfect. It is basically
impossible to get the correct tube bundle inventory with a single node. A single node is too
coarse a representation to predict the fluid distribution. For steam generator decompression
transients, the single node downcomer may not be adequate to get a good representation of the
void distribution and possible countercurrent flow in the downcomer and bundle regions. Also,
the upper downcomer/separator region has no detail with respect to the geometrical arrangement.
The next step in detail can involve several possibilities:






additional downcomer nodes,
additional bundle and riser nodes,
a more detailed model of the separator and dryer region, and
additional detail in the upper downcomer that contains saturated liquid outside the
separators.

If a multinode steam generator is developed, sufficient nodalization detail should be included in
the base model to analyze a wide range of transients even though the detail may not be needed in
all cases. The steam generator tube shell should include enough nodes to let the liquid and vapor
phases to separate during loss of steam generator inventory events. Simulating the liquid
dropping to the lower regions and the affect on the heat transfer can only be done with several
bundle nodes and the use of a slip model. Six or more bundle nodes are recommended to capture
these phenomena. Also for two-phase conditions in the downcomer, two or more lower
downcomer nodes should be considered to allow the liquid to drop and predict a more realistic
bundle inlet enthalpy.
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Additional detail in the upper downcomer region more accurately represents the level response
as seen by the instruments in the downcomer.
2.7.1

Separators and Dryers

Steam separation generally occurs in two stages. The first or primary separator forces the fluid
into a circular flow path by means of radially-oriented vanes. The resultant forces tend to force
the liquid phase to move laterally with respect to the direction of steam flow until it is removed
from the steam flow path and forced to flow into the downcomer. The secondary separator,
sometimes called a "dryer", removes a part of the liquid entrained in the vapor as it exits the
primary separator. This is accomplished by forcing the flow to follow a sinuous path through a
wire mesh or corrugated channel. The liquid removed in this process also returns to the
downcomer.
The separator (and dryer) performance may be simulated by either the bubble rise model (Card
06XXXI) or the separator component model (Card 60XXXY). The separator model is typically
used only for BWRs and is not necessary for PWR steam generator applications. When using
the bubble rise model, the bubble parameters can be established using constant velocity and
gradient parameters or parameters that are controlled from control block outputs. The steadystate initialization will establish the bubble parameters in most analyses and will override the
input values. Typically a bubble velocity of 3.0 ft/sec and a gradient of 0.8 are used for low flow
applications. For any situations in which mechanical separation exists, a larger bubble velocity
on the order of 10.0 ft per second or more should be used. Therefore, the bubble rise velocity
and gradient values computed by steady-state initialization should be reviewed prior to running a
transient.
When using the bubble rise model, the steam path outlet will produce dry saturated steam in all
situations unless the separator node actually fills. This is functionally consistent with the
performance characteristics of the separator and dryer over the normal range of operation.
A detailed model of the separators and dryers generally will cause more initialization troubles
than the rest of the system. Simplicity in this region will handle the vast majority of PWR steam
generator transients. As an example, the steam line break transient is analyzed for several
reasons one being a return to critical conditions because of the RCS cooldown. In this instance,
the more liquid retained in the steam generator to cool the RCS, the greater the chance of a return
to power. For licensing applications, the single-node steam generator or simplified separator
upper plenum region can be used to maintain vapor flow through the break. From a bestestimate viewpoint, there is the possibility that flashing in the faulted steam generator will cause
the levels to swell both inside and outside the shroud and entrained liquid will exit the break.
This possibility could be investigated only with a detailed model of the separator/upper
downcomer/dryer region. However, even in this case conservative bubble rise parameters must
be chosen due to the simplicity of the bubble rise model.
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2.7.2

Tube Bundle

The primary fluid flows through and is contained within a parallel bank of vertical U-tubes. The
fluid enters the steam generator and flows upward. As it reaches the top, the flow direction
reverses and it passes downward and then out to the reactor coolant system pump.
Some simple licensing models with single-node secondary side use as little as two primary tube
region nodes. For best estimate multinode steam generator models at least twelve nodes (six up
and six down) should be used to be consistent with the six nodes recommended earlier for the
shell side This nodalization detail may not be needed for some transients, but provides a general
model that can be used for steam generator/primary heat transfer mismatch driven transients.
The enthalpy transport option (Card 08XXXY, Word 20-I) is may used to represent a different
volume enthalpy as related to the junction outlet enthalpy for simple nodalization. This model
will occasionally fail when the flow rates are reversing or the slip option predicts countercurrent
flow. If this occurs, it will usually manifest itself via a junction enthalpy out of range. Enthalpy
transport can be switched off at this point using generalized restart.
The conductor input for the tubes is straightforward as the geometry, surface, volume, etc., are
all simple calculations with no consolidation with other conductors. The guidelines in Section
II.5.0 should be followed.
The noding of the secondary side was discussed generally in the introductory portion of this
section. The range of variations of noding in the tube bundle region is from one to eight,
although some modelers may have tried more. The tube bundle region is usually divided only
into vertical nodes as there are no baffles or divisions that would prevent the secondary fluid
from mixing across the entire bundle region. The one exception to this is in steam generators
that have a direct feedwater inlet at the tube sheet on one side of the bundle. It certainly is
appropriate to have one or more nodes in this region for steam generators of this type.
Options that should be considered in the tube bundle region modeling on the secondary are:



the local conditions model should be used to account for uncovery of the tubes if the
bundle inventory is diminished when a single node secondary volume secondary model is
used, and



for multiple node secondary models, the use of the slip option will provide a better
representation of the bundle region fluid inventory and distribution.

2.7.3

Tube Wrapper and Vessel

The tube wrapper is the metal shroud that separates the downcomer from the tube bundle. The
primary effect of this component is that the feedwater and recirculation flows down the annulus
between the vessel and the wrapper. The downcomer is discussed in Section IV.2.7.5.
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Neither the tube wrapper nor the vessel are included in most transient models as heat conducting
components. In general, they should be considered only in long-term transients such as a
cooldown or heatup.
2.7.4

Auxiliary Feed Nozzle

The auxiliary feedwater (AFW), is normally represented in RETRAN-3D models with a flow
boundary condition. The location of the nozzle may be important to the transient thermalhydraulic response because of the effect of the relatively cool AFW on the thermodynamics of
the region that it enters. In other words, AFW entering a steam region would have a significantly
different effect than if it entered a liquid region.
In some plants there are no AFW nozzles in the steam generator as the AFW enters through the
main feedwater nozzles, but even in this case the AFW is generally represented as a fill junction
where the flow and enthalpy is specified.
In some licensing transients, activation delays, or failure of one train may be assumed for
conservatism.
2.7.5

Downcomer

The downcomer is the region outside the shroud (tube wrapper) and inside the vessel wall from
the surface of the recirculated fluid to the entrance of the tube bundle. As a minimum it should
divided into two regions: the upper and lower downcomers. The upper downcomer is the
saturated region above the main feedwater sparger ring that receives the separator and dryer
drains. The lower downcomer is the region below the sparger ring to the entrance of the tube
bundle. The upper downcomer contains a distinct water level and, if this area is modeled as a
separate volume, a bubble rise model is used.
The division of the downcomer into two nodes is based on the region characteristics in normal
operation. The type of model that will be required to represent the transient fluid conditions
should be used. Multiple lower downcomer regions may be important for transients that result in
flashing or loss of liquid inventory in the lower downcomer such that the density gradient and
countercurrent flow of liquid and vapor is well represented.
A problem encountered fairly often is the situation where the downcomer inventory is depleted
such that the liquid level in the upper downcomer goes to zero. In this situation, numerical
difficulties may be encountered as the mixture level oscillates about zero. A common modeling
technique (discussed earlier in Sections IV.2.5.4 and IV.2.5.6) is to vertically overlap the upper
and lower downcomer volumes by a small amount, locate the junction elevation at the vertical
midpoint and supply JVERTL=1 (Card 08XXXY) for the junction connecting the upper and
lower downcomer. By use of JVERTL=3, RETRAN-3D will automatically perform the volume
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overlapping by adjusting the appropriate volume or junction elevations and the same smoothing
process will occur as if JVERTL = 1 is chosen.
The level response is often one of the more important parameters of interest in transients because
it affects input to several control and safety functions. Changes in the level as a consequence of
changes in pressure or heat load (shrink and swell) also influence the solution of flows into and
out of the downcomer region. Downcomer volume and junction parameters that affect the
momentum equation can be particularly important to level response in the steam generator. The
downcomer, because of its geometry, usually represents a large part of the inertia of the
recirculating loop. Thus, the inertia of the junctions into and out of the region plays a significant
part in the dynamics of the flow in the downcomer and bundle. The hydraulic losses in the
volumes and at the junctions are not only important from a dynamic standpoint, they also have a
bearing on the recirculating flow rate at a given heat load. Since the recirculation loop is driven
by natural circulation, the flow rate is dependent on the density difference between the bundle
and downcomer and the hydraulic losses in the loop.
2.7.6

Main Feedwater Sparger

As a hardware component, the main feedwater sparger metal mass is seldom modeled for system
analyses. The flow rate and enthalpy representing the feedwater may be modeled as a fill (Card
13XXYY) or the feed and condensate system may be represented via nodes and junctions. If a
fill is used, the fill boundary conditions should be known for the analysis. The fill may also be
controlled via control blocks to represent the actual control algorithm.
2.7.7

Steam Line Nozzle

The exit from the steam generator to the steam piping in U-tube steam generators is typically in
the very top of the steam generator head. This is not normally modeled as a component but
rather as a junction between two nodes. The steam line nozzles usually have a flow restricting
venturi that may be used to measure the steam flow rate as well as limiting the flow out of the
steam generator during a major steam line rupture. The minimum area through the venturi
should be used to describe the junction (see Section IV.2.9.3, Flow Restrictors).
2.7.8

Flow Baffles

Some steam generators, with direct feedwater addition to the tube bundle region, will have
baffles to cause the flow to take a serpentine path through the bundle, thus enhancing the heat
transfer. Baffles are not explicitly represented in RETRAN-3D models. Their effect on heat
transfer is ultimately embedded in the adjustment made to tube heat transfer surface area to
achieve the initial heat balance.
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2.7.9

Tube Support Plates

The tubes in the steam generator are supported by a plate or a similar structural egg crate
arrangement as several locations across the height of the bundle. The tube support plates cause
flow area changes, i.e., unrecoverable losses in the bundle. Support plates are convenient
locations for junctions in a very detailed model. If a smaller number of nodes are used, the
guidelines and approaches in Chapter II should be followed to combine the losses at the
appropriate junctions.
The loss coefficients in the bundle may require some adjustments in order to initialize with the
desired recirculation flow. The two-phase losses as well as the net density head in the
recirculating loop will depend on the number of nodes as well as some of the options used such
as slip or enthalpy transport.
2.8

Steam Generator (Once-Through)

The once-through steam generator (OTSG) is used on Babcock and Wilcox NSSS systems.
During normal operation, the primary system fluid is single-phase, subcooled, and flows
downward in a single pass. The secondary fluid flows from the feedwater inlet nozzle through a
downcomer section, turns, and then flows upward along the tube bundle where it is completely
vaporized and then superheated.
Because of the wide range of fluid conditions (potentially saturated liquid to superheated) seen in
the secondary during normal and transient conditions, several nodes are required on the primary
and secondary to represent reasonable mass and temperature distributions. Therefore, the
dominant modeling choice involves choosing a vertical nodalization scheme that is adequately
represents the primary-to-secondary heat transfer rates which is highly dependent on secondary
mass distribution and temperature.. From the viewpoint of the influence of the steam generator
on primary fluid temperature response, the most important consideration is in obtaining a
suitable representation of heat transfer rate. Most models of once-through steam generators use
10 to 16 nodes in the energy exchange portion.
The modeling and initialization of the OTSG is relatively more important to most system
analyses than for U-tube steam generator plants. The reason for this is the relatively small
volume and fluid inventory of the OTSG such that changes in feedwater and steam flow can
change the energy removal capability of the steam generator very quickly. In other words, under
cooling or overcooling of the primary system may occur quickly, in turn causing temperature
changes that may cause reactor trips as well as drain or fill the pressurizer.
Initialization of OTSGs are more difficult that a U-Tube steam generator. For the most part,
initial conditions on the secondary side of a U-Tube steam generator are near or at saturation
temperature and conditions are such that a subcooled or bulk boiling heat transfer correlation is
used through the steady-state initialization process. While with an OTSG secondary, the fluid
conditions and temperature change drastically from the bottom to top which make the primaryto-secondary coupling much more sensitive than a U-Tube steam generator.
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For transients initiated from the full-power range, where there is no quiescent level but rather a
froth in the bundle region up to the point of dryout, the initial fluid inventory or measured level
is an important parameter for most transients. The fluid inventory in the downcomer region is
also important and is discussed in Section IV.2.8.9. Achieving the desired bundle inventory
depends on the number of nodes as well as the proper inlet conditions and use of options. Note
that in the previous sentence the word "desired" inventory was used. This term was used because
the actual fluid inventory is probably not known except via predictions from codes or perhaps
inferred from test facility special or plant instrumentation. The use of the slip and enthalpy
transport options should be considered in achieving a suitable fluid inventory as well as a proper
distribution of the fluid.
To match either a desired measured level or mass inventory, the code user can supply a
multiplier for the code predicted slip velocity from the Chexal-Lellouche correlation. It cannot
be used for other slip options. This multiplier SLPMUL is input on the junction data cards.
SLPMUL defaults to one. A higher slip velocity will provide more liquid mass so if that is
desired result, adjust SLPMUL to a value greater than one. Since there are a variety of slip
models not only in RETRAN but in Vendor codes, this can be a way of normalizing to Vendor
information or to plant level measurements. U-Tube steam generators do not have the sensitivity
to SLPMUL that OTSGs do.
Another method to adjust the secondary mass inventory is to change the aspirator flow. Since
the aspirator flow is close to vapor enthalpy, increasing the aspirator flow will decrease the mass
inventory since it will increase the downcomer enthalpy.
For steam line breaks it is sometimes desirable to allow only steam to exit the break as discussed
in the U-Tube Section IV.2.7. Since the OTSGs do not have a distinct liquid level or the need
for separators, preventing entrained liquid from exiting the break is more difficult. One method
is to make the steam line volume where the break is located a separated volume with the break at
the top. The entrained liquid will collect in this steam line volume while the break will remove
vapor since it is above the mixture level. However, the reason for not allowing liquid to exit the
break is to keep it for cooling the RCS. Therefore a negative fill junction should be placed at the
bottom of this steam line volume to remove the collected liquid and a positive fill(s) should put
the removed liquid back into the bundle region. To accomplish this, a control system to define
the positive and negative fill junction flow will be required to monitor the liquid in the break
volume and if necessary remove and return it to the bundle region. It will some experimentation
to develop and control system that provides the desired results and stable behavior.
As mentioned earlier a slip model is desirable to simulate the proper mass and temperature
distribution. It has been conventional wisdom that the use of the enthalpy transport model in
needed in heated regions. But as discussed earlier, the use of slip and enthalpy transport together
has mixed success and are particularly a problem in low flow two-phase regions which can occur
in several transient. Studies funded by the RETRAN-3D user group demonstrated that as long as
the steam generator secondary starts with the same initial mass and tube area adjustment, the use
of the enthalpy transport versus not using it produced identical result. Therefore, the enthalpy
transport on the secondary side is not needed.
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2.8.1

Tube Bundle

The tube bundle in an OTSG has the primary fluid inside the tubes flowing straight down from
inlet to outlet. The secondary side enters the bundle via a number of windows in the tube
wrapper just above the lower tube sheet, flows upward, and exits via openings in the upper
portion of the tube wrapper. The number of fluid nodes in this region was discussed in the
previous section. The modeling of the tubes as heat conductors is straightforward using the
actual tube dimensions and the guidelines of Chapter II.
2.8.2

Tube Wrapper and Vessel

The tube wrapper is the metal shroud that separates the downcomer from the tube bundle. The
primary effect of this component is that the feedwater and recirculation flow down the annulus
between the vessel and the wrapper. The downcomer is discussed in Section IV.2.7.5. The tube
wrapper and the vessel should be considered only in long-term transients such as a cooldown or
heatup since they can be a significant heat source or sink.
2.8.3

Tube Support Plates

The tubes in the steam generator are supported by a plate or a similar structural egg crate
arrangement as several locations across the height of the bundle. The tube support plates cause
flow area changes, i.e., unrecoverable losses in the bundle. Support plates are convenient
locations for junctions. The loss coefficients in the bundle may require some adjustments in
order to initialize with the desired aspirator flow. .
2.8.4

Flow Baffles

Some steam generators, with direct feedwater addition to the tube bundle region, have baffles to
cause the flow to take a serpentine path through the bundle, thus enhancing the heat transfer.
Flow baffles are typically not used in the first generation of B&W once-through steam generator
plants, but are used in the newer generation plants. The newer plants differ from the older plants
in two ways; one is in the baffling in the lower region of the tube bundle and the other is in the
lack of an aspiration process. In other words, the baffling serves to enhance the heat transfer in
the lower region of the bundle in order to heat the incoming feedwater to saturation. Baffles are
not explicitly represented in RETRAN-3D models. Their effect on heat transfer is ultimately
embedded in the adjustment made to heat transfer area to achieve the initial heat balance.
2.8.5

Auxiliary Feedwater Nozzles

The auxiliary feedwater nozzle (AFW), is normally represented as a fill junction in RETRAN-3D
models. The vertical location of the nozzle may be important to the transient thermal-hydraulic
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response because of the effect of the relatively cool AFW on the thermodynamics of the region
that it enters. In other words, AFW entering a steam region may have a significantly different
effect than if it entered a liquid region.
The auxiliary feedwater nozzles in once-through steam generators are located toward the top of
the tube bundle region. The feedwater nozzle enters through the steam annulus region and
penetrates the tube wrapper near the top part of the bundle. The location of auxiliary feedwater
entry into the B&W once-through steam generator can be important in certain transients. The
importance lies primarily in the influence of the spatial aspect of heat transfer and its effect on
the natural circulation flow in the primary system. The net density head that drives a flow in a
natural circulation mode is a function of the elevation difference between where the heat is added
and where the heat is removed. Thus, the higher in the steam generator where the heat transfer
occurs, the larger is the natural circulation flow.
When modeling the auxiliary feedwater nozzles in the upper region of the steam generator,
several problems may be encountered. The first problem, and perhaps one of the more difficult,
results from the fact that normally when auxiliary feedwater is initiated the steam generator is
either dry or in an advanced state of drying out and the region where the auxiliary feedwater will
enter and many regions around it are dry and may contain superheated steam. Due to the equal
fluid temperature assumptions in RETRAN-3D, the auxiliary feedwater entering with a fairly
low temperature will tend to cause a rapid depressurization in these regions, which can require
extremely small time steps.
This problem can be mitigated by:



arbitrarily increasing the feedwater temperature and distributing the energy difference
into other volumes using nonconducting heat exchangers and a control system to define
the heat exchanger energy addition,



arbitrarily distributing the flow to more than one region, or



injecting the feedwater into the lower downcomer.

Locating auxiliary feedwater in the lower downcomer will tend to force most of the energy
transfer to be in the first two to ten feet of the steam generator bundle in contrast to a situation
where most of the heat transfer may be in the upper region of the bundle. Therefore, the
modeling approach of using the auxiliary feedwater in the lower part of the downcomer should
be used with caution.
2.8.6

Main Feedwater Nozzle

The main feedwater enters the once-through steam generator through a number of nozzles
directed from a sparger arrangement outside the steam generator shell at the top of the lower
downcomer. This sparger arrangement directs the main feedwater flow through a number of
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nozzles that spray the flow downward past the aspiration region and between the bundle and the
lower downcomer. The aspirator and the aspiration process are discussed in Section IV.2.8.8.
As a hardware component, the main feedwater (MFW) sparger is seldom modeled for system
analyses. The flow rate and enthalpy representing the feedwater may be modeled as a fill (Card
13XXYY) or some or all of the feed and condensate system may be represented via nodes and
junctions. If a fill is used, the control of the fill boundary conditions may be known or assumed
values for a particular analysis. Control blocks can be used to represent the actual control
algorithm. In addition, the control blocks are often used to represent portions of the thermalhydraulic system that has not been more completely simulated with nodes and junctions.
Events such as feed line break may involve modeling of the feedwater piping. Other events
where the feedwater isolation valve fails to close may require feedwater line and component
modeling if this source of fluid is important.
2.8.7

Steam Line Nozzle

The exit from the steam generator to the steam piping in once-through steam generators is on the
side of the steam generator in contrast to the U-tube steam generator where the exit is directly on
top of the steam generator. The steam line nozzle is not normally modeled as a component but
rather a junction between two nodes. The structural aspect of the nozzle from the standpoint of a
heat conducting mass will typically be included in the vessel if such a model is required.
Normally heat conduction models of the nozzle and vessel are not used. The guidelines and
direction in Chapter II should be used when specifying the geometrical parameters for the
junction.
2.8.8

Aspirator

The aspirator or aspiration region in a once-through steam generator is located at the top of the
lower downcomer. The aspirator region is actually an annular opening between the bundle
region and the downcomer. The purpose of the aspirator region is to heat the incoming
feedwater to saturation such that when it enters the bundle, boiling can begin immediately.
The aspirator flow has a notable impact on the initialization process of once-through steam
generators. This flow and the associated enthalpy define the enthalpy of the downcomer as a
consequence of being combined with the feedwater flow and enthalpy, which are typically
known quantities. The aspirator flow required to bring the main feedwater to a saturated liquid
may be estimated; however, the difficulty in doing this calculation lies in the fact that the
enthalpy of the aspirator fluid will tend to vary depending on the tube bundle inlet enthalpy,
which in turn depends on the aspirator flow. Therefore, the process of defining the aspirator
flow can be somewhat iterative to obtain the desired results.
Alternately the aspirator flow can be adjusted to obtain a desired initial secondary fluid mass or
level.
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The geometry input for volumes and junctions for the downcomer are straight-forward
parameters to determine. In most cases, modeling the downcomer with a single volume will be
acceptable for the transient, although several options can be considered. The downcomer may be
represented as a homogeneous region, a separated region using the bubble rise model, or with
multiple nodes in a downcomer region along with the slip model. The use of a given approach
depends to a large extent on the nature of the transient being examined. For relatively quiescent
post-trip transients or transients initiated from low power levels, the use of a separated downcomer may be most representative of the actual region. It is certainly easier to control and
understand by virtue of a fixed level boundary in the downcomer. For cases initiated from a full
power condition, the homogeneous representation of the downcomer or a representation of the
downcomer using a bubble gradient without separation may be the most representative of the
actual physics taking place.
The use of a multiple node downcomer with a slip model may tried for situations where multiple
nodes in the downcomer may offer some advantage such as steam line breaks or feed line breaks,
but generally a single volume has been the standard industry modeling practice..
2.8.9

Downcomer

The initialization of the downcomer region to a given initial mass and energy is perhaps the most
important aspect of setting the initial conditions in the once-through steam generator. The initial
mass and energy in the downcomer will determine the initial (20- to 60-second) behavior of the
steam generator in many transients. If the steam generator downcomer is being represented with
a separation model, there is the flexibility to change the downcomer inventory simply by
changing the level. As was discussed in the aspirator section, the aspirator flow at initialization
must be controlled to achieve a saturated condition (either saturated liquid or two-phase mixture)
within the downcomer node bubble rise mixture region otherwise, the initialization process will
suffer from either downcomer energy imbalance.
When representing the downcomer as a homogeneous region, only one mechanism is available to
control the initial inventory in that region, namely, the aspirator flow. Aspirator flow must be
adjusted in order to achieve the desired level or mass in the downcomer. There may be some
difficulties relating the downcomer mass to the measured level. Typically, a measured level will
be a known quantity to achieve during the initialization process. Previous studies have inferred
the mass in the downcomer based on the transient response of the steam generator in a loss of
feedwater event. In addition, the vendor has done substantial work in attempting to characterize
and define quantitatively the mass of liquid in the downcomer and also in the bundle region. All
possible reference materials should be used to define the downcomer mass in the most precise
manner possible.
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2.8.10 Steam Annulus

The arrangement of once-through steam generator internals is such that the steam flows to the
top tube sheet and then exits the bundle into an annulus around the peripheral of the bundle. The
steam then flows down this annular region and exits the steam generator through the steam line
nozzle shortly above the mid-line of the steam generator. Typically, this node is modeled using
standard homogeneous options.
2.9

Steam Line

The steam line connects each steam generator to a header at or near the high pressure turbine.
The importance of modeling detail in the steam line depends on the scope of the model and the
phenomena that are important. Several considerations in modeling the steam line are:





2.9.1

volumes should be selected so the location of relief, safety or main steam isolation valves
are located at the volume outlet so the correct pressure at the valve location is available. .
To get the correct pressure wave behavior when the steam line is isolated or the turbine
valve is closed several nodes are required (six or more).
volumes should be centered about any pressure measurement location that could be used
for plant control or the reactor protection system.
Piping

The piping is seldom modeled as a conductor in typical transient analyses. The heat capacity of
the metal and heat transfer losses through the piping may only be significant in long-term heat up
or cooldown studies.
2.9.2

Safety and Relief Valves

The secondary safety and relief valves are located on each of the steam lines and have setpoints
such that the valves will open sequentially as the pressure increases. Normally the relief valves,
which are power operated, will have the lowest setpoint, followed by the safety valves, which are
set to open in groups as the pressure increases. The general modeling guidelines and comments
in Section IV.2.5.4 are equally applicable to these secondary valves.
The power-operated relief valves will typically be controlled by a proportional plus integral
device and may also have a rapid opening feature to drive the valve fully open quickly under
certain circumstances such as reactor or turbine trip. The control scheme for the valves can be
represented using the control block capability in RETRAN-3D.
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2.9.3

Flow Restrictors

Many plants have flow restrictors in the steam lines to limit the flow out of the steam generator
in the event of a steam line break. In addition, the restriction or venturi is often used to measure
the steam flow rate. The flow that the restrictor will allow to pass is usually expressed as a
percentage of rated steam flow. This value may be used without knowing details about the
actual dimensions of the venturi by using an approximate area and then calculating a discharge
coefficient such that the prescribed flow will be calculated at the stated conditions. The critical
mass flux at the pressure and enthalpy corresponding to the specified maximum flow should be
determined using the critical flow model that will be used in the RETRAN-3D analysis and then
calculate the discharge coefficient for a given junction area. The normal pressure drop will be
used to determine the unrecoverable loss coefficient for the flow restrictor.
2.9.4

Main Steam Isolation Valves

The main steam isolation valves (MSIVs) are designed to seal the steam generators under
conditions that are sufficiently severe that radioactive isotopes may be released into the steam
system and then, by virtue of the many secondary paths to the atmosphere. The MSIVs are
located very near the containment boundary and may comprise valves inside and outside the
containment or only outside. The closing time and the flow characteristic with respect to valve
position are two features that may have an impact on the results. Both of these characteristics
affect the flow rate through the valve during the time period when the valve is closing. The
importance of this relates more to the determination of activity released to the secondary than to
the thermal-hydraulic response as the impact on the system is short-lived.
2.9.5

Turbine Control Valves

Regulation of the turbine output is accomplished by the turbine throttle or control valves that
control the steam flow to the turbine generator system. The control parameters that are used
include the demanded load, the demanded frequency, and the turbine first stage impulse
pressure..
The turbine control valve is designed to adjust steam flow to the turbine cycle consistent with the
demanded load. Therefore, if the analysis involves no changes in the demanded parameters for
the control scheme, the problem is simply to ensure that the control valve varies to cause the
appropriate response in steam flow. At a given demand, the turbine control valves will attempt
to provide the turbine with the flow to meet that demand. If the steam pressure is such that too
much or too little flow is being delivered to support the demand, then the valve will respond by
opening or closing. The control valves will move seeking to provide the correct flow until they
reach full stroke. If the steam pressure is decreasing, the control valve will open until it reaches
full stroke, but thereafter the flow will begin to drop in response to the diminishing pressure drop
across the valve.
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RETRAN-3D analyses typically focus on the steam generator or primary system response and
incur a turbine trip, either directly or indirectly from another actuation, fairly early in the
transient and the turbine control valve demand is typically not modeled.
Several problems arise when constructing a turbine control model:



Turbine control valve control schemes are electro-mechanical or electro-hydraulic
devices for which information regarding the dynamic and control characteristics may be
difficult to obtain.



The first stage turbine pressure is needed and the turbine is typically not modeled.



Where the turbine and feedwater system dynamics may have an a minor impact on the
overall system response, the modeler may have to make assumptions or approximations
regarding the behavior of these components in order to avoid modeling the entire
secondary power system.

Typically, the downstream volume of a turbine control valve is modeled with time dependent
volume boundary conditions rather than trying to simulate the turbine, downstream components
and their interaction on the turbine behavior. RETRAN-3D does have a turbine component
model, but it has received little use.
If modeling the dynamics of the turbine control valve is important, a simple model can be set up
to represent this behavior by using a constant pressure volume downstream of the turbine control
valve and then building a control model to stroke the valve to maintain the initial (demand) flow
rate subject to the limitation of full stroke.
When studying the performance of some aspect of the turbine system, such as turbine speed
response to a grid or control perturbation, then a detailed model of the control and flow
characteristics of the turbine control valve as well as the turbine are essential. For studies of this
type, the steam generator would probably be considered a fixed boundary and the focus of the
model placed on the turbine system.
2.9.6

Turbine Stop Valves

The turbine stop valves (TSVs) are designed to protect the turbine from excessive overspeed and
as such they have an extremely rapid stroke time for closing. The turbine stop valves will also
actuate in a variety of other primary or secondary situations to quickly terminate flow to the
turbine. "Tripping" the turbine is accomplished by closing the TSVs.
Modeling the TSVs is usually accomplished by including a valve in the junction between the
steam header and the turbine and closing it in a linear fashion over the valve stroke time. The
valve flow area versus stroke may not be linear, but the closure time is so rapid that
nonlinearities are not normally important or observable. Test data are normally available for the
closing time of the valves, and typical times would be from 100 to 250 msec. The valve stroke
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versus flow characteristic may be important in analyses of the turbine response to a transient
such as a load rejection where the short-term speed response is the primary parameter of interest.
2.9.7

Turbine Bypass Piping

The turbine bypass piping takes steam from the steam header (or from a cross-over pipe)
downstream of the MSIVs and upstream of the TSVs, connects to the bypass valves, then
through a breakdown orifice to reduce the pressure before the bypass flow enters the condenser.
The bypass piping is seldom modeled in PWR system transient analyses either from a volume or
a conductor standpoint because the detailed dynamics of the region are not pertinent to the
system response. Section IV.3.5.7 discusses the piping modeling in BWRs and identifies
analyses references that demonstrate the importance of modeling the bypass piping and
arrangement in the systems. While the parameters of interest in the BWR are much more
sensitive to small variations in bypass flow rates, the PWR modeler should be aware of the
situation and phenomena that will cause short-term variations in the system performance.
2.9.8

Turbine Bypass Valves

The turbine bypass valves allow steam to bypass the power conversion process and go directly to
the condenser. Typical bypass capacities may range from 25 to 100% of normal turbine flow.
The system usually includes four to ten valves that open sequentially as demanded. The bypass
system is called upon to relieve steam when the turbine load is reduced more rapidly than can be
accommodated within the steam generator and primary system and is used during startup to
control the pressure on the secondary prior to the turbine being brought on line.
The turbine bypass valves are typically represented by a flow path from the steam line to a timedependent or sink volume. When the valves open the flow will be determined by the critical
flow model, therefore the flow area and/or contraction coefficient at the valve must be adjusted
to provide the rated flow.
The valve activation and position is modeled using the control system. The use of negative fills
can be used to represent the bypass flow is discouraged because the dynamics of varying fluid
properties and pressure are difficult to include in the prescribed fill flow rate.
2.10

Power Conversion System

The power conversion system refers to the power plant steam-water cycle and its associated
components. A simplified schematic diagram of a typical system is shown in Figure IV.2-6.
The steam passing through the turbine leaves either through extraction lines or through the
turbine exhaust to the condenser where energy is rejected to the system heat sink, condensing the
steam in the process. The water thus produced is pumped from the condenser by a condensate

IV-58
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

Physical Component Modeling

Throttle
Valve

Main Steam Line

Low Pressure Turbine
High Pressure Turbine

Reheater
Moisture
Separator

Condenser

Feed Pump

Condensate
Pump
High Pressure
Feedwater Heaters

Low Pressure Feedwater Heaters

Figure IV.2-6. Power Conversion System

pump and returned to the steam generator through a feedwater pump. In passing from the
condenser to the steam generator, the fluid is heated by successive heat exchangers called
feedwater heaters, which are heated with steam from the turbine extraction lines.
The complete power conversion system or balance of plant (BOP) is typically not modeled with
RETRAN-3D because the code lack some of the component models and the equation-of-state in
RETRAN-3D is fairly inaccurate at extremely low pressures. A complete BOP model is not
recommended with RETRAN-3D, but there are some BOP components in RETRAN-3D that
were designed and implemented for BOP several years ago in hopes that RETRAN-3D could
represent the entire BOP system. So this section is presented mainly for information only if
some of the BOP components are needed for a particular analysis.
This section is intended to describe modeling considerations unique to power conversion system
applications, such as the turbine, feedwater heaters, condensers, etc.
Modeling the components described in this section is normally done only when the power
conversion system or some part of it is being specifically studied. Only in rare cases is it
necessary to couple the NSSS model to the power conversion system model. The methods
employed in RETRAN-3D to represent the phenomena in the power conversion system are such
that they will tend to execute rather slowly. Advances in numerical techniques in future versions
of RETRAN-3D will improve the speed of these models. The turbine and most of the
components containing steam have a small mass relative to the velocity; hence, they require an
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extremely small time step in order to satisfy the Courant criteria. The use of the power
conversion system models will normally be limited to rapid, short duration transients such as a
load rejection or intercept valve closure.
2.10.1 Turbine

Turbines are described in a RETRAN-3D model representation as ordinary volume nodes
connected by junctions. A complete turbine module consists of a series of connected "stage
groups", where stage groups are defined as the sections of a turbine in between extraction points.
Since one of the objectives of the turbine description is to predict the fluid enthalpy at the
extraction points, it is convenient to assign one volume node to each stage group. Determining
the appropriate values for the volume description (volume, area, and length) of the turbine nodes
can be difficult. It is possible to estimate values of these parameters from cross-sectional
drawings of the turbines; however, it is not clear that good geometrical information is generally
available.
There may be more than one actual turbine stage within a stage group. The number of stages in
each group depends on each particular turbine design. This information regarding turbine
configuration is required for model definition.
Two different kinds of data are required by the turbine input data cards in order to model a given
turbine:




thermal and hydraulic data, and
geometric data.

The thermal and hydraulic data are required to initialize the state conditions on the stage group
and to establish the design value of turbine efficiency. These data consist of the design values of
pressure, enthalpy, and flow rate and are generally available from the plant design heat balance.
These data defined for the conditions at the turbine inlet provide a starting point for the turbine
efficiency calculation that follows the h,s expansion line through the turbine from inlet to outlet.
Next the design values of pressure and enthalpy and flow rate must be defined for each stage
group where pressure and enthalpy are those of the stage group exhaust (extraction line)
conditions.
The geometric parameters consist of nozzle and blade angles and loss coefficients. The actual
values of these parameters may also be difficult to identify for a given turbine. They are not, in
general, made available by turbine vendors. Default values have been included in RETRAN-3D
for general application in the event that this information is unavailable for particular cases. The
default values are based on textbook examples of turbine configurations presented by
Salisbury.[IV.2-10]
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2.10.2 Feedwater Heaters

Feedwater heaters transfer heat from extraction steam to the condensate/feedwater as it passes
from the condenser to the steam generator. In order to describe the energy removal from the
extraction steam and its addition to the feedwater, a feedwater heater model in RETRAN-3D
must define the heat exchange to occur between the appropriate volume nodes.
A feedwater heater model is constructed with RETRAN-3D by using a two-sided heat conductor
to the two volume nodes representing the primary and secondary sides of the heat exchanger.
The secondary side of the heat exchanger may contain more than one heat transfer regime,
depending on the state conditions of the fluid entering and leaving the device. For example, if
the entering fluid is super-heated and the heat transfer rate is high enough to produce subcooling
in the exiting fluid, then the secondary-side heat transfer occurs over three different flow
regimes, namely, convection to steam, two-phase condensation, and convection to liquid. To
capture this effect, it is necessary to split the heat exchanger into three volume regions in the
direction of flow. An example of such a heat exchanger model is shown in Figure IV.2-7.
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Figure IV.2-7. Feedwater Heater Model
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Plant feedwater heater trains are often divided into parallel flow paths with multiple heat
exchangers operating in parallel at each stage. In the RETRAN-3D model, the heat exchangers
connected in parallel may be lumped together rather than represented as separate parallel flow
paths if information about each path is not needed.
There is a model in RETRAN-3D to initialize with the correct energy exchange across the
feedwater heater (Card 240XXY). This is accomplished by adjusting the heat conductor surface
areas. During the transient, feedwater heaters are treated the same as any other volumes or
conductors. There is not a "special" feedwater heater model.
2.10.3 Condenser

The condenser exchanges heat between the steam from the turbine exhaust and the circulating
water system. Modeling a condenser is similar to modeling a feedwater heater except that the
heat sink fluid is not interconnected with the plant cycle. The flow chain on the cooling water
side is usually described as an open loop deriving from a fill junction and terminating in a timedependent volume. Since there is no possibility of superheat in the turbine exhaust steam, axial
nodalization may be confined to two volumes. An example of a condenser model is shown in
Figure IV.2-8.
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Figure IV.2-8. Condenser Model
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2.10.4 Pumps

The condensate train of most power plants contains at least two sets of pumps operating in series.
The first is the condensate pump that transfers water from the condenser to the condensate
system raising the liquid pressure above atmospheric. The feedwater pump raises the pressure,
again, and injects the feedwater into the steam generator.
Feedwater flow and enthalpy response can have a significant effect on the overall system
behavior in many transients. Modeling approaches that result in the use of boundary conditions
to account for some of these parameters should be carefully evaluated. Modeling these pumps
requires incorporating their performance characteristics into the input data in the same manner as
any other pump.
2.10.5 Piping and Valves

Balance of plant piping modeling is straightforward given sufficient design information in the
form of construction drawings or a suitable schematic that contains dimensions, i.e., pipe
diameters, lengths, and elevations. There is no explicit prescription for deciding on nodalization
boundaries. Valves, heat exchangers, pumps, and tanks will be appropriate boundaries. For
most applications, runs of pipe between major components can be described adequately by a
single volume node. The guidelines presented in Chapter II should be used to develop the
geometry parameters for the volumes and junctions.
There are two valves in balance of plant systems that exert an important influence on the NSSS
dynamic behavior: the turbine throttle valves and the feedwater flow control valves. There are
numerous other valves and controls in the power conversion system. These include valves on
each feedwater heater to control level, the intercept valves, extraction isolation valves, feedwater
heater bypass valves, feedwater pump turbine control valve, and so on. The need to represent the
valve explicitly within a RETRAN-3D model depends on the detail needed. The performance
characteristics of the valve can often be incorporated into a control block model. This can
simplify the hydraulic model while simulating its characteristics. The turbine control valves
were discussed in Section IV.2.9.5.
When a valve is to be represented explicitly, i.e., between two nodes, the modeler must input the
valve coefficient as a function of valve position. The valve coefficient can be converted to a loss
coefficient for use in RETRAN-3D. The junction loss coefficient can be varied as a function of
the valve position using the junction option that allows the loss coefficient to be determined from
a control block output.
2.11

Auxiliary and Safety Systems

This section discusses a number of fluid systems that may be modeled depending on the transient
and associated assumptions. There are other systems that may need to be represented on
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occasion. The systems are discussed in the following sections as though they will always be
modeled on a phenomenological basis. For many transients, particularly those involving
comparisons with data or those to hold a boundary consistent with the data while looking at the
remainder of the response, a time-dependent fill table is adequate and certainly the simplest to set
up.
A detailed model of these systems, using volumes, junctions, valves, etc., is normally not used
with a system transient analysis model. A stand-alone model of the auxiliary or safety system
can be set up in complete thermal-hydraulic detail and the performance characteristics developed
for use as a boundary function in the system model.
2.11.1 Auxiliary Feedwater

The auxiliary feedwater (AFW) system is designed to provide feedwater to the steam generators
when the main feedwater system fails. The AFW system typically comprises two or three pump
trains, two motor driven and one steam driven, to provide redundancy and diversity in the
system. Some systems will be designed such that all of the trains discharge to a common header
before being directed to each steam generator, while others will direct the flow from one train to
a specific steam generator.
The auxiliary feedwater system will need to be modeled for many system transient studies. The
AFW system model may vary from a simple fill with a constant flow rate and enthalpy to a
complete representation of the components in the system, including the pumps, valves, piping,
and controls. The model at the simple end of the spectrum might be used when making
conservative assumptions to evaluate the response of the system if the AFW is at one of its
bounds, i.e., maximum capacity or minimum capacity. The complex end of the modeling
spectrum might be used to determine exactly how the AFW system would perform, such as in a
feedwater line break where the piping and component arrangement is important in the
determination of how much AFW goes out the break.
Typically the simple approach is used with the appropriate trips, delays and/or control system to
define the flow and enthalpy through a fill junction.
The AFW actuation parameters may include loss of main feedwater, low level in the steam
generator, or other combinations of secondary parameters. The actuation of the AFW can be
modeled using the trip logic capabilities in RETRAN-3D (Card 04XXX0). AFW control
schemes are usually based on controlling the steam generator level. The pump flow/head
characteristics can be included via a function generator control block. If the pump speed is
variable, its influence can also be represented based on the affinity law assumption that the head
is proportional to the speed squared and the flow is proportional to the speed.
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2.11.2 Chemical and Volume Control

The chemical and volume control system (CVCS), or makeup and letdown as it is called in some
plants, are responsible for maintaining the inventory in the primary system within normal ranges.
Most plants use a continuous letdown at a certain rate while controlling pressurizer level with the
makeup flow rate. The CVCS also provides the primary water chemistry function and is the
vehicle for changing the primary system soluble boron concentration.
The CVCS is important for many transients where there is a long pre-trip period or where no trip
occurs. Transients that involve small leaks that call upon the CVCS to try to maintain level need
a model of some form for the system. The same thing can be said for a transient that causes a
slow but steady insurge.
The CVCS and its control scheme can normally be represented via the RETRAN-3D control
block capability. In much the same way as was discussed in the AFW section, the CVCS
function and performance characteristics can be included without making the RETRAN-3D
thermal-hydraulic model too complicated. The makeup side of the system would be represented
by a positive fill, which where the flow is defined by controlled by control blocks that represent
the control algorithm pressurizer level control algorithm. On the letdown side, the letdown can
be modeled using a standard junction to a volume with fixed conditions (a pressure sink) or a
negative fill. In most plants, a valve will isolate letdown if a safety injection signal occurs.
2.11.3 High Pressure Injection

The function of the high pressure injection (HPI) system is to restore the fluid inventory in the
primary system in the event of a leak or a cooldown so severe that the CVCS cannot handle it.
The high pressure injection system may be part of the CVCS or it may be a completely separate
system, depending on the plant. The discharge capability of the pumps will also vary from plant
to plant.
The HPI system is usually represented by a pressure-dependent fill. Assumptions regarding the
operation of the HPI system such as the number of pumps running, the alignment of the valves,
and perhaps a single failure will be defined and the performance characteristics of the system
studied in a separate code (probably a steady-state hydraulics code) to determine the system
flow/head characteristics for the assumed configuration. The resulting pressure versus flow
curve will be input to RETRAN-3D as a fill boundary condition. Since the HPI system is a
safety system, the capability of the pumps to deliver the design flow rate is tested during startup
and periodically thereafter. For best-estimate analysis, the plant test data showing the actual
performance of the system should be used.
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2.11.4 Low Pressure Injection

The low pressure injection (LPI) system has substantially more flow delivery capability than the
HPI but can deliver flow only at very low pressures, typically less than 300 psig. The LPI pumps
and parts of the system may also be used for the residual heat removal system. Modeling of the
LPI system follows the same guidelines as those given previously for the HPI system.
2.11.5 Accumulators

The accumulators (core flood tanks or safety injection tanks) are tanks charged with nitrogen that
will discharge into the primary system should the pressure drop below 600 psig. The system is
passive and is intended to provide fluid to the system and core quickly following a large loss of
coolant accident. During normal startups and shutdowns, the accumulators are isolated so they
do not automatically discharge.
In RETRAN-02 accumulators were occasionally modeled using the bubble rise model to separate
the volume, along with the thermodynamic option that allows air to be included as an
overpressure in a subcooled volume. The volume is initialized at the set pressure of the
accumulators and a valve is located in the junction to act like the check valves in the system until
the downstream pressure drops below the tank pressure.
While this approach may at first glance seem to be reasonable since it includes an air (or
noncondensible gas) head, it is a poor modeling approach since the underlying thermal
equilibrium assumption leads to hand over estimation of the pressure. In reality, once the check
valve allows flow out of the pressurizer, the level drops as the gas region expands. This should
result in a decrease in the temperature of the gas region, which would give a lower pressure.
Owing to the equilibrium thermodynamic assumption associated with the HEM pressure search,
energy is effectively removed from the liquid region to raise the gas temperature to the saturation
temperature corresponding to the total pressure. The higher pressure will also lead to a higher
injection flow rate, which is not accurate and probably is not conservative.
RETRAN-3D has a self contained accumulator model that accounts for the expansion of the
nitrogen cover gas. The model also accounts for heat transfer from the gas region to the vessel
walls and liquid region. The gas used in the cover space is defined using the noncondensible gas
composition data card 010010 and the accumulator data card 620XXX, which defines the initial
level, the vessel wall thickness and the volumetric heat capacity of the wall material. The
accumulator vessel is assumed to be a right circular cylinder with spherical ends.
The model uses a gas region energy equation along with the mixture mass and energy equations
that are used to track changes in the liquid region. The mass inventory of the gas region remains
constant until the liquid drains. At that point the volume is treated as a noncondensible gas only
volume and the mixture mass and energy equations are used to track changes in the gas mass.
The second energy equation allows separate temperatures in the gas and liquid regions of the
accumulator. Use of this model is presented in Section III.7.7.
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2.11.6 Residual Heat Removal

The residual heat removal (RHR) system removes the decay heat from the plant after it has been
shut down and cooled down via the steam generators. The RHR system will begin operation at
300 to 400 psig and approximately 350ºF. This system is seldom modeled because its only
function is during startup and shut-down. The system can be modeled in a functional manner
using control blocks or represented more completely using RETRAN-3D's capabilities to model
pumps, valves, heat exchangers, etc., as part of the thermal-hydraulic system.
2.12

Safeguards Actuation Systems

The reactor protection system (RPS) and the safety features actuation system (SFAS) are two of
the major safeguards actuation systems. The terminology may differ slightly from plant to plant
and there may be other safety-related systems that are automatically actuated, such as the
auxiliary feedwater system. The actuation of the following safety systems can be modeled to
varying degrees depending on the transient being studied:







reactor scram (trip),
turbine trip,
emergency core cooling,
containment safeguards, and
auxiliary (emergency) feedwater.

Modeling the actuation of these systems follows the same pattern in each case. The trip
capability in RETRAN-3D (Card 04XXX0) allows parameters to be tested against a high or low
threshold. This test can then be used to activate or deactivate a system. Most trips are a
straightforward application of a threshold such as reactor scram on high pressure or initiate AFW
on low steam generator level. Other trips may involve logic such as initiate safety injection on
low steam generator pressure coincident with high steam line flow. Still others may involve a
functional relationship such as the over temperature delta temperature reactor trip.
The threshold for each of the trips will typically be found in the plant technical specifications.
For many analyses, complete knowledge of the instrument and conditioning system which
provides the signal and the manner in which the trip is actually set in the plant is required. The
response time from sensing to actuation is a key parameter and is also defined in the technical
specifications and tested in the plant. The FSAR or technical specification limits may be
adequate for many transient analyses, but for studies of actual plant response or realistic
evaluations, the actual instrument and conditioning system and the actuation arrangement should
be thoroughly understood. The best source of specific information on the actual characteristics,
setpoints, and tolerances for the instrument and actuation systems is the responsible instrument
technician at the plant.
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2.13

Control Systems

Plant control systems are designed to detect deviations from parameter setpoints and provide
feedback signals that will return the parameter to its normal conditions. In some cases, the
corrective action anticipates the deviation. In general, fluid temperatures, pressures, flows, and
levels are monitored and controlled as well as the neutron flux level.
Typical PWR control systems include reactor control (rods, boron), primary coolant pressure
control, primary coolant volume control, steam dump (turbine bypass) control, feedwater control,
and turbine control. Appendix A of the RASP PWR Event Analysis Guidelines [IV.2-11]
provides a functional description of the control systems commonly used for PWR systems.
The use of RETRAN-3D control blocks is not limited to plant control systems. The blocks may
also be used to prepare combinations of parameters for editing, units conversion and to perform
other special functions as may be necessary. Control systems referred to in RETRAN-3D terms
are a collection of control and input blocks connected together to perform a function. This may
be to simulate a plant control system or merely a calculation of interest. Because of the
versatility of the RETRAN-3D control system and the number of component characteristics they
can define, they are used for many other things than plant control systems.
When modeling controls with RETRAN-3D, system parameters from the thermal-hydraulic
simulation are processed and used to control the appropriate parameter in the thermal-hydraulic
system. Figure IV.2-9 illustrates the steps in the general scheme of taking information from the
thermal-hydraulic model, processing it, and returning a feedback action.

System
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Model

Controls
Model

Hardware
Model

Controlled
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Pressure, Temperature,
Flow, Power, Etc.

Ranging, Scaling,
Compensation

Logic, Gains, PID,
Limits, Etc.

Valve Actuators,
Valves, Pumps,
Tanks, Etc.

Reactivity, Flow, Etc.

Figure IV.2-9. Schematic of Control System Block Functions

All of the minor edit variables are available for use in the control models. This list includes the
parameters normally used for monitoring and controlling the plant as well as a wide variety of
other physical parameters. The first step in the modeling process, selecting the system
parameters, such as hot leg temperature or steam flow rate, is well defined. However, the
locations of the instruments must be known in order to choose the proper nodal or junction
parameters for use in the control scheme. The location of the instruments and their importance
to the outcome of the transient may also dictate the noding in the model. For example, consider
a thermal transient where the temperature in a long pipe is being used for control. If the response
of the long pipe is sufficiently quick, a single node may be adequate. However, if the thermal
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response is sufficiently slow that there is a difference between the response as a whole and the
response at the sensor location, then additional noding detail is in order. The system parameters
in the control model must reflect what is actually being measured by the instrument system. In
some cases, it may be advantageous to use a parameter that is not exactly what the instrument is
measuring and then perform some adjustments to it within the instrument model.
The second step in the modeling of control systems is the processing of system parameters;
pressure, flow, etc., so they reflect the characteristics of the instrument system. In this step, the
following characteristics should be considered:






the time response characteristics of the instrument and signal conditioning system;
calibration of the instrument, particularly the way in which off-nominal conditions may
affect the accuracy or response;
the instrument range; and
the instrument output scaled from the physical units to voltage, current, air pressure, etc.,
for use by the control system. Nonlinearities may also exist in the instrument output.

The signal does not need to be scaled to the operating units of the actual controller if physical
units are used throughout the model. There are advantages to both approaches. Use of physical
units allows a direct check of outputs for a given signal error. Scaling to control units provides
information directly from the controls setup and calibration documentation, as well as giving
intermediate signals within the control system. This can be valuable for plant data that include
key intermediate control signals (perhaps in voltages), which can be compared with the
predictions of the model. Using the internal control units allows the use of limits, gains, biases,
etc., exactly as they are set in the plant.
The next step involves the modeling of the control components themselves, the logic, gains,
proportional plus integral devices, dynamic compensation, limiters, etc. The digital logic within
a control system may be represented by using trips (Card 04XXX0) or by using a control block
with the gains and limits such that it is effectively a digital device. Each way of representing
digital logic may be more efficient, depending on the configuration. One should probably avoid
taking parameters from a control system, performing digital tests on them via trip cards, and
returning them into the control scheme. While this approach is completely valid, it can become
difficult to debug with so many interfaces in and out of the control blocks. For the RETRAN-02
control system solution (optionally available in RETRAN-3D), the order of calculation can also
cause some difficulties in this case because the triggering of the trip may not be based on the
block value from the same time step as the rest of the control block information. RETRAN-3D
has a default iterative solution method for the control systems that removes concerns regarding
ordering.
Details related to the solution of the control system equations, including limitations and special
considerations are given in Section III.7.10, which also includes initialization requirements and
considerations.
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2.13.1 Plant Control Systems

Simplified analog and digital diagrams may be used to develop control system models for
RETRAN-3D, such as those shown in Appendix A of the RASP PWR Event Analysis
Guidelines [IV.2-11] or in the FSAR, or the detailed wiring and logic diagrams for the particular
system being represented may be used. The use of basic electrical diagrams may seem
somewhat difficult at first, but with perseverance and assistance from an instrument technician at
the plant, they can be mastered. Basic control system information is far preferable to simplified
figures because:





all interactions that may affect a certain control string can be examined. Items such as
interlocks, manual-auto effects, and the like may be evaluated specific to the use of the
control system in RETRAN-3D;
the specific configuration, logic, and constants for the plant and control system being
modeled are used; and
the influence of particular hardware components such as amplifiers and integrators when
they are being operated at or outside their proper current or voltage ranges can be
evaluated.

The extent of the hardware to be simulated via control blocks depends on the choices made
regarding the scope of the thermal-hydraulic model and the parameter that will be controlled in
the thermal-hydraulic model (the last two blocks on Figure IV.2-9). For example, if the
feedwater flow is controlled by the position of a control valve, the valve coefficient may be
controlled by controlling the junction loss coefficient (see Table IV.2-1) and the system around
the valve can be modeled with RETRAN-3D nodes, junctions, and pumps. An alternative is to
represent the relevant system components via control blocks and provide the feedwater flow rate
to the RETRAN-3D thermal-hydraulic model as a flow boundary. The choice of how to divide
the modeling between the RETRAN-3D thermal-hydraulic system and control blocks depends on
the range of simulation and the extent to which simplifying assumptions can be made. Using the
above example, if the pressure on the upstream side of the valve were relatively constant, then
the downstream pressure could be used to calculate the flow across the valve. This would
simplify the model by eliminating nodes upstream of the valve. If, on the other hand, the
upstream pressure varied because of feedwater pump behavior and piping losses, then a
RETRAN-3D thermal-hydraulic representation could be necessary. When using models
prepared by others as a guide, be cautious regarding simplifying assumptions that may be
inherent in the source model.
The control signals are sent to hardware devices to vary such things as air pressure on a control
valve diaphragm or voltage to a solenoid. A complete understanding of the actuation system will
help to determine the extent to which it should be represented. The dynamic characteristics,
nonlinearities, dead bands, etc., of the actuation system should all be considered when preparing
the model from the control signal to the interface with the thermal-hydraulic model.
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The parameters that may be controlled via a control block are illustrated on Table IV.2-1 along
with typical uses for these in the realm of PWR control systems. Some of the parameters have
no relationship to controlled system parameters but are useful because they enhance the
flexibility of RETRAN-3D in modeling a wide range of situations.
PWR Steam Generator Level Control System
As an example of a PWR steam generator level control system, consider the Westinghouse
functional block diagram of a feedwater control system shown in Figure IV.2-10, which is
reproduced from the RASP PWR Analysis Guidelines. Although this figure presents a good
overall functional logic description of the system, it does not have adequate detail for a
RETRAN-3D model. Thus, an immediate requirement is the need for more information.
Although sometimes difficult to obtain, the specific details should be obtainable from vendor
system descriptions and/or plant personnel. Once the control system detail has been obtained, a
RETRAN-3D PWR feedwater control system to maintain steam generator level may end up
similar to that shown in Figure IV.2-11.
Control System Inputs
Figure IV.2-11 consists of 22 consecutively-numbered RETRAN-3D control blocks. The inputs
are four RETRAN-3D minor edit parameters: system power or pressure, volume level, feedwater
flow, and steam flow. Except for the system power/pressure, these inputs directly correspond to
the inputs shown in Figure IV.2-10. The fourth input in Figure IV.2-10 is the turbine first stage
pressure, which is normally not calculated in a RETRAN-3D system model. However, the
turbine first stage pressure can be related to other system parameters such as turbine steam flow,
system power or system pressure. In Figure IV.2-11, it is assumed that this relationship has been
determined and is modeled as a function generator shown as Control Block -2. The output of
Control Block -2 thus simulates the turbine first stage pressure, which is also related to the
system load.
Three other inputs are utilized with Control Blocks -15, -17, and -18. These are part of the
manual/auto transfer station model and are discussed later in this section.
Control System Output
The output of the control system is a single parameter: the time-dependent junction area,
AJUN(t), calculated by Control Block -22 and passed to a RETRAN-3D valve card representing
the feedwater valve. Note that the final control output is directly coupled to the control input
through the feedwater flow, which is equal to feedwater flux times AJUN(t). The output is
indirectly coupled to the other inputs through the RETRAN-3D transient solution.
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Table IV.2-1
Parameters that may be Controlled in RETRAN-3D PWR Models

Parameter

Uses in PWR Systems

Reactivity

Rod control
Boron
/ feed and bleed
/ safety injection
Miscellaneous feedback

Fill flow and enthalpy

Positive

Fill pressure and enthalpy

Feedwater
Pressurizer spray
Injection systems

Time Dependent Volume Properties

Containment
Turbine

Valve area

Relief valves
Safety valves
Check valves

Junction loss coefficient

Spray control valve
Feedwater control valve
Turbine control valve
Special check valve

Trip

Special protection system function such as the
reactor protection system OTDT function

Bubble gradient and velocity

Special separation models (not controls related)

Pump motor torque or speed

Variable speed pumps / feedwater, charging, etc.

Core power

Specific power function (may or may not be
controls related)

Heat transfer coefficients

Specific function (may or may not be controls
related)

Nonconducting heat exchanger

Pressurizer heaters or other specific function

Separator performance

Specific function (may or may not be parameters
controls related)

Junction Inertia

Separator outlet flow performance

/Main feedwater
/ Auxiliary feedwater
/ Makeup
/ Pressurizer spray
/ Injection systems

one-dimensional or three-dimensional kinetics cross sections
absorption cross section

Influence of Boron on
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Turbine First Stage Pressure

Steam
Generator
Level

Level
Set
Point

Load

Steam Generator
Level Controller

Steam
Flow Feedwater
Flow

Steam/Feedwater
Flow Controller

Manual/Auto
Transfer Station

Steam Generator
F.W. Control Valve

Figure IV.2-10. Westinghouse Functional Block Diagram of Feedwater Control System
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Sensor Dynamics
In a power plant, inputs to control systems are provided by sensors that are electromechanical
devices to measure such parameters as power, pressure, temperature, and flow. In Figure
IV.2-11, the dynamics of the sensors for the four system inputs are represented by LAG control
blocks numbered -1, -4, -9, and -10. The use of LAG control blocks may not always be an
accurate representation of the sensor dynamics and in many models the sensor dynamics are not
included. The plant-specific sensor dynamics must be determined and evaluated relative to their
importance in the control system model.
Level Setpoint
The level setpoint is calculated using a RETRAN-3D function generator (FNG), Control Block 3 in Figure IV.2-11. All FNG blocks in RETRAN-3D refer to specific user-provided general
data tables that define a tabular relationship between the input (independent variable) and the
output (dependent variable). In this case, the system load from Control Block -2 is the input and
the level setpoint is the output.
Corrected Level
In Figure IV.2-11, the actual or corrected level is calculated as the output from Control Block -5.
A function generator is utilized to provide a template or mapping between the RETRAN-3Dcalculated level and the true level in the region. This template compensates for the
simplifications that are normally employed in modeling the complex geometry in the region
where the level calculation is desired. The relationship between RETRAN-3D-calculated level
and the actual level is determined by the user.
Steam Generator Level Controller
The steam generator level controller block in Figure IV.2-10 is represented by Control Blocks -6,
-7, and -8 in Figure IV.2-11. Control Block -6 simply provides the difference between the
desired level (output from Control Block -3) and the actual level (output from Control Block -5).
This difference is the unfiltered level error. Control Blocks -7 and -8 simulate a
proportional/integrator (PI) controller. The PI controller filters the level error from Control
Block -6 thereby producing a less erratic output, which serves to reduce steady-state noise.
Realistic minimum and maximum values for the integrator block (Control Block -7) should be
supplied.
Steam/Feedwater Flow Controller
The steam/feedwater flow controller block in Figure IV.2-10 is simulated in Figure IV.2-11 by
Control Blocks -11, -12, -13, and -14. Control Block -11 determines the difference between the
steam flow and the feedwater flow. This difference is the steam/feed mismatch. This mismatch
is added in Control Block -12 to the filtered level error from Control Block -8 to yield the total
error signal. The total error signal thus represents the imbalance between the actual level, the
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desired level, the steam flow, and the feedwater flow. This total error signal is then processed by
another PI controller (Control Blocks -13 and -14) to again eliminate steady-state noise. Setting
the integrator initial value in the PI controller to the desired initial steady-state flow provides a
filtered flow demand signal as the output of the PI controller.
Manual/Auto Transfer Station
The manual/auto transfer station (MATS) block in Figure IV.2-10 is simulated by Control
Blocks -15, -16, -17, -18, and -19 in Figure IV.2-11. Its purpose is to provide manual operator
override on the automatic level control system. The MATS blocks in Figure IV.2-11 rely on
several additional inputs. TRIP X is the minor edit input that provides the status of a RETRAN3D trip having IDTRP = X. The RETRAN-3D value of the minor edit TRIP stored internally is
1 if the trip is activated and 0 if the trip is not activated or if it has been reset. Thus, TRIP
provides a convenient means to model the switching from an automatic to a manual mode of
operation or vice versa. Control Blocks -15, -16, -18, and -19 are used to calculate the correct
state of the switch and pass the correct signal, i.e., either the automatic-mode signal or the
manual-mode signal. In this example, the manual-mode signal is provided as the output of a
function generator, Control Block -17. Other means of simulating an operator action are possible
and should be selected to meet the needs of the transient scenario.
It is easy to verify that the MATS blocks in Figure IV.2-11 do indeed correctly model a MATS
switch. For example, if TRIP X is not activated, its value is 0, the output of Control Block -16 is
1, and the output of Control Block -18 is 0. Thus, the control system calculated error signal is
passed as the output of Control Block -19. Similarly, if TRIP X is activated, the output of
Control Blocks -15 and -16 is 0 and the output of Control Block -19 is the manual mode signal
coming from Control Block -17 and passed through Control Block -18.
Feedwater Valve Characteristics
The steam generator feedwater valve block shown in Figure IV.2-10 is simulated by Control
Blocks -20, -21, and -22 and a RETRAN-3D valve card to connect the final control system
output to the RETRAN-3D thermal-hydraulic model. The control blocks represent the feedwater
valve characteristics and dynamic response. These blocks can simply be interpreted as a
velocity-limited lag. The VLM block is necessary to model in a finite way the maximum rate at
which any mechanical system can respond. The minimum and maximum outputs of the VLM
should be limited to correspond to the physical limits of the valve, i.e., fully open and fully shut.
Lastly, the initial steady-state position of the valve should be input as the bias on the integrator,
i.e., set CIC for Control Block -21 equal to the desired initial valve area.
Required Control System Information
A substantial amount of information is required to construct the RETRAN-3D input for the
control system depicted in Figure IV.2-11. Table IV.2-2 summarizes the information that would
be required for this specific control system. No attempt is made to provide values for the
parameters as these should be obtained on a plant-specific basis. However, to facilitate easier
understanding of the steady-state and dynamic response of the control system, it is recommended
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Table IV.2-2
Summary of Input for the PWR Steam Generator Level Control System Example

System Power or System Pressure Sensor Dynamics
Control Block -1, LAG
t
= n lag time constant for system power or system pressure sensor dynamics (seconds).
G
= output gain for sensor dynamics (dimensionless).
CIC = initial steady-state output (normalized power or psi).
Turbine First Stage Pressure
Control Block -2, FNG
m
= RETRAN-3D data table number for turbine first stage pressure versus system
power or system pressure (dimensionless).
G
= table output gain (% load).
CIC = initial steady-state table output load.
Level Setpoint
Control Block -3, FNG
m
= RETRAN-3D data table number for level setpoint versus load (dimensionless).
G
= table output gain load).
CIC = initial steady-state table output (% load).
Level Sensor Dynamics
Control Block -4, LAG
t
= lag time constant for level sensor dynamics (seconds).
G
= output gain for level sensor dynamics (dimensionless).
CIC = initial steady-state level sensor output (inches).
Level Template
Control Block -5, FNG
m = RETRAN-3D data table number for actual level versus RETRAN-3D-calculated
level (dimensionless).
G
= table output gain (dimensionless).
CIC = initial steady-state table output (inches).
Level Error
Control Block -6, SUM
CP1 = 1.0, input gain on level setpoint output (dimensionless).
CP2 = -1.0, input gain from actual level output (dimensionless).
G
= output gain for level error signal (%/inch).
CIC = 0.0, initial steady-state output (%)
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Table IV.2-2 (Cont'd)

PI Level Error Controller
Control Block -7, INT
G
= integrator gain (dimensionless).
CIC = 0.0, initial steady-state integrator signal (dimensionless).
Control Block -8, SUM
CP1 = input gain from level error integrator output (dimensionless).
CP2 = input gain from level error output (dimensionless).
G
= output gain for PI level error controller (dimensionless).
CIC = 0.0 initial steady-state PI level error output
Feedwater Flow Sensor Dynamics
Control Block -9, LAG
t
= ag time constant for feedwater flow sensor dynamics (seconds).
G = output gain for feedwater flow sensor dynamics (dimensionless).
CIC = initial steady-state feedwater flow sensor output (lbm/sec).
Steam Flow Sensor Dynamics
Control Block -10, LAG
t
= lag time constant for steam flow sensor dynamics (seconds).
G = output gain for steam flow sensor dynamics (dimensionless).
CIC = initial steady-state steam flow sensor output (lbm/sec).
Steam/ Feed Mismatch
Control Block -11, SUM
CP1 = 1.0, input gain on steam sensor output (dimensionless).
CP2 = -1.0, input gain on feed sensor output (dimensionless).
G = output gain for steam/feed mismatch (%/lbm/sec).
Total Error Signal
Control Block -12, SUM
CP1 = 1.0, input gain on PI level error controller output (dimensionless).
CP2 = 1.0, input gain on steam/feed mismatch output (dimensionless).
G = output gain for total error signal (dimensionless).
CIC = 0.0, initial steady-state total error signal (%).
CIC = 0.0, initial steady-state steam/feed mismatch (%).
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Table IV.2-2 (Cont'd)

PI Flow Demand Controller
Control Block -13, INT
G = integrator gain (dimensionless).
CIC = 100.0, initial steady-state integrator output.
Control Block -14, SUM
CP1 = input gain from PI flow integrator output (dimensionless).
CP2 = input gain from total error signal output (dimensionless).
G = output gain for PI flow demand controller (dimensionless).
CIC = 100.0, initial steady-state flow demand.
Manual/Auto Transfer Station
Control Block -15, SUM
CP1 = -1.0, input gain on TRIP X (dimensionless).
CP2 = 1.0, input gain on CONS (dimensionless).
G = 1.0, output gain (dimensionless).
CIC = 0.0, initial steady-state automatic-mode output.
Control Block -16, MUL
G = 1.0, output gain (dimensionless).
CIC = 100.0, initial steady-state automatic-mode output.
Control Block -17, FNG
m = RETRAN-3D data table number for manual feedwater/level control
(dimensionless).
G = output gain for manual feedwater/level control table.
CIC = initial steady-state output for manual feedwater/level control table (% flow).
Control Block -18, MUL
G = 1.0, manual-mode output gain (dimensionless).
CIC = 0.0, initial steady-state manual-mode output.
Control Block -19, SUM
CP1 = 1.0, input gain on automatic-mode signal (dimensionless).
CP2 = 1.0, input gain on manual-mode signal (dimensionless).
G = 1.0, output gain on MATS (dimensionless).
CIC = 100.0, initial steady-state MATS output.
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Table IV.2-2 (Cont'd)

Feedwater Valve Characteristics
Control Block -20, SUM
CP1 = 1.0, input gain on MATS output (dimensionless).
CP2 = -1.0, input gain on feedback signal (dimensionless).
G = output gain (dimensionless).
CIC = 0.0, initial steady-state output.
Control Block -21, INT
G = 1.0, integrator gain (dimensionless).
CIC = 100.0, initial steady-state integrator output.
Control Block -22, VLM
G = 1.0, velocity-limiter output gain (dimensionless).
Vup = maximum opening rate (%/sec).
Vdown =
maximum closing rate (%/sec).
CIC = 100.0, initial steady-state valve position.
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that all inputs and outputs be converted to normalized units as early as feasible through the
proper selection of control block input and output gains.
2.14

Containment

The containment structure encloses the reactor system and is the final barrier against the release
of radioactive fission products in the event of an accident. Therefore, the containment structure
must be capable of withstanding the pressure and temperature conditions resulting from
postulated primary system LOCAs and main steam line breaks. Calculations must show that
equipment having post-accident safety functions is environmentally qualified for the resulting
conditions and that the containment design limits will not be exceeded. As with many licensing
calculations, a large number of assumptions are made that are intended to ensure that the analysis
is conservative. In general, assumptions that increase the mass and energy release to the
containment are conservative, as are assumptions that decrease the heat removal from the
containment atmosphere.
Licensing containment analysis should be performed with computer codes developed especially
for that purpose, such as GOTHIC or the CONTEMPT code series. However, mass and energy
releases to the containment have to be input to these codes, and these values are normally
obtained from system thermal-hydraulic codes similar to RETRAN-3D.
In RETRAN-3D models, the containment is usually modeled with a time dependent volume
defining the pressure. Any coolant system or steam line breaks within the containment will
change the containment pressure and thus the break back pressure. The break flow will
originally use the critical flow model, but eventually the RCS or steam generator pressure will
drop so the break flow will be determined by the normal flow equation solution and will be
dependent on the containment back pressure.
The containment backpressure can be approximated by RETRAN-3D by using a normal volume
supplying the correct containment volume size with humid air. Most of the mass and energy will
be released to the containment during the choked flow period. However, if an accurate
containment back pressure is needed, a code that specializes in containment modeling should be
used with the RETRAN-3D mass and energy release results. This back pressure computed by
the containment code should then be used to specify the containment pressure through a timedependent volume. Iterations between RETRAN-3D and the containment code can be made to
make further containment pressure refinements.
If conservative mass and energy release is desired, a constant containment pressure can be
assumed.
3.0

BWR COMPONENTS

The BWR nuclear system is designed so that feedwater enters the reactor vessel, mixes with
water in the vessel, and is pumped through the reactor core to form steam. This steam passes
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directly through the steam lines to the turbines. The balance of plant employs a conventional
cycle in which condensed extraction steam from the turbines goes to the condenser. This
condensate is then pumped back to the reactor vessel as feedwater.
The modeling aspects of each of the components and systems shown in Table IV.2-2 are
included in this section.
Four typical BWR system nodalization diagrams are illustrated on Figure IV.3-1 through Figure
IV.3-3. Figure IV.3-1 from Reference IV.3-1 was developed to be used for studies of how power
may be controlled by water level during ATWS events. Hence, there are more nodes in the
downcomer, bypass, and upper plenum than would normally be found, as seen in the other
figures. Figure IV.3-4 from Reference IV.3-2 was used for licensing calculations where the onedimensional kinetics model was used for the core. Figure IV.3-2 from Reference IV.3-3 was
used for core reload design and analysis. Figure IV.3-3 from Reference IV.3-4 was used to
evaluate high pressure setpoint changes for the Oyster Creek nuclear generating station.
3.1

Core Region

The core region as used herein and the components associated with the region include everything
between the lower core support plate and the top guide plate and radially out to the core shroud.
Within this region the components are similar for all BWRs, although variations in detailed
design features will be seen. The core region is organized into the eight subdivisions on Table
IV.2-2.
3.1.1

Fuel Assemblies

This section discusses the volume, junction, and heat conductor input data that are derived from
fuel assembly characteristics. Power generation in the fuel is discussed in Section IV.3.1.6.
The fuel assemblies in a BWR are composed of a fuel bundle enclosed by a Zircaloy 4 channel,
with the rods held in position by upper and lower tieplates at the top and bottom and by spacer
assemblies to maintain rod-to-rod spacing.
In general, the fuel bundles consist of a 7x7, 8x8, or 9x9 array of rods. The 7x7 fuel lattice
design was incorporated in the initial core design of all BWR/2s and BWR/3s and early BWR/4s.
Most, if not all, current cores are of 8x8 or 9x9 design and are arranged within the same size
channel as the 7x7 array. Each fuel rod consists of high density uranium dioxide or uranium
dioxide-gadolinium oxide fuel pellets stacked within Zircaloy cladding which is evacuated and
backfilled with helium. There were a number of different types of 7x7 fuel assemblies.
Differences among them were spacer designs, cladding thickness, fuel pellet dimensions, and, in
some cases, a fuel rod was replaced by a solid Zircaloy rod.
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Figure IV.3-1. Nodalization Diagram of the BWR/4 RETRAN-3D-02 Model
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The majority of fuel currently in operation uses the 8x8 lattice, which is incorporated in the
initial core design of later BWR/4s, BWR/5s and BWR/6s, and all current reloads. Most 8x8
fuel assemblies contain 62 fuel rods backfilled with helium and two water rods. Different 8x8
designs include 63 fuel rods and one water rod, 60 fuel rods and four solid Zircaloy rods, 64 fuel
rods within a water cross, and the use of one atmosphere backfill of helium. Within the lattice
design there are minor geometry differences and spacer designs.
Fuel rods in each bundle differ in uranium enrichment to produce a more uniform power
distribution across the fuel assembly. Reload fuel will have a higher average enrichment than the
initial cycle. Selected rods in each bundle are blended with gadolinium burnable poison. The
fuel material is U02 and the cladding is Zircaloy 2. A fuel rod is made by stacking U02 pellets in
a Zircaloy 2 tube, which is evacuated, backfilled with helium, and sealed by welding Zircaloy
end plugs on each end of the tube.
Three types of rods are used in fuel bundles, standard fuel rods, tie rods, and water rods. Usually
eight rods within each fuel bundle are used as tie rods to fasten the upper and lower tieplates
together. A stainless steel nut and locking tab are installed on the upper plug to hold the
assembly together. These rods support the weight of the assembly only during fuel handling
operations when the assembly hangs by the handle. In the current 8x8 array design, there are
two rods that are hollow tubes of Zircaloy 2 and have small holes at each end to allow passage of
water through the rod. The bundle is designed to place minimum external forces on each fuel
rod and to permit the removal and replacement of individual fuel rods, if required.
The fuel channel is a square-shaped tube of Zircaloy 4 attached to the upper tieplate by the
channel fastener assembly and a cap screw secured by a lock- washer. The fuel channels direct
the core coolant flow through each bundle and also provide the structure to guide the control
rods. Correct distribution of core flow among the fuel assemblies is accomplished by use of
fixed orifices at the inlet of the fuel assemblies. The orifices are located in the lower core
support plate.
The information required to model BWR core volumes, junctions, and conductors, i.e., basic
geometrical information, can usually be found in the plant FSAR, plant drawings, or
specifications. Because reload fuel design has changed considerably since many BWRs began
operation, the specific design information for the cycle that will be analyzed must be located.
The core region in a BWR is much more important to the system transient response, in a relative
sense, than in a PWR. The reason for this lies in the fact that the core can affect key system
parameters in a direct and rather prompt manner. The converse is true also; i.e., the system can
affect the core very quickly. Hence, inadequate or improper modeling of a BWR core will tend
to show up somewhat more clearly than in a PWR.
The number of volumes required to describe the core region axially depends on the transient
being analyzed. Most BWR models use 12 or 24 nodes over the active fuel length plus a node at
the top and bottom in the inactive fuel regions. This level of detail is necessary primarily for
phenomena that occur during the pre-trip portion of a transient. Because of the immediate
neutronic feedback and relatively high worth of void changes in the fuel region, the number of
nodes must be adequate to define the changes in the void fraction and void distribution. In order
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to ensure that the number of nodes is sufficient, sensitivity studies should be performed. The
importance of the number of axial nodes decreases drastically in the post-trip period. For longterm transients that involve a reactor scram early in the transient followed by an extended period
where decay heat is the only heat generation, the 14 fuel assembly nodes mentioned above are
not needed and noding on the order of one to three can suffice. Asymmetric events such as a
recirculation line LOCA, startup of an inactive recirculation pump, or a single pump coastdown
will impose nonuniform flow and temperature patterns at the core inlet. Addressing the impact
of the nonuniform temperature patterns on the core response would require multi-dimensional
kinetics and cannot be addressed with RETRAN-3D.
The hydraulics of a BWR core are quite different than for a PWR. The BWR has closed
channels that may include different fuel rod arrays, inlet orifices, and other design details.
Furthermore, the flow through each channel is a function of the fuel bundle power by virtue of
the effect of two-phase pressure losses. Most models consolidate the fuel bundles into an
average channel and divide it into approximately 12 axial nodes, it should be noted that this is
not theoretically correct. In order to make this X-Y consolidation, the change in every fuel
bundle for a given perturbation must net to that of the average channel. With all the
nonlinearities in the phenomena involved, it is not clear that these approximations and
simplifications are strictly correct even for completely symmetric perturbations such as system
pressure or inlet temperature changes. However, essentially all modeling experience to date has
been with one-dimensional core models based on a consolidation of the bundles, and given that
much of this work has demonstrated reasonable agreement with plant transient data, one may
assume that the effect of any nonlinearities is not sufficiently large to impact the results. In other
words, the system parameters, such as core power, core flow, system pressure, and level, are
adequately represented using an average core channel approach. If individual bundle fuel
thermal or hydraulic response is important, then the transient core power, core pressure drop, and
inlet enthalpy boundaries should be imposed on the specific bundle of interest. This could be
done via RETRAN-3D, VIPRE, or a detailed fuel performance code.
The volume and junction geometry parameters for the core can be straightforwardly calculated
using the methods in Chapter II. Particular attention should be devoted to the unrecoverable
losses associated with the spacer grid assemblies. Since there are typically seven grids on each
BWR fuel assembly, the grids will not correspond to junction locations in a typical 12-node core,
and the unrecoverable pressure drop for the core junctions will probably be different for each
junction. If desired, the losses can be distributed evenly over the region pressure distribution and
letting RETRAN-3D calculate the junction loss coefficients. The pressure drop across the core,
including unrecoverable losses, momentum flux differences, and density head, is calculated and
published by the NSSS or fuel vendor. The analyst should compare the pressure drop from
RETRAN-3D with these data.
As previously mentioned, changes in the void fraction and distribution are some of the most
important factors in the core kinetic response. Because of this, there are three additional options
that should be used in the core region: enthalpy transport, slip, and the profile fit (subcooled
boiling model).
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The enthalpy transport option (Card 08XXXY, Word 20-I) accounts for the heat transfer in the
node. For low flow, stagnant or reversing flow situations with a low heat capacity fluid (such as
steam) in the core region, the enthalpy transport option may cause the code to fail with junction
enthalpy errors. The slip model and the enthalpy transport model are inconsistent for
countercurrent flows and if countercurrent flow occurs, the best course of action is to remove the
enthalpy transport option using generalized restart.
Dynamic or algebraic slip may be activated via the problem dimensions card, 01000Y. The
choice of which slip model to use involves considerations of the expected deviation from a
nominal operating condition and the regime of two-phase flows expected. The algebraic slip
model is a correlation developed from data in the normal BWR core operating range. In
addition, the algebraic slip in RETRAN-3D will provide a void similar to the void fraction
models of other steady-state BWR nuclear and hydraulic design codes and consequently would
produce similar void distributions. Algebraic slip is probably the preferable selection for a
transient in the range of operating pressure, flow, power, and inlet conditions. However, the
algebraic slip model is valid only for cocurrent upflow conditions; i.e., it is not valid for
separated flow in a horizontal pipe downflow or countercurrent flow. The dynamic slip model is
a mechanistic slip model and contains empirical relationships for friction. Consequently, this
model may not provide a core void distribution that is completely consistent with steady-state
nuclear or thermal-hydraulic design codes, but it can be used over a wider range of conditions,
including countercurrent flow. In summary, for transients in which separation (slip) is expected
to occur only in the core region, use the algebraic slip model. For transients varying over a wider
range of conditions, use dynamic slip.
The profile fit model calculates a void fraction that is used only in the neutronics calculations,
not the hydraulics, etc. A default set of coefficients is provided, and these should be adequate for
most analyses.
The RETRAN-3D heat conductors representing the fuel rods require input for conductor volume,
heat transfer area, hydraulic diameter, and heated equivalent diameter (Card 15XXXY). Also,
the core section data and conductor geometry data cards require cladding thickness, gap
thickness, fuel pellet radius, and the fraction of the power generated in each core section. The
conductor volume for the fuel rods should include the total volume inside the fuel rod heated
surface. The heat transfer area is the total heated fuel rod surface exposed to the fluid.
The hydraulic diameter should be representative of an average bundle, including the wetted
perimeter of the inside of the channel. The heated equivalent diameter should be calculated
using the heated surface rather than the wetted surface.
Heat generation from the exothermic reaction of the Zircaloy cladding with steam at high
temperatures may be included in the model. This option is selected via the problem dimensions
card (Card 01000Y, Word 20-I). The other required input is the initial cladding thickness for
each core section on the 16XXX0 card. This thickness is used as a test in the code to see if all
cladding has oxidized. This reaction rate is exponential with temperature and does not produce
appreciable energy until the cladding temperatures reach the 1800ºF range.
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The fuel rod cross-sectional dimensions are input on the 17XXYY cards. The actual crosssectional dimensions for the heated fuel rod should be input. A core made up of fuel with
different characteristics such as different pellet or cladding dimensions may be modeled with
each fuel type separately or consolidated. Conservative analyses may require the fuel rod
dimensions that produce the largest stored energy or fuel temperature. The most straightforward
manner to model multiple fuel types for best-estimate analyses is to represent each type as a
separate conductor. More than one conductor may be attached to a given RETRAN-3D volume.
For most system transients, the sensitivity to variations in initial stored energy in the core may be
such that an average fuel rod cross-section dimensions are adequate as long as the cladding
temperatures do not reach the 1800ºF range. The metal-water reaction model does not include
the hydrogen evolved during the reaction because RETRAN-3D has no models for the evolution
or transport noncondensable gases.
The number of radial nodes in each of the fuel rod conductor materials must he determined. The
fuel pellet has a pronounced temperature profile resulting from the internal heat generation and
low conductivity. Because of these factors and the large heat capacity of the fuel, the conductor
will require several radial nodes. The number of nodes is important for both steady-state and
transient reasons. From a steady-state standpoint, it is important in establishing the average fuel
temperature and stored energy. It is also important in the transient heat transfer behavior as each
node in the conduction path is treated as its own cell of material. The number of space steps that
is required will depend on the rapidity of the transient. Six to eight is a typical number of nodes.
If the fuel temperature response is important to the analysis, either from a feed-back standpoint
or because of a fuel temperature limitation, then a sensitivity study on the number of nodes
should be performed to establish the required number. The number of nodes in the cladding is
not nearly as significant as in the fuel. The cladding normally has no internal heat generation,
good conductivity, and low specific heat. Therefore, space steps on the order of two to four are
typical although one is probably adequate for many transients. If the transient being analyzed
involves internal heat generation in the cladding because of metal-water reaction, then additional
space steps should be added to the cladding. As was the case with the fuel, sensitivity studies are
in order if the cladding temperature is an important parameter. The gap requires only one node
since it is a resistance and has little or no specific heat. The gap is limited to one node if the gap
expansion model is used.
The fuel to clad gap conductance is a complex function of gap gas composition, distance across
the gap, pellet and cladding roughness, pellet cracking, contact pressure, and so on. The gap
conductance is also a strong function of the time in life for each assembly as the pellet, cladding,
and gap undergo substantial changes. Beginning of life, unirradiated dimensions for the pellet
and cladding are usually used in RETRAN-3D analysis. This is the most straightforward
approach and assures the proper mass for the pellet and cladding. In RETRAN-3D, the gap
conductance is that material conductivity necessary to achieve the proper initial fuel temperature.
The target fuel temperature will probably come from an analysis using a detailed fuel
performance code but may be extracted from a previous safety or nuclear analysis. Establishing
the gap conductivity to achieve a specified initial temperature normalizes the resistance through
the gap at the initial power condition.
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Transient variations in the gap conductance that would occur due to fission gas release and pellet
and cladding thermal expansion are not explicitly modeled in RETRAN-3D. The RETRAN-3D
gap expansion model will calculate expansion changes in the gap dimension during the transient.
The use of the gap expansion model should be justified through comparison of RETRAN-3D to a
more detailed fuel performance code; otherwise, the gap dimension is better left unchanged
during the transient.
3.1.2

Bypass Region

A fraction of the total flow bypasses the core rather than flowing through it. The core leakage
(bypass) flow in a BWR is approximately 10% of the total core flow. The bypass flow is a
combination of leakage flows through several flow paths, which may include:








the flow holes in the fuel lower tieplate to allow bypass flow into the region outside the
channels,
the areas between the fuel channels and the fuel assembly lower tieplate,
the areas between the assembly lower tieplate and the fuel support pieces,
the areas between the fuel support pieces and the core support plate,
the area between the core support plate and the shroud, and
holes in the core plate for bypass flow control (plugged in most plants).

Generally all the bypass leakage flow paths are lumped into a single flow and quoted by the
vendor as a percent of core design flow. The control rod drive hydraulic system leakage flow
also passes up through the bypass region. While this is not an extremely large flow, it can be
important in matching an initial heat balance or during transients when the vessel is being
refilled.
The bypass region in a BWR core is typically modeled as a single node. It is generally not
neutronically important as the heat deposition in the region relative to the flow rate is sufficiently
low that only small changes in density occur. A multinode bypass region should be considered if
two-phase conditions may be expected while the reactor is critical. However, neutronic feedback
from the bypass or any other parallel path cannot be modeled with one-dimensional kinetics. In
this instance, the neutronic feedback of voids collapsing or forming in this region can be worth
considering. Aside from the special case when voids are present in the bypass region, the
importance of the bypass region is primarily that of a fluid path around the core. This will split
the flow entering the core region, depending on the relative resistance of each path. The bypass
region can also serve as a path for downward circulation into the fuel bundle through the bypass
flow holes at the bottom of the channel when the core contains a large void fraction and the
bypass is subcooled.
The volume of the bypass region in a BWR is relatively easier to determine than its PWR
counterpart. The region inside the core shroud and outside the fuel channels is not difficult to
calculate. The volume calculation can be fine-tuned by considering the control blades that are
inserted and the instrument tubes. The junction area represents several paths, some of which are
strictly tolerances in the fit between components. The area of the flow bypass holes in the
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channels is the dominant area and probably can be used without concern for the other areas. The
actual flow area is usually not important because critical flows do not occur through paths
exiting the region. The loss coefficients are most often calculated from the core pressure drop,
the estimated area, and the bypass flow from the vendor or from steady-state thermal-hydraulic
codes. Another option is to use the FIBWR model discussed in Section III.5.0 to determine the
bypass flow directly. For three-dimensional kinetics cases, the FIBWR model will greatly
simplify the initialization process. Heat transfer across the channel to the bypass is typically
included in BWR models. The heat conducting structures are seldom needed for proper transient
performance except in cases where a long-term heatup or cooldown is involved.
3.1.3

Core Inlet Orifices

The inlet to the fuel bundles is orificed in the fuel support piece to improve the flow distribution
and hydraulic stability of the core. There are typically several regions with different size
orifices, depending on the relative power anticipated in those regions.
The inlet orifices will be represented by the inlet junction flow area and loss coefficient. If the
core is being represented as an average bundle, the inlet flow area will be the sum of the orifice
areas into each bundle. The orifice pressure drop characteristics are illustrated in Reference
IV.3-10, Core Design and Operating Data for Cycles 1 and 2 of Peach Bottom-2. Plant-specific
information should be used to model each plant.
3.1.4

Control Rods

The control rod use boron carbide powder compacted in stainless steel tubes, which are held in
place by a stainless steel cruciform sheath extending the full length of the tubes. The control
rods perform dual functions of power distribution shaping and reactivity control. The rods enter
the core from the bottom of the reactor and are positioned by a locking-double-acting hydraulic
piston that uses condensate water as the operating fluid. The drive mechanisms can position the
rods at intermediate increments over the entire core length.
The core is designed such that the control rods are capable of shutting down and maintaining the
core continuously subcritical with any single control rod fully withdrawn. Normal operations
call for positioning the rods at a lower power level to minimize the impact of local power
perturbations and then by increasing the core flow, reactivity is increased sufficiently to reach
full power. The control rod pattern is changed periodically (rod maneuvering) to ensure a
uniform fuel burnup.
The movement of control rods in the RETRAN-3D point kinetics option is accounted for by the
appropriate insertion of reactivity with the use of a RETRAN-3D scram table (Card 141XYY).
This reactivity insertion can be a function of time or can be obtained from RETRAN-3D control
block output. The terminology "scram table data card" is somewhat of a misnomer as the card
may be used via control blocks to model reactivity insertion to simulate control rod movement,
boron injection, or any arbitrary reactivity change.

IV-92
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

Physical Component Modeling

The scram reactivity function is determined from the rod(s) position versus time after trip and the
rod worth versus position. The rod position versus time is determined from data taken in a
component test facility and in the plant. Data can be retrieved from plant records or the vendor.
A conservative curve is normally presented in the plant safety analysis report or vendor topical
report. The scram reactivity is determined using steady-state reactor physics codes or extracted
from the plant safety analysis report.
If the space time kinetics option is employed, then a cross-section feedback model is required
and the appropriate coefficients must be supplied as an external data set. This option is
discussed in more depth in Section IV.3.1.6.
When this model (the one-dimensional kinetics model) is employed, the effect of control rod
motion is simulated by a cross-section feedback model. That is, rather than defining reactivity as
a function of position to simulate rod motion, the user will generate a set of two energy group
cross-sections that represent various rodded configurations. These configurations or "neutronic
states" are obtained for auxiliary calculations (e.g., SIMULATE/SIMTRAN) and exist as an
external file. The file is read by the one-dimensional kinetics rod model routine and, coupled
with a RETRAN-3D control system, will interpret the cross-sections to represent the appropriate
rodded configuration.
Although the control rod material could be modeled as passive heat conductors, the control rods
usually need to be considered only in regard to their effect on power generation.
3.1.5

Core Shroud

The core shroud is a stainless steel cylindrical structure surrounding the core. It separates the
downward flow in the lower downcomer (annulus) from the upward flow through the core
region. The top flange on the shroud mates with the top guide above the core. The shroud
extends below the active core to the shroud support. The shroud support is designed to carry the
weight of the shroud, the steam separators, the jet pump system, and the seismic and pressure
loads both in normal and faulted conditions.
The modeling significance of the core shroud is normally limited to a boundary for the inside of
the downcomer region and the outside of the bypass region of the core. If passive conductors are
important or required for the transient being analyzed, then the core shroud can be included as a
conductor with boundaries against the bypass on the inside and downcomer on the outside. The
conductor geometry input is straightforward unless other passive conductors are lumped with the
shroud (see Section II.5.0).
3.1.6

Power Generation

Modeling the power generation of the reactor core is one of the most important considerations in
many transients. Energy liberated from fission is calculated in RETRAN-3D from the solution
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of reactor kinetics equations coupled with the fission product decay curves. Two models for the
kinetics equations are provided. The first is a point kinetics model and the second is a onedimensional, two energy group neutron diffusion model. For either option, the fission energy
can be apportioned into prompt and delayed components and also into fuel rod and direct
moderator components. An additional model to describe the power history of the core via table
entry is also provided. This model is not a predictive model but is, instead, a method to represent
the core as a system boundary, which can then drive the thermal-hydraulic response of the
remaining model. Another use of a table entry model is to represent the time history of
nonnuclear power sources.
Typically, the RETRAN-3D analyst must obtain reactor kinetic parameters from other technical
organizations or from references prepared by other groups or the fuel vendor. It is extremely
important to understand the methods and assumptions employed to develop these parameters
since the method of obtaining the parameters can affect how the values should be used. For
example, nearly all of the kinetics input parameters are exposure dependent. Phenomena such as
depletion of burnable poisons, control rod maneuvering, and fuel conversion can directly affect
the physics parameters such as ß/Ω , Doppler and void reactivities, and scram worths. Care
should be taken to ensure that the manner in which the parameters are used in the RETRAN-3D
analysis is consistent with the methods and assumptions used in their development.
The RETRAN-3D point kinetics model computes the prompt and delayed components of fission
power. The power computation is based on the assumption that the total core power can be
represented as a time-dependent amplitude function and a space-dependent (and timeindependent) shape or weight function. The choice between using the point kinetics model and
the one-dimensional model should be guided by:





will the assumption about a constant shape function be violated,
are data available for a more sophisticated analysis, and
can the core performance be bounded by a point kinetics analysis?

For many BWR transients, the core power generation dynamics can be modeled sufficiently
using the point kinetics model. The point kinetics model requires as input:






the delayed neutron fraction divided by the prompt neutron generation time (Card
140000),
the fraction of total power that is fission power (Card 140000),
delayed neutron decay parameters and yield fractions (Card 14000Y), and
reactivity coefficient data cards or data table cards (Card 140XX0 or 1420XX and
1430XX).

Most of the kinetic parameters are exposure dependent. The information for the first parameter,
ß/Ω , can generally be obtained from in-house physics codes or extracted from vendor SAR or
fuel cycle design reports. Generally, SAR data are limited to beginning of cycle (BOC) and end
of cycle (EOC) values and may not be applicable to a specific cycle transient analysis.
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The fraction of total power that is fission power (Word 5, Card 140000) is based on the yield
fractions of the decay heat precursors that are built in to RETRAN-3D. It is not recommended
that the default value be overridden. The decay heat model is based on the 1973 proposed
standard, which assumes an infinite irradiation time for the fuel. If a modification to this model
is made, this parameter may be an adjustable input variable.
The delayed neutron decay constants and yield fractions can be defined by the user via card
14000Y. A "built-in" set, based on data for pure U235, is supplied.
Techniques for specification of data for the reactivity coefficient data cards, 140XX0, have
varied in the past. Some of the considerations will be highlighted here.
The parameters, DENWT and FTWT (Words 1 and 2, respectively), are defined as reactivity
weight functions and have sometimes been interpreted as "importance" weighting functions.
That is, values for these parameters have been assigned by computing a flux squared or power
squared weighting function for each core region. While this approach may have yielded some
success in predicting power behavior, there is no theoretical basis for interpreting the weight
functions in this way. In fact, if one follows the derivation of the point kinetics model to some
level of detail, DENWT and FTWT are simply the initial, normalized shape function that results
from the original separation of variables assumption. Thus, a more appropriate weight function
(at least from a theoretical aspect) is to use normalized power or flux as a weight function
distribution.
The difficulty with this approach is that the model is a global or point kinetics model, but the
weight function technique is an attempt to extract regional or spatial information.
An alternate approach that has been successfully used is to use equal values of reactivity weight
fractions (the sum should still be 1.0). The total core reactivity is then computed by using the
RETRAN-3D control system to compute a core average void and core average temperature to
drive the core-wide reactivity tables. This technique has the advantage of using the precalculated
global, kinetics parameters in a consistent manner. However, the choice of how to compute the
"correct" core average void or core average temperature has not yet been clearly established.
Previous work indicates that an arithmetic average does not always predict consistent results.
Thus, this technique appears to have replaced the question of, "How does one distribute the
global reactivity?" by "How does one compute a core average property?". Finally, if the user
chooses to use the reactivity coefficients (Words 3 and 4, Card 140XX0), note that the reactivity
weight factors do not apply.
The one-dimensional kinetics model in RETRAN-3D will compute time- and space-dependent,
two energy group neutron flux distributions over a fine mesh spatial grid and "regional" core
power fractions and reactivities over a more coarse material grid. The ability to compute timeand space-dependent neutronic parameters is important when analyzing certain BWR transients.
In general, overpressurization transients result in a dominating axial flux redistribution with little
radial flux effect and can therefore be analyzed adequately with a one-dimensional technique. A
modeling guideline is presented in the following discussion, which highlights the main features
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of the one-dimensional kinetics model and which draws attention to potential pitfalls (and ways
around them) that have been encountered in the past.
The one-dimensional neutronics model in RETRAN-3D is based on a space-time factorization
method, which assumes that the scalar flux behavior may be separated into a time-dependent
amplitude function and a more slowly varying shape function. The initial condition of the
system is assumed to be critical. The real flux of the critical system is normalized by the
RETRAN-3D code to a predefined total reactor power. Since the steady-state initialization
portion of RETRAN-3D does not include an iteration between the neutronics and the thermalhydraulics, the user-defined cross-section data are the reference data set to determine the initial
RETRAN-3D power distribution for the space-time kinetics option. During the transient, the
thermal-hydraulic state determines feedback to the neutronics, which in turn controls core power
and the heat load. The space-dependent model computes the total core power, utilizing the shape
function solution to calculate regional power fractions. Space- and time-dependent feedback
effects are introduced through cross-section modification. The cross-sections are supplied to
RETRAN-3D as an external data set.
The requirement for more detailed information out of a given model is usually coupled with a
demand for more detailed input. This is the case with the one-dimensional kinetics model, and
the most important input requirement is the auxiliary input file. This file contains the two group
diffusion theory constants and cross-sections for the core region. The complete model is
discussed in Volume 1, Chapter V. [IV.3-1] A brief recapitulation of the file structure is given
below.
The cross-section file contains polynomial coefficients that are used to reconstruct two group
diffusion constants for each neutronic region. The polynomials are expansions in terms of
moderator density and fuel temperature. The effect of control rod motion is accounted for by
including several sets of polynomials or control states" for each region, and each state represents
a known or calculated rodded configuration from the three-dimensional core simulator.
RETRAN-3D can construct the appropriate intermediate rodded state by interpolating between
each calculated control state on the input file. RETRAN-3D can also reconstruct the appropriate
set of cross-sections for the calculated thermal-hydraulic state by expanding each neutronic
region polynomial.
The construction of the auxiliary cross-section file is usually accomplished by an interface
program, e.g., SIMTRAN-E or NODETRAN-E. These programs translate the core physics data
base from large, three-dimensional static simulators (e.g., SIMULATE-E) into a one-dimensional
cross-section file that is representative of the core at a given thermal-hydraulic state and a given
point in the exposure cycle. The one-dimensional file includes the control rod information that is
required by RETRAN-3D to generate the cross-sections that represent various rod insertion
points. The techniques by which the interface programs convert the three-dimensional data into
one-dimensional data are beyond the scope of this document (see, for example, the SIMTRAN-E
document for more details of the technique), but there are several points that should be
considered when constructing a one-dimensional kinetics model for RETRAN-3D. These are:
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geometry consistency. The number of neutronic regions and the number of simulator
nodes should be the same. The finite difference mesh that was used in the interface code
for the adjustment of reflector parameters should be the same as the RETRAN-3D finite
difference mesh. In both cases, the finite difference mesh should be consistent with the
diffusion theory limitations (e.g., mesh interval widths on the order of inches, not feet),
and



polynomial fits. Although it is difficult to predict a priori the range that the independent
variables such as moderator density or fuel temperature will cover, it is important to fit
the cross-sections over a wide enough band. In some cases, particularly in BWR ATWS
analyses, the upper regions of the core can be highly voided. The user should ensure that
the simulator model and the interface code can generate cross-sections that are valid.

Finally, there are two other techniques that can be used for the simulation of power in a systems
model. These techniques are not predictive in nature, but they allow the user to specify an
arbitrary power history from nonnuclear sources or when there is only interest in driving a
system model from a boundary condition.
Simple approaches using power versus time may be appropriate for a wide range of analyses if
the power generation and/or deposition in the fluid are not a function of other parameters in the
problem. Energy deposition into the fuel region may be accomplished as follows:



retrieve normalized power versus time from a previously generated data tape (Cards
01000Y, 01XX20, and 01XX2Y),



normalized power versus time from tabular data (Cards 01000Y and 141XYY), and



normalized power as a control block output (Cards 01000Y and 141XYY).

Examples of situations where these approaches might be used are core stand-alone analyses
where the system response defines the overall power response, transients where a reactor scram
occurs immediately or very shortly after transient initiation, or when the power is controlled to
approximate the behavior of the average temperature controller.
Another approach can be used for some analyses that depend on the assumption that the
neutronic and thermal-hydraulic feedbacks are not significant to the deposit heat directly into the
fluid. A control block is used as the vehicle and is input in megawatts via Option 7 of card
21XXYY. For reactor core modeling, this approach is typically valid only for very slow
response following scram.
3.2

Reactor Vessel and Internals

The reactor vessel and its internals represent a number of components and fluid regions that must
be considered when modeling a BWR NSSS. The arrangement and components are very similar
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for each generation of BWRs, with the largest deviation being the difference between nonjet
pump and jet pump plants.
3.2.1
3.2.1.1

Upper Plenum
Shroud Head

A flange at the top of the core shroud mates with a flange on the steam separator assembly to
form the shroud head usually called the upper plenum in a RETRAN-3D model. Two ring
spargers are mounted inside the core shroud in the space between the top of the core and the
steam separator base. The spargers are provided with spray nozzles for the injection of cooling
water (see Sections IV.3.7.3 and IV.3.7.4). The steam separator assembly rests on the top flange
of the core shroud and forms the cover of the core discharge plenum region.
The upper plenum is a straightforward region to model. The region is usually represented as a
single node from the core exit to the steam separator inlet. The volume and junction input can be
determined by applying the principles in Chapter II. The conduction path from the upper plenum
through the shroud head metal to the downcomer has been represented in some models to
account for changes in heat transfer when the downcomer temperature changes. The magnitude
of this effect is typically small relative to changes resulting from the fluid flows.
The modeling of the shroud head metal need only be seriously considered for significant heatup
or cooldown transients over a long period. Modeling the conductor should follow the guidelines
in Section II.5.0.
The upper plenum region is two-phase at typical BWR operating conditions and for a certain
period after trip. Since the region is two-phase, a slip model will properly account for the
difference in steam and liquid velocity. The use of the slip model will impact the initial liquid
inventory in the region and the transient outlet junction enthalpy. If the flow will remain
cocurrent and upward, then either the algebraic or dynamic slip model may be used. If the
algebraic slip is chosen, it will be applied everywhere in the model and the applicability for the
transient must be evaluated. In terms of versatility, the dynamic slip model will provide the
capability to cover all the flow regimes. Previous experience with the dynamic slip model has
shown that a flow regime may be selected by the code for the upper plenum that may not be
appropriate for normal operating conditions. The problem can be avoided by specifying the flow
structure as bubbly, IFRJ = -2, Word 17-I, on the junction cards, 08XXXY.
3.2.1.2

Core Spray Spargers

The two ring spargers located in the upper plenum region are designed to inject core spray into
the top of the core region. Depending on the plant, they may be used for low pressure core spray
or high pressure core spray or both. The spargers and spray nozzles are designed so they do not
interfere with the installation or removal of fuel from the core. Injection of subcooled water into
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a volume that contains primarily steam may cause calculational instability, which may not be
entirely solved by taking smaller time steps. This is primarily due to the instantaneous thermal
equilibrium assumptions of the RETRAN-3D code. Initiating sprays gradually or using an
arbitrarily high spray water temperature will help to reduce potential instabilities. Modeling the
core spray system is discussed in Sections IV.3.7.3 and IV.3.7.4.
3.2.1.3

Top Guide

The top guide is a lattice assembly that provides lateral support and alignment at the top of the
fuel assemblies. The top guide is located at the top of the core and is supported from the core
shroud. Openings in the top guide correspond to the fuel support pieces in the core support.
These openings are large enough to permit easy removal of the fuel assemblies and control rods
from the top of the vessel. In addition to maintaining alignment at the top of the fuel assemblies,
the top guide is used to locate the in-core instruments.
The top guide is normally not a factor in RETRAN-3D models as it has no impact on the flow
path or volume. It should be lumped into one of the other dominant structures, such as the
shroud head, if the transient being analyzed is one that requires passive metal heat capacity to be
considered.
3.2.2

Lower Plenum

The lower plenum is typically defined as the region from the exit of the jet pump diffusers,
enclosed by the reactor vessel, and extending to the lower core support plate. A forest of control
rod guide cylinders and in-core instrument tubes pass from the reactor vessel head through the
lower plenum to the lower core support plate. The core inlet orifices are located in the fuel
support piece, which extends beneath the core support plate.
The lower plenum is typically represented as a single node. Dividing the lower plenum to create
a stack of two or more vertical nodes may be advantageous in transients that involve two-phase
conditions in the lower plenum such as a large or small break LOCA. Dividing the lower
plenum into side-by-side nodes to account for asymmetric transients is not normally done. The
distribution of core inlet conditions tend to be relatively uniform even for conditions such as a
single recirculation pump operating. If the inactive core region is not included as a separate node
from the inlet orifice to the active fuel, then the volume of this region should be included with
the lower plenum and the core inlet elevation artificially moved up to the bottom of active fuel.
The volume and junction data pertaining to the hydraulics of this region will involve
considerable engineering judgment. The guidelines and principles presented in Chapter II should
provide the modeler with the guidance necessary to prepare these inputs. The heat capacity of
the lower plenum metal, the reactor vessel, control rod guide tubes, core support, etc., will be
important only in long-term cooldown or heatup transients.
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3.2.2.1

Lower Core Support Plate

The core support consists of a circular stainless steel plate stiffened with a rim and beam
structure. Perforations in the plate provide lateral support and guidance for the control rod guide
tubes, in-core flux monitor guide tubes, and startup neutron sources. The entire assembly is
bolted to a support ledge between the central and lower portions of the core shroud. The core
support plate forms the upper boundary to the lower plenum volume, and if modeled as a heat
conducting structure, it should probably be lumped with the other lower plenum structures.
3.2.2.2

Recirculation Line Nozzles (Non-Jet Pump Plants)

There are a few older BWR plants that do not employ jet pumps but utilize centrifugal pumps to
take the fluid from the downcomer and inject it directly into the lower plenum. The modeling
aspects of this arrangement are no different from a lower plenum hydraulics input standpoint.
The nozzle structural metal can be lumped with the vessel wall if passive conductors are to be
represented.
3.2.2.3

In-Core Flux Monitor Guide Tubes

In-core flux monitor guide tubes penetrate the lower reactor vessel head, then pass through the
lower plenum and enter the core region through the core support plate. The in-core guide tubes
are seldom, if ever, modeled in a RETRAN-3D model except via their impact on the hydraulic
parameters for the lower plenum region. If passive conductors are being included, then the guide
tubes should be lumped with another major structure in the region.
3.2.2.4

Standby Liquid Control System Injection Line

The standby liquid control (SLC) injection line enters the lower head, then turns and discharges
just below the core support plate. The SLC line is a coaxial line serving two functions: The
inside line measures the pressure below the core support plate and carries the borated water from
the SLC system when it is actuated, and the outside line measures the pressure just above the
core support plate for the core pressure drop instrumentation.
The SLC line is not included in RETRAN-3D models, but the boron injection dynamics can be
important in the evaluation of the reactor shutdown during transients without a normal scram.
Models used for the SLC system and boron dynamics within the reactor vessel are discussed in
Section IV.3.7, Auxiliary and Safety Systems.
3.2.2.5

Control Rod Guide Tubes

The control rod guide tubes pass from the reactor vessel head to the core support plate and house
the cruciform control rods. The leakage flow from the control rod drive hydraulic units flows up
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through control rod drive tubes into the core bypass region. The impact of the control rod guide
tube on the volume and junction input must be accounted for, as was discussed in Section
IV.3.2.2, Lower Plenum. Since the control rod guide tubes comprise a significant mass of metal
and are cooled by a control rod drive leakage flow, a detailed RETRAN-3D model may include
them as passive heat conductors, although for almost all transients passive conductors are
unnecessary.
3.2.2.6

Vessel Wall

The vessel wall forms one boundary for the lower plenum. If the transient being analyzed will
result in large temperature changes in the lower plenum coolant, the vessel wall may need to be
included as a passive heat conductor.
3.2.3

Downcomer

The downcomer is the annular region outside the shroud, shroud head, and steam separators and
inside the reactor vessel. Flow through the separator drains into the upper region of the
downcomer. This flow then moves down past the feedwater sparger, and perhaps other injection
penetrations, to the jet pump suction. A portion of the flow enters the jet pump suction and the
remainder moves on down to the recirculation system suction line nozzles.
The method of modeling the downcomer above the feedwater sparger depends to a large extent
on the modeling of the separator and dryer region, Section IV.3.2.4. This region is basically a
saturated fluid region normally containing a small quantity of bubbles, with the capacity to
shrink or swell pretty much unrestrained inside and outside the dryer shroud. Below the
feedwater sparger, single node is typically used from the sparger to the jet pump suction. If the
downcomer below the sparger is expected to become saturated during the course of the transient,
then more nodes in this region are probably advisable as well as using the dynamic slip model.
Note that the algebraic slip model will probably not be applicable in this region because of its
limitation to cocurrent flow in the upward direction. If the transient being analyzed involves
draining the downcomer but not flashing the subcooled regions, the following method may be
used to approximate the moving boundary. This involves artificially adding volume to the upper
downcomer such that when the downcomer is being drained, the upper region is never emptied.
This method will avoid a whole spectrum of problems that occur when the separated volume is
emptied. Another way to visualize this method is to consider that the feedwater sparger has been
artificially moved down. The lower downcomer region, from the jet pump suction to the
recirculation system suction nozzle, is typically represented as a single node. Only in a very
detailed model, probably for recirculation line LOCAs, would additional nodes be worth
considering in the lower downcomer region.
The geometry inputs for the volumes and junctions in the downcomer can be determined using
the principles and guidelines of Chapter II. Pay particular attention to the inertia calculation for
regions with more than one inlet or outlet, such as at the exit of the node to the jet pump suction
and the lower downcomer node.
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3.2.3.1

Feedwater Spargers

The feedwater spargers are perforated headers located above the downcomer annulus. A
separate sparger is fitted to each feedwater nozzle and is shaped to conform to the curve of the
vessel wall. Feedwater flow enters the center of the spargers and is discharged radially inward
and downward to mix the cooler feed-water with the downcomer flow from the steam separators
before it contacts the vessel wall. The feedwater sparger may also serve as an entry point for the
high pressure coolant injection (HPCI), reactor core isolation cooling (RCIC), and reactor water
cleanup (RWCU), depending on the plant.
The feedwater sparger is not modeled as a component in the RETRAN-3D model but its function
as the entry point for feedwater into the system is represented. The feedwater junction is located
into the upper-most subcooled downcomer volume. This feedwater inlet junction can be
represented by a fill or as a connection to a node external to the vessel that represents the
feedwater system components (see Section IV.3.6, Power Conversion System). The dynamics
of the feedwater flow and temperature are important to many system transients.
3.2.3.2

Level Sensor Taps

The level sensor taps located within the downcomer provide static pressures to the narrow and
wide range level measurement systems. The narrow range is used for both control and safety
functions and the wide range are used only for safety. Representation of the level measurement
system is a very important aspect of many models because it is such a key parameter in the
control of feedwater and in safety actuations. The level taps themselves are normally not
represented in the RETRAN-3D model, although it is possible to represent the taps, hydraulic
lines to the instrument system, and the instrument system itself. The key modeling challenge is
to take the RETRAN-3D system parameters and determine the level that the instrument system
will provide for control and safety use. The downcomer level as calculated in the RETRAN-3D
downcomer node(s) is normally not adequate for use as the narrow or wide range level outputs
because the RETRAN-3D model assumes each node is a constant cross-sectional area.
Furthermore, the node boundaries are not normally located based on the instrument taps but
rather on geometry or phenomenological considerations. The usual approach is to define the
nodes based on the requirements of the transient simulation and then derive the instrument
outputs based on the thermodynamic and hydraulic outputs from the transient model.
The level is determined by momentum equation balances between the core-separator region and
the downcomer. The real and computed level measurements are all influenced by fluid densities,
fluid velocities, and frictional pressure drops. Consequently, wall and local friction losses in the
core, separator, and dryer are important considerations in modeling level response.
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3.2.3.3

Recirculation Line Suction Nozzles

The recirculation line nozzles are located at the bottom of the downcomer. There are typically
two nozzles, one for each recirculation loop. Older nonjet pump plants will normally have more
than two, as many as five, recirculation loops, but the location in the downcomer is basically the
same.
The juncture of the recirculation line with the downcomer is represented as a junction in
RETRAN-3D. The input parameters for this junction can be derived through the application of
the principles and guidelines in Chapter II. If the vessel is being included as a passive conductor
in the model, then the nozzle metal should be lumped with it.
3.2.3.4

Core Shroud, Shroud Head, and Standpipes

The core shroud (Section IV.3.1.5), shroud head (Section IV.3.2.1.1), and stand-pipes (Section
IV.3.2.4.1) form the inner boundary of the downcomer volume. Their differing shapes and sizes
give the downcomer a large variation in cross-sectional area from bottom to top. The shape and
volume of these components play a part in the definition of the volume parameters for the
downcomer nodes. Only if heat transfer from inside these components to the downcomer fluid
or the metal heat capacity is important to the transient will these components be specifically
modeled. It is more likely that heat transfer across the components will be of some importance
in feedwater temperature reduction transients; however, definitive studies to determine this need
have not been performed. If a study is to be performed, the shroud, shroud head, and standpipes
should each be represented as separate conductors such that they may be attached to the proper
fluid volume inside the shroud and their time response not distorted.
3.2.3.5

Vessel Wall

The vessel wall is the outer boundary for the downcomer volumes. If the fluid temperature
adjacent to the vessel wall is expected to change substantially during the transient, such as a
cooldown or a heatup transient, the vessel wall should be accounted for as a passive heat
conductor.
3.2.3.6

Jet Pump

The body of the jet pumps is included within the annular space in the lower downcomer.
Consequently, they occupy fluid volume within the annular space, which should be accounted
for in the calculation of lower downcomer junction and volume geometry input parameters. The
metal can be lumped with other passive heat conductors if the transient requires a complete
definition of the metal heat capacity within the system. The jet pump metal mass is small
relative to other structures.
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Modeling the performance characteristics of jet pumps is described in Section IV.3.4.
3.2.4

Steam Separator and Dryers

Steam separation generally occurs in two stages. The first or primary separator forces the fluid
into a circular flow path by means of radially-oriented vanes. The resultant forces tend to force
the liquid phase to move laterally with respect to the direction of steam flow until it is removed
from the steam flow path and forced to flow into the downcomer. The secondary separator,
sometimes called a "dryer", removes a part of the liquid entrained in the vapor as it exits the
primary separator. This is accomplished by forcing the flow to follow a sinuous path through a
wire mesh or corrugated channel. The liquid removed in this process also returns to the
downcomer.
The separator and dryer transient behavior can be quite important in BWR transients. The
dynamics of how pressure changes in the steam line are propagated through the separators and
dryers, to the top of the core, and through the downcomer, jet pumps, and lower plenum to the
bottom of the core are important factors in the core flow and void response, which in turn results
in power changes via moderator reactivity feedback. The nodalization of the separator and dryer
region can vary widely. Many different arrangements have been tried because the region can be
important in the system transient behavior. Figure IV.3-5 shows several separator-dryer-steam
dome nodalization alternatives. These alternatives are not all-encompassing but are intended to
provide some different possibilities. Alternative A is the most simple separation region model.
This alternative provides no detail of the region geometry but will be adequate for many
transients, particularly long-term events. Alternative B adds a node to represent the separators.
Alternative C is the configuration used by EPRI for the Peach Bottom analyses.[IV.3-8] This
configuration or one very similar has been widely used for BWR analyses. The large number of
users exercising this particular configuration and documenting their successes, comments, and
failures is valuable to all modelers who choose to use this configuration. Alternative D is purely
a conceptual model to show a configuration that models the geometry and structures of the
region. This configuration is not necessarily recommended, but there may be special occasions
where something like it is necessary. In Alternative D when the separator floods, low quality
liquid will enter the dryer region. Using a bubble model and manipulating the bubble model
parameters via control blocks or using the separator model with properly defined performance
characteristics, the modeler can manipulate the performance characteristic of the dryers. The
separator drains, dryer drains, and water from the flooded separators drain into the region inside
the dryer shroud. The region inside the dryer shroud then can communicate to the region outside
the shroud and down into the downcomer.
Figure IV.3-2 illustrates an approach slightly different than each of the alternative
separator/dryer/downcomer noding schemes illustrated on Figure IV.3-5. The uniqueness is that
the primary separator drains are connected to the upper-most subcooled downcomer volume.
The degree to which this represents the actual physics of the region is debatable, but several
analysts have reported that better agreement with the level response is achieved by using this
arrangement.
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Figure IV.3-5. Separator/Dryer Region Modeling Alternatives

IV-105
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

Physical Component Modeling

In addition, analysts report that the pressurization rate in pressurization transients was sensitive
to the bubble mass in the upper downcomer volume (the more bubbles the smaller the
depressurization rate). By directing the recirculation and carryunder path into the middle
downcomer they were able to eliminate this dependency.
For rapid pressurization transients, such as a turbine trip without bypass or MSIV closure the
two-region nonequilibrium model produces a response more consistent with data. Common
modeling practice includes use of the two-region nonequilibrium model in the upper downcomer
and in some cases the separator. Using the model results in superheating of the steam region
during the pressurization, which gives a higher pressure than the HEM bubble rise model would
give. In general, it can be expected that a nonequilibrium model will produce a more severe
response for a pressurization transient but should produce a response similar to an equilibrium
model for depressurization transients.
The separator (and dryer) performance may be simulated by either the bubble rise model (Card
06XXXI) or the separator component model (Card 60XXXY). When using the bubble rise
model, the bubble parameters can be established using constant velocity and bubble gradient
parameters or parameters that are controlled via a control block output. The control block
capability gives the user a great deal of flexibility but is not often necessary and may cause
problems if some unusual or strongly nonlinear characteristics are used.
With the bubble rise model, the steam path outlet will produce dry saturated steam in all
situations unless the separator node actually fills. This is functionally consistent with the
performance characteristics of the separator and dryer over the normal range of operation. The
separator component model uses either default carryover and carryunder performance parameters
or those provided by the user. The default values are based on BWR/6 separators for a limited
performance range, and this limitation should be considered relative to the transient being
studied. Reference IV.3-9 presents a study of the RETRAN-3D separator model. If additional
range is needed or if data are available for a plant-specific separator, the separator carryover and
carryunder performance characteristics should be input.
When using the bubble rise model, liquid inventory may increase in the bubble rise node as a
result of a lower quality fluid entering or a decreasing drain flow. The effects are both in the
right direction but do not have a quantitative relationship to the actual component performance.
Use of the separator component model provides for the proper functional and performance
relationships of the separator but not of the dryers. Therefore, neither of the models will allow a
simulation of both the separator and dryer components over the complete range of fluid
conditions without some assumptions or approximations. The extent to which the dryers will
separate the steam and water flowing through them may be a difficult relationship to determine,
but the vendors have certainly tested them in this mode.
3.2.4.1

Standpipes

The standpipes connect the upper plenum to the separator bodies. The standpipes are sometimes
modeled as a separate node because the velocity is considerably greater than in the plenum. The
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need for a separate volume has not been clearly established. The geometry data for the volume
and junction parameters can be determined using the principles and guidelines presented in
Chapter II. The metal of the standpipes has been modeled as passive conductors in some models
[IV.3-9] although the need has not been clearly established.
3.2.4.2

Separator Assemblies

The discussion in Section IV.3.2.4 covers the general modeling aspects of the separator
assemblies. The geometry data for the separator are somewhat more difficult. The internal
volumes, flow areas, flow lengths, loss coefficients, and the like are generally ill defined. The
steam-water mixture that enters the separator impinges on vanes, which force the mixture to spin,
mechanically separating the vapor and liquid due to centrifugal forces. The liquid collects on the
edges of the separator and exits the separator into the upper downcomer while the steam flows
into the steam region. The paths followed by the two phases are significantly different. The
liquid flow path is significantly longer than the vapor, consequently, there is considerable
uncertainty in which path to use for the junction inertia calculation.
Reference IV.3-10 points out that the separator inertia can influence the outcome of pressure
increase transients and suggests using the steam flow path in computing inertia which provides a
more realistic coupling between pressure changes in the steam dome and the core. This
reference also suggests that the inertia is a function of separator inlet quality due to changes in
water layer thickness around the edges of the separator.
RETRAN-3D provides a means of modeling the variable inertia characteristic of separators using
a control system. It is activated by setting INERTA on the junction data card to a negative
number that identifies the control block that defines the inertia.
The metal heat conducting mass associated with the separators is not normally included. The
separator assemblies represent a small metal mass relative to other structures, and heat transfer
from inside to outside is limited by virtue of the geometry; hence, the separators are less
important than most internal structures.
3.2.4.3

Steam Dryers

The steam dryer is a device that removes liquid from the steam leaving the separators. The
dryers generally cause the steam to flow through a corrugated structure changing direction many
times and leaving liquid each time the direction changes. The flow resistance through the dryer
should be incorporated into a representative junction form loss coefficient since it can be
important to downcomer level response. The internal geometry parameters for the separator such
as volume and flow area are generally difficult to locate or determine from the available
drawings. The metal mass of the steam dryers is usually available, but the surface and thickness
dimensions are more difficult to determine because of the complexity of the component. As with
most metal structures, the dryer is not normally modeled unless a significant cooldown or heatup
transient is being studied.
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3.2.4.4

Dryer Shroud

The dryer shroud extends from the dryer assembly down below the normal operating level such
that the steam mixture exiting the separators will flow through the dryer assembly. The shroud,
as a structure that impacts the node geometry, is only a factor in nodalization Alternative 0 that
was previously discussed. The part that the shroud plays is evident in transient behavior only if
the downcomer level drops below the bottom of the shroud. At this point, the steam flow exiting
the separators will bypass the dryers and go directly to the dome. This may or may not
significantly affect the thermodynamics of the dome depending on the quality of the flow exiting
the separators. The level dropping below the bottom of the shroud will also cause an abrupt
change in the downcomer level measurement.
3.2.5

Steam Dome

The steam dome is defined generally as the steam region above the separator and dryer structures
and down the annular region outside the shroud to the downcomer liquid surface. Regardless of
the exact geometrical definition, the term is used to represent the "top" node in a model, which is
normally the node that connects to the steam line nodes. If the dome and upper downcomer are
combined such as Alternative A or B of Figure IV.3-5 then the dome may be specified as a non
equilibrium volume.
3.2.5.1

Upper Head Spray Nozzles

Most BWRs have the capability to inject spray into the upper head to aid in the cooling process
during a reactor shutdown and cooldown. Reactor coolant is pumped by the RHR main system
pumps from one of the recirculation loops through the RHR heat exchangers, where cooling
takes place by transferring heat to the service water. Reactor coolant is returned to the reactor
vessel via the same recirculation loop. Part of this flow may be diverted to a spray nozzle in the
reactor head.
The head spray is not typically modeled in RETRAN-3D system transient models simply
because it is a manual system that is not used except during a plant cooldown. There are no
inherent limitations that would prevent you from modeling the head spray.
3.2.5.2

Steam Line Nozzles

The steam line nozzles reside in the vessel in the cylindrical section at an elevation
approximately midway up the dryer assembly. The location of the junction in the RETRAN-3D
steam dome node is only important if the transient being evaluated involves filling the vessel to
or above the steam line elevation. If the consequences of water flowing into the steam lines are
important, then the nodalization and geometric input should properly represent that condition.
Considering the alternatives shown on Figure IV.3-5, Alternatives B and D will clearly work and
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A may work. Alternative C may have a problem depending on the volume and node
characteristics (bubble model) defined for the middle node and the location of the nozzles. The
key parameter to consider in this scenario is the liquid volume from the bottom of the
downcomer node to the steam line nozzles. Since RETRAN-3D assumes a constant crosssectional area, the junction may need to be moved such that the volume below the nozzle in the
model is the same as in the plant. The vertical junction option (Card 08XXXY, Word 11-I)
JVERTL = 1 for a circular area distributed vertically may also be used. This will allow the
junction enthalpy to make a slow transition when liquid reaches the steam line elevation.
The metal heat capacity of nozzles will be lumped with the vessel wall if heat conducting
structures are deemed necessary.
3.2.5.3

Head Vent

The vessel head has one or more vents that are controlled manually and are only used during the
early stages of startup or the last stages of a shutdown. There are no limitations that would
prevent these junctions from being included in the RETRAN-3D model if their impact were to be
studied.
3.2.5.4

Vessel Wall and Head

The vessel wall and head form the outer boundaries of the downcomer and dome nodes. If
passive metal conductors are to be included in the model, then the vessel metal is certainly one of
the dominant components from a mass standpoint. The guidelines and principles of Chapter II
should be followed when preparing the conductor input.
3.3

Recirculation System

The recirculation system consists of two separate, parallel loops that operate simultaneously but
independently of each other. Each loop consists of a recirculation pump driven by a variable
speed motor (or a fixed speed motor and a control valve), ten jet pumps, valves, piping, and
instrumentation. The entire recirculation system is located within the primary containment. The
jet pumps are located inside the reactor vessel between the core shroud and vessel wall. The
recirculation pumps take a suction from the vessel annulus area and discharge into a manifold
containing five risers per recirculation loop. Each riser in turn penetrates the vessel and supplies
the driving flow for two jet pumps.
Symmetric transients allow the two recirculation loops to be represented as a single loop in the
RETRAN-3D model; otherwise, both loops need to be included in the model. Nodalization of
recirculation loops tends to be simple in most models: a node from the vessel to the pump
suction, the pump, and a node from the pump discharge to the drive nozzle at the jet pump (see
Figure IV.3-1 through Figure IV.3-3). Only the severe recirculation line pipe breaks would
cause more nodes to be necessary in this region.
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3.3.1

Piping and Valves

The recirculation system takes suction from the recirculation outlet penetration of the reactor
vessel. Prior to entering the recirculation pump suction, a suction gate valve is provided to allow
pump isolation. The recirculation pump discharge piping is provided with a discharge gate valve
and in some instances a flow element and is connected to the discharge manifold. On plants that
use control valves instead of variable speed pumps, the control valve is also located at the pump
discharge. The discharge piping connects to the discharge manifold, which forms a ring header
around the reactor vessel. From the discharge manifold, ten 12-inch pipes (five from each loop's
manifold section) are connected to the recirculation inlet penetrations on the reactor vessel and to
the 20 jet pumps within the reactor vessel.
The suction and discharge piping and the pump volume do not pose any unique modeling
challenges. The suction and discharge isolation valves as well as the bypass lines around the
discharge valves are seldom represented in the RETRAN-3D model because their activities are
limited to startup, shutdown, and selected transient scenarios and are operated manually. There
are no inherent limitations to the inclusion of the isolation valves. Plants that use a control valve
for flow control can be modeled with a valve placed at the discharge of the pump.
The discharge manifold and piping to each of the ten jet pumps driven by an individual
recirculation pump is a piping geometry that offers a modeling challenge when it is consolidated
into a single node. Questions arise regarding the proper manner to determine flow area, inertia,
hydraulic diameter, and so on. Chapter II addresses these difficulties and provides a theoretically
consistent approach for determining the volume and junction parameters, including an example
that is relevant to this configuration.
The piping and valves are not often included as passive conductors, but should they need to be
for transients that involve large temperature changes or for LOCA, then the guidelines in Chapter
II should be followed.
3.3.2

Reactor Water Cleanup Interface

The reactor water cleanup (RWCU) system interfaces with one of the recirculation loops on the
suction side of one of the pumps. Since the RWCU flow rate is small, this interface is not
normally modeled in RETRAN-3D system transient models.
3.3.3

Residual Heal Removal Interface

The residual heat removal (RHR) system takes suction upstream of the pump suction isolation
valve in one of the recirculation loops. The RHR discharge returns to both recirculation loops
downstream of the pump discharge isolation valves. The RHR return lines are also used for low
pressure coolant injection in the emergency mode. The normal RHR mode is not often included
in RETRAN-3D system transient models as it is strictly a shutdown cooling function. The low
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pressure coolant injection mode is very often included in RETRAN-3D models. It is usually
represented as a fill with a given fixed capacity or with a flow-pressure characteristic. There are
no limitations that would prevent the shutdown cooling mode from being represented in order to
study a problem involving a long-term shutdown condition.
3.3.4

Recirculation Pump

The recirculation pumps are large centrifugal pumps (see Chapter III), which in many plants are
variable speed for flow control. Fixed speed pumps are used in some plants with flow control
provided by control valves. There are no significant differences between the input and modeling
requirements of the recirculation pumps in a BWR and the reactor coolant pumps in a PWR.
RETRAN-3D employs a set (or sets) of homologous pump curves to describe pump
characteristics. RETRAN-3D also requires rated pump performance data and optional motor
data. Pump head multiplier data, pump torque multiplier data, pump stop data, and two-phase
pump head and torque data may also be required for a particular model.
3.3.4.1

Two-Phase Performance

The theory and methodology used by the RETRAN-3D code to account for the degradation of
pump performance for two-phase fluid conditions is discussed in Section III.3.2.1. The twophase input is optional. If two-phase conditions at the pump will not be encountered during the
transients being simulated, the user can stipulate single-phase only on the pump description
cards.
To account for two-phase pump performance, the pump description cards input must specify the
sequence number of the desired two-phase head difference curve set. The pump curve set card
allows the use of Semiscale two-phase head difference curve set (default curves). Torque
difference curves must still be input with this option. Another option is to input both the head
difference curves and the torque difference curves. In addition to the two-phase difference curve
set, pump head multiplier and pump torque multiplier data may also be required.
Section III.3.2.1 discusses the sources of data for two-phase pump performance, including more
recent information.
3.3.4.2

Pump Description Data

Pump description data requirements include the pump rated conditions, which are usually
available. Unfortunately, the rated performance is frequently different than the actual
performance. In order to understand the difficulty between rated and actual performance,
consider the pump designed. The core flow rate will be determined from a thermal standpoint,
then the hydraulic losses and gains (natural circulation head) will be calculated throughout the
system. Because there is a reasonable uncertainty in the unrecoverable losses in the system, the
pumps will be sized to produce a larger head than expected at the required thermal design flow.
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As a result of this design approach, the actual flow will almost always be larger than the design
flow.
Rated speed, flow, head, torque, density, motor torque, and the pump moment of inertia are input
on the pump description data cards. Pump moment of inertia is important for pump coastdown
transients, where the pump or pumps are tripped and coast down. The inertial characteristic of
the pump-motor assembly is a fixed quantity given the physical design of the components.
However, the inertial characteristic of the system when including the M-G set is different. The
recirculation pumps can be "tripped" in two different ways: the recirculation pump motor is
tripped or the M-G set motor is tripped. In most cases, the input inertial characteristic for the
pump will represent the situation where the pump motor is tripped and the inertial characteristic
for the entire M-G and pump motor system will be imbedded in the control block models of the
M-G set. The most common problem for the user is that rated speed, flow, and head may not
match the best estimate for the loop pressure losses. An easy solution to get the model to run is
to adjust the speed ratio (pump description data input) to obtain the desired head from the pump.
A better practice is to use the actual speed and flow and adjust the rated pump head.
The friction torque is often a difficult parameter to obtain. In the absence of better information,
analysts have used a value between five and ten percent of the rated torque. The functional form
of the friction torque is a user-con- trolled third order function. In the absence of specific
information on the form, a constant term plus a speed squared term is suggested. The constant
term represents the zero speed friction or starting friction and the speed squared term is a
generally accepted form in the operating range.
3.3.4.3

Pump Flow-Speed Characteristics

The pump flow-speed-head and flow-speed-torque characteristics are based on measured data for
the actual pumps or class of pumps being used in the plant. These characteristics will typically
cover all four quadrants of operation. For licensing LOCA analyses, actual pump curves are
probably essential. However, from a best-estimate standpoint for coastdowns or LOCAs, the
difference between the actual pump curves and the generic curves for that class of pumps is
probably going to be very small. Analyses have also been performed with pump data from a
different vendor because data were not available for the specific pump.
Pump performance is normally measured between the pump inlet and the pump outlet.
Therefore, form losses within the pump volume and at the pump junctions should already be
included in the pump performance curves, and form losses at these junctions should be due only
to form losses occurring in the piping, not in the pump volume. It is a common practice to allow
the code to calculate one of the pump junction form loss coefficients when using RETRAN-3D
steady-state initialization. Since there should be no form losses in excess of those due to the
piping, the calculated losses can be checked to see if the system losses are equal to the pump
head. If these do not agree, a decision has to be made as to which input values are most
appropriately modified.
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3.3.5

Equalizer Line

In some plants there is a crossover or "equalizer" line between the two recirculation discharge
headers that allows one recirculation loop to drive all of the jet pumps. This arrangement
provides for an equal distribution of flow through the jet pumps when operating with one
recirculation pump. Approximately 65% power is available with one recirculation pump
operating only its associated jet pumps; however, approximately 80% power is available with
one recirculation pump operating all jet pumps. However, this feature is not used because tests
have indicated that operation with the crossover open may cause damage to the recirculation
pump hydrostatic bearings. In addition, emergency core cooling effectiveness may be reduced if
the crossover valves are open.
3.4

Jet Pumps

Twenty jet pumps located inside the reactor vessel provide forced circulation for the core
coolant. Each jet pump is supplied flow to its nozzle from the associated recirculation loop.
Figure IV.3-6 shows the general arrangement of the jet pump hardware. Figure IV.3-7 illustrates
the principle of operation of the jet pump. Reference IV.3-11 presents a general discussion
regarding the performance of jet pumps. The high pressure driving flow is accelerated to a high
velocity at the nozzle outlet, which develops a low pressure area at the nozzle outlet. This draws
flow from the downcomer region between the reactor vessel wall and shroud. The driving and
suction flows merge in the mixing section and are slowed in the diffuser section, which converts
the velocity head to a static pressure head to force coolant flow through the reactor core. At full
power, approximately one-third of the total jet pump flow is driving flow; the remaining twothirds is suction flow.
The jet pump performance is normally represented in a nondimensional form using the following
ratios:



Flow Ratio, M = The ratio of the driven mass flow (suction flow) to the driving mass
flow through the nozzle (see Figure IV.3-7):
M



W2
.
W1

(IV-3-1)

Head Ratio, N = The ratio of the specific energy increase of the suction flow to the
specific energy decrease of the driving flow (see Figure IV.3-7):
N

Pd  P2
,
P1  P d

(IV-3-2)

where the subscripts 1, 2, and "d" refer to the driving flow, suction flow, and discharge
flow, respectively. P is defined as:
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Figure IV.3-6. Typical Jet Pump Installation
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(IV-3-3)

Note: The elevation head is not included in the determination of the pressures in the N ratio.
The performance characteristic is shown graphically in Figure IV.3-8 for the positive M and
positive N quadrants. Reference IV.3-12 presents test results for abnormal quadrants.
RETRAN-3D uses a momentum mixing formulation to define the static head gained across the
jet pump. Inputs that will affect the jet pump model performance include the drive flow area,
mixing area, and the forward and reverse loss coefficients at the diffuser exit, drive nozzle, and
suction. Reference IV.3-13 provides a good discussion on the modeling of jet pumps.
Determining the input parameters that produce the normal M-N quadrant, positive M and
positive N, characteristic curve is the first order of business for the modeler. A typical approach
is to input the suction and lower plenum node pressures, the actual nozzle flow area, and to use
the diffuser exit area for the jet pump node. RETRAN-3D can then calculate the forward loss
coefficients for the suction and drive nozzles. One way to check the M-N characteristic that
result from a RETRAN-3D model is to locate boundaries around the jet pump and vary the flows
and/or pressures to observe the M-N characteristic curve. A slight adjustment (increase) of the
drive nozzle area may be necessary to produce a match with the data.
The abnormal reverse flow modes can then be evaluated. References IV.3-13, IV.3-15, and
IV.3-16 suggest that reverse loss coefficients larger than those that may be calculated are
necessary to achieve good agreement with data in the positive N negative M region.
Approximate numbers from these references can be used with a sensitivity study to establish
reasonable values. Most BWR plants have some one-pump trip data that can be used to
benchmark the final selection. For more severe events, such as large recirculation line LOCAs,
the jet pump scale model test data[IV.3-13] is the best source of information.
3.5

Steam Line

Depending on the plant, two to four steam lines will connect the reactor vessel to a header at or
near the high pressure turbine. The need to model the steam line and the degree of detail
required depends on the scope of the model and the phenomena that are important. Following
are some scenarios that will provide insight into steam line modeling alternatives:



Consider a situation where the turbine does not trip or trips after the power and steam
flow have diminished. In this instance, excessive noding detail in the steam line will not
improve the results. A minimal model from the vessel to the turbine will provide the
parameters for the turbine control and valve actuation.
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Figure IV.3-8. Normal Quadrant Jet Pump Performance Characteristics

•

Second, consider an analysis where the turbine is tripped or the reactor vessel is isolated
immediately but the important parameters concern the long-term transient. In this
instance, the steam lines might not be represented but the relief and bypass valves
modeled as though they were attached directly to the reactor vessel. The actual pressure
at the valve would be approximated by the pressure in the reactor vessel.

•

Third, consider a transient that is dominated by steam line component actions and the
timing and magnitude of secondary parameters are extremely important to the outcome.
The classic BWR turbine trip fits in this category where the pressure response of the
steam line plays an important part in the core response. Reference IV .3-7 presents
information on the sensitivity of the Peach Bottom turbine trip to a wide variety of
parameters, including steam line noding. Comparing to plant data for an event that
included some anomalous valve behavior such as opening too soon, closing too late, or
exhibiting unexpected flow characteristics is also a good candidate for additional detail in
the steam line area.

Most BWR models, particularly those that are used primarily for licensing event studies, will
represent the steam lines with approximately six nodes. This number has been shown to be
adequate in several studies of rapid steam flow perturbations such as turbine stop valve closure.
Since the steam flow has substantial kinetic energy when abruptly stopped, it will tend to
compress in the dead-ended steam line creating a wave type of response. Reference IV .3-8
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concluded that three nodes were inadequate for the turbine trip where six was almost as good as
ten nodes. If the wave phenomena are important, a nodalization sensitivity study should be
conducted to ensure that an appropriate number of nodes are being used. Note that the same type
of phenomena that make the steam line noding important during a turbine trip can be equally
important for smaller perturbations where controllers are trying to tightly hold a setpoint. The
controllers and trip systems may require further noding detail to better define a local pressure or
flow used for control.
Simplifying the steam line model is completely reasonable for the study of many BWR
transients. A simplified steam line model could have two nodes: one inside the main steam
isolation valves and the second from the MSIVs to the turbine stop valves. The last step in
simplification is to have no steam line nodes and attach the relief valves, safety valves, turbine,
etc., junctions directly to the steam dome node. In this case, the steam dome volume should be
increased by the available volume in the steam lines. The available volume would be the volume
to the MSIVs if the MSIVs were closed and the volume to the turbine if the MSIVs were open.
This will preserve the overall compressibility relationship of the steam space.
3.5.1

Piping

The piping is seldom modeled as a conductor in typical transient analyses. The heat capacity of
the metal and heat transfer losses through the piping will be important only in heatup and
cooldown studies. If there is some question regarding the need for the piping to be represented,
add a conductor model to test the hypothesis. If the indication is that heat transfer is necessary,
additional detail can be added.
3.5.2

Safety and Safety/Relief Valves

The safety and safety/relief valves are located on each of the steam lines and have setpoints that
are set so the valves will open sequentially as the pressure increases. The safety/relief valves are
a dual-purpose type that are operated by a pilot valve in the safety mode and are power operated
in the relief mode, either by a manual initiation or by the ADS. Some plants also have safety
valves that open against a spring, like code valves on a PWR. These valves will normally have a
setpoint that is greater than the pilot-operated valves. The general modeling guidelines and
comments in Section IV.2.5.4 are equally applicable to these BWR safety/relief valves regardless
of how they are actuated.
Many analyses are performed with RETRAN-3D model safety valves using the negative fill
option. The use of this modeling approach has a limited range and has several implicit
assumptions. These assumptions include small changes in fluid conditions from reference and an
adequate pressure drop for critical flows. The negative fill approach is not a recommended
modeling approach. A correct approach to safety/relief valve modeling is to use the critical flow
models in RETRAN-3D. The contraction coefficient on the junction card (Card 08XXXY, Word
16-R) can be adjusted so the path will produce the design flow out of the valve at the design
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pressure and fluid conditions. This approach has the advantage that as the pressure conditions
change or if the fluid conditions would change, a physically correct response will result.
The opening and closing characteristics of the safety/relief valves are fairly uniform because of
the pilot valve design. As a consequence, the opening and closing of the valves will normally be
modeled using a trip and a time-dependent opening and closing time.
When performing analyses of actual plant transients, steam relief valves often will not open or
close when they are supposed to. This might require the valves to be modeled individually
instead of in banks or development of complicated schemes to cause the valves to behave in an
off-design way. The first step in providing a realistic variation on valve opening and closing
would include modeling each valve individually and incorporating variations into the setpoints to
represent statistical differences within the setpoint tolerance specification. Control blocks in
combination with trips can be used to create odd characteristics such as a second pop setpoint
that is different than the first or a reset characteristic involving a pressure dependency.
3.5.3

Flow Restrictors

Many plants have flow restrictors in the steam lines to limit the flow out of the reactor vessel in
the event of a steam line break. In addition, the restriction or venturi is often used to measure the
steam flow rate. The flow that the restrictor will allow to pass is usually expressed as a
percentage of rated steam flow (200% is a typical value). This value can be used without
knowing details about the actual dimensions of the venturi by using an approximate area and
then calculating a discharge coefficient such that the prescribed flow will be calculated at the
stated conditions. The critical mass flux at the pressure and enthalpy corresponding to the
specified maximum flow using the critical flow model and a calculated or assumed junction area
are used to calculate the discharge coefficient. The normal pressure drop will be used to
determine the unrecoverable loss coefficient for the flow restrictor.
3.5.4

Main Steam Isolation Valves

The main steam isolation valves (MSIVs) are designed to seal the reactor system under
conditions that are sufficiently severe that radioactivity may be released into the steam system
and then be released to the atmosphere. MSIVs are located very near the containment boundary
comprising valves inside and outside the containment. While MSIVs are relevant in many BWR
events, the results are seldom sensitive to the modeling of MSIVs. The closing time and the flow
characteristics with respect to valve position are two features that may have an impact on the
results. Both of these characteristics affect the flow rate through the valve during the time period
when the valve is closing.
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3.5.5

Turbine Control Valves

Regulation of the turbine output is accomplished by the turbine throttle or control valves that
control the steam flow to the turbine generator system. Reactor pressure is the control parameter
used for the turbine and bypass valves. Control of a BWR is an interesting challenge as the
control action to limit turbine power (closing the control valves) will increase reactor power by
virtue of void collapse. Modeling of the turbine control valves depends on the transient being
performed and the assumptions being made. Modeling the turbine control valve with a negative
fill (see discussion in Section IV.3.5.2) is not recommended. If turbine system behavior is the
objective of the study, then close attention should be given to the control valve modeling. Many
BWR transients will depend on the modeling of the pressure regulator and the turbine control
valves.
Several problems in modeling a turbine control model are:




Turbine control valve control schemes are electro-mechanical or electro-hydraulic
devices and information regarding the dynamic and control characteristics may be
difficult to obtain.
If the turbine and feedwater system dynamics have an impact on the response,
approximations regarding the behavior of these components may be required in order to
avoid modeling the entire power conversion system.

The control valves will act to adjust the set pressure until they reach full stroke or are fully
closed. If the steam pressure is increasing, the control valve will open until it reaches full stroke,
but thereafter the turbine bypass must begin to open to try to control pressure. If the pressure
cannot be regulated, then a reactor scram will result. At full power the control valves typically
have between 5 and 10% margin to full stroke to avoid reactor scram during valve testing. The
control scheme for the turbine control valves is designed to respond very quickly and dynamic
blocks that will cause the model to respond too slowly should be avoided.
If the performance of some aspect of the turbine system is of interest, such as turbine speed
response to a grid or control perturbation, a detailed model of the control and flow characteristics
of the turbine control valve as well as the turbine are essential. The turbine control valve flow
versus position is normally available, as is the control system itself, but the dynamics of the
mechanical and hydraulic components are difficult to model.
3.5.6

Turbine Stop Valves

The turbine stop valves (TSVs) are designed to protect the turbine from excessive overspeed and
as such they have an extremely rapid stroke time for closing. The turbine stop valves will also
actuate in a variety of other situations to quickly terminate flow to the turbine. "Tripping" the
turbine is accomplished by closing the TSVs.
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Modeling the TSVs is usually accomplished by including a valve in the junction between the
steam header and the turbine volume and closing it in a linear fashion over the valve stroke time.
The valve flow area versus stroke may not be linear, but the closure time is so rapid that
nonlinearities are not normally important or observable. Test data are normally available for the
closing time of the valves, and typical times would be from 100 to 250 msec. The valve stroke
versus flow characteristic may be important in analyses of the turbine response to a transient
such as a load rejection where the short-term speed response is the primary parameter of interest.
The turbine volume is typically modeled only as a pressure boundary either as a time-dependent
volume or a "sink" (large V>107ft3) volume. The volume geometry in this case is not important.
3.5.7

Turbine Bypass Piping

The turbine bypass piping takes steam from the steam header (or from a crossover pipe)
downstream of the MSIVs and upstream of the TSVs, connects to the bypass valves, then
through a breakdown orifice to reduce the pressure before the bypass flow enters the condenser.
Reference IV.3-7 discusses the importance of modeling the bypass piping and arrangement.
3.5.8

Turbine Bypass Valves

The turbine bypass valves allow steam to bypass the power conversion process and go directly to
the condenser. The system usually includes four to ten valves that open sequentially as
demanded. The bypass system is called upon to relieve steam when the turbine load reduced
more rapidly than can be accommodated within the steam generator and primary system and is
used during startup to control the pressure on the secondary prior to the turbine being brought on
line.
The turbine bypass valves are typically represented by a flow path where the flow is controlled
via a fill that is driven by a control system, however, there are many instances where this is not
recommended (see Section IV.3.5.2). Reference IV.3-7 describes a situation in a BWR where
such an approach was not adequate. If the model explicitly represents the bypass valves, the
valve characteristics, i.e., the valve coefficient versus valve position, must be obtained.
3.6

Power Conversion System

The power conversion system refers to the power plant steam-water cycle and its associated
components. A simplified schematic diagram of a typical system is shown in Figure IV.3-9.
The steam passing through the turbine leaves either through extraction lines or through the
turbine exhaust to the condenser where energy is rejected to the system heat sink, condensing the
steam in the process. The water thus produced is pumped from the condenser by a condensate
pump and returned to the reactor vessel through a feedwater pump. In passing from the
condenser to the reactor vessel, the fluid is heated by successive heat exchangers called
feedwater heaters, which are heated with steam from the turbine extraction lines.
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Figure IV.3-9. Typical Power Conversion System

This section is intended to highlight modeling considerations unique to power conversion system
applications, such as the turbine, feedwater heaters, condensers, etc.
Modeling the components described in this section is normally done only when the power
conversion system or some part of it is being specifically studied. Only in rare cases is it
necessary to couple the NSSS model to the power conversion system model. The methods
employed in RETRAN-3D-02 to represent the phenomena in the power conversion system are
such that they will tend to execute rather slowly. Advances in numerical techniques in future
versions of RETRAN-3D will improve the speed of these models. The turbine and most of the
components containing steam have a small mass relative to the velocity; hence, they require an
extremely small time step in order to satisfy the Courant criteria. The use of the power
conversion system models will normally be limited to rapid, short duration transients such as a
load rejection or intercept valve closure.
3.6.1

Turbine

Turbines are described in a RETRAN-3D model representation as ordinary volume nodes
connected by junctions. A complete turbine module consists of a series of connected "stage
groups", where stage groups are defined as the sections of a turbine in between extraction points.
Since one of the objectives of the turbine description is to predict the fluid enthalpy at the
extraction points, it is convenient to assign one volume node to each stage group. Determining
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the appropriate values for the volume description (volume, area, and length) of the turbine nodes
can be difficult. It is possible to estimate values of these parameters from cross-sectional
drawings of the turbines; however, it is not clear that good geometrical information is generally
available. There may be more than one actual turbine stage within a stage group. The number of
stages in each group depends on each particular turbine design. This information regarding
turbine configuration is required for model definition.
Two different kinds of data are required by the turbine input data cards in order to model a given
turbine:




thermal and hydraulic data, and
geometric data.

The thermal and hydraulic data are required to initialize the state conditions on the stage group
and to establish the design value of turbine efficiency. These data consist of the design values of
pressure, enthalpy, and flow rate and are generally available from the plant design heat balance.
These data defined for the conditions at the turbine inlet provide a starting point for the turbine
efficiency calculation that follows the h,s expansion line through the turbine from inlet to outlet.
Next the design values of pressure and enthalpy and flow rate must be defined for each stage
group where pressure and enthalpy are those of the stage group exhaust (extraction line)
conditions.
The geometric parameters consist of nozzle and blade angles and loss coefficients. The actual
values of these parameters may also be difficult to identify for a given turbine. They are not, in
general, made available by turbine vendors. Default values have been included in RETRAN-3D
for general application in the event that this information is unavailable for particular cases. The
default values are based on textbook examples of turbine configurations presented by Salisbury.
[IV.3-11]
3.6.2

Feedwater Heaters

Feedwater heaters transfer heat from extraction steam to the condensate/feedwater as it passes
from the condenser to the steam generator. In order to describe the energy removal from the
extraction steam and its addition to the feedwater, a feedwater heater model in RETRAN-3D
must define the heat exchange to occur between the appropriate volume nodes.
A feedwater heater model is constructed with RETRAN-3D by using a two-sided heat conductor
to the two volume nodes representing the primary and secondary sides of the heat exchanger.
The secondary side of the heat exchanger may contain more than one heat transfer regime,
depending on the state conditions of the fluid entering and leaving the device. For example, if
the entering fluid is super-heated and the heat transfer rate is high enough to produce subcooling
in the exiting fluid, then the secondary-side heat transfer occurs over three different flow
regimes, namely, convection to steam, two-phase condensation, and convection to liquid. To
capture this effect, it is necessary to split the heat exchanger into three volume regions in the
direction of flow. An example of such a heat exchanger model is shown in Figure IV.3-10.
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Figure IV.3-10. Feedwater Heater Model

Plant feedwater heater trains are often divided into parallel flow paths with multiple heat
exchangers operating in parallel at each stage. In the RETRAN-3D model, the heat exchangers
connected in parallel may be lumped together rather than represented as separate parallel flow
paths if information about each path is not needed.
3.6.3

Condenser

The condenser exchanges heat between the steam from the turbine exhaust and the circulating
water system.
Modeling a condenser is similar to modeling a feedwater heater except that the heat sink fluid is
not interconnected with the plant cycle. The flow chain on the cooling water side is usually
described as an open loop deriving from a fill junction and terminating in a time-dependent
volume.
Since there is no possibility of superheat in the turbine exhaust steam, axial nodalization may be
confined to two volumes. An example of a condenser model is shown in Figure IV.3-11.
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Figure IV.3-11. Condenser Model
3.6.4

Pumps

The condensate train of most power plants contains at least two sets of pumps operating in series.
The first is the condensate pump that transfers water from the condenser to the condensate
system raising the liquid pressure above atmospheric. The feedwater pump raises the pressure,
again, and injects the feedwater into the steam generator.
Feedwater flow and enthalpy response can have a significant effect on the overall system
behavior in many transients. Modeling approaches that result in the use of boundary conditions
to account for some of these parameters should be carefully evaluated. Modeling these pumps
requires incorporating their performance characteristics into the input data in a similar manner as
any pump.
3.6.5

Piping and Valves

Balance of plant piping modeling is straightforward given sufficient design information in the
form of construction drawings or a suitable schematic that contains dimensions, i.e., pipe
diameters, lengths, and elevations. There is no explicit prescription for deciding on nodalization
boundaries. Valves, heat exchangers, pumps, and tanks will be appropriate boundaries. For
most applications, runs of pipe between major components can be described adequately by a
single volume node. The guidelines presented in Chapter II should be used to develop the
geometry parameters for the volumes and junctions.
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There are two valves in balance of plant systems that exert an important influence on the BWR
dynamic behavior: the turbine throttle valves and the feedwater flow control valves. There are
numerous other valves and controls in the power conversion system. These include valves on
each feedwater heater to control level, the intercept valves, extraction isolation valves, feedwater
heater bypass valves, the feedwater pump turbine control valves, and so on. The need to
represent the valve explicitly within a RETRAN-3D model depends on the detail needed. The
performance characteristics of the valve can often be incorporated into a control block model.
This can simplify the hydraulic model while simulating its characteristics. The turbine control
valves were discussed in Section IV.3.5.5.
When a valve is to be represented explicitly, i.e., between two nodes, the characteristics of the
valve as a function of valve position, normally called the valve coefficient, must be provided.
The valve coefficient can be converted to a loss coefficient for use in RETRAN-3D. The
junction loss coefficient can be varied as a function of the valve position using the junction
option that allows the loss coefficient to be determined from a control block output.
3.7

Auxiliary and Safety Systems

There are a large number of systems that may be generally categorized as auxiliary systems.
Table IV.3-1 from Reference IV.3-17 illustrates most of the auxiliary systems and provides
comments on the control mode and actuation parameter. Of these systems, the emergency
systems are most likely to be included in RETRAN-3D models. Note that Table IV.3-1 does not
include high pressure coolant injection (HPCI) as it was replaced by the high pressure core spray
(HPCS). The emergency systems can be quickly noted in Table IV.3-1 as they are all
automatically actuated. The standby liquid control system, which is manually actuated, is the
single exception. Because RETRAN-3D has a general capability to model any steam water
system, with piping, pumps, valves, heat exchangers, etc., it can be used for any of the systems
and modes illustrated in Table IV.3-1. The subsections of Section IV.3.7 include only the
system most likely to be represented in RETRAN-3D models. The containment cooling system,
closed cooling water, and several of the RHR modes are not discussed.
3.7.1

High Pressure Coolant Injection System

The high pressure coolant injection (HPCI) system is designed to ensure adequate coolant
inventory in the reactor vessel for a spectrum of design basis loss-of-coolant conditions smaller
in magnitude than those for which cooling is provided by means of the core spray system (CS)
and low pressure coolant injection system (LPCI). The HPCI tends to depressurize the vessel
through addition of the cold water and use of reactor steam to drive the turbine. The HPCI
system is normally driven by a steam turbine attached to a main pump through a reduction gear.
It is designed to pump water into the reactor vessel under certain loss-of-coolant conditions
associated with high reactor pressure.
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Table IV.3-1
Summary of Auxiliary Systems **
SYSTEM
Reactor Water Cleanup System

TYPE OF CONTROL
Manual*

REMARKS
Backwashing and resin changing
from automatic cycle, manually
initiated

Fuel Building and Containment
Pool Cooling and Cleanup System

Manual*

Backwashing and precoating
from automatic cycle, manually
initiated (remote manual control
from radwaste panel)

Reactor Building Closed Cooling
Water System

Manual*

Local valve adjustment

Standby Liquid Control System

Manual*

Local motor test

Reactor Core Isolation Cooling System Automatic
Manual *

Low vessel water level

Automatic Depressurization

Two coincident signals (water
level and drywell pressure) with
time delay for manual override

Automatic
Manual*

High Pressure Core Spray System

Automatic
Manual*

Low Pressure Core Spray System

Automatic
Manual *

Low reactor water level, high
containment pressure
Low reactor water level, high
containment pressure

Residual Heat Removal System
Low Pressure Coolant Injection
Function

Automatic

Hot Standby Function

Manual *

Suppression Pool Cooling Function

Manual *

Shutdown Cooling Function

Manual *

Containment Spray Function

Manual *

Low reactor water level, plus
high containment pressure

Emergency control at local panel

* Manual is remote operator initiation from control room.
** Reference IV.3-17.
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Some plants may have a motor-driven HPCI and very early plants may not have an HPCI. Other
plants may have high pressure core spray instead of the HPCI. The HPCI may enter the vessel
through the feedwater sparger or through its own nozzles.
The most typical modeling approach for the HPCI system is a standard fill table with a constant
flow rate and temperature when the system has been actuated. The steam-turbine-driven HPCI
systems typically have a controller that modulates the admission valve to the turbine to maintain
a constant flow to the vessel. The constant flow assumption must be evaluated. Considerations
should include the following:



the dynamics of the controller, turbine, pump, and fluid system;



the controller range, i.e., if the transient calls for the admission valve to be fully open,
then the flow/head character of the pump becomes relevant;



certain pressure and steam quality conditions. If the pressure is less than design or the
steam too wet, then the steam turbine cannot deliver the demanded speed; and



the duration of the transient relative to the water supply. The supply is initially the
condensate storage tank but is switched to the suppression pool when the tank is empty.
The temperature of these two sources can be quite different depending on assumptions
regarding the discharges to the pool and RHR coolers.

All of the aforementioned considerations can be modeled with RETRAN-3D if deemed
necessary. The first choice would be to use control blocks to represent the control and physical
component processes. Additional detail can be added by including the system components in the
RETRAN-3D thermal-hydraulic model. This will be necessary only in special situations.
3.7.2

Low Pressure Coolant Injection System

The low pressure coolant injection (LPCI) is an emergency core cooling system (ECCS)
operational mode of the RHR system that is designed to restore the water level in the reactor
vessel to at least two-thirds of the active core height and maintain this water level following a
postulated design basis accident. The LPCI mode pumps water from the suppression pool to the
reactor vessel through the recirculation loops.
The LPCI system is included in most RETRAN-3D models used to study transients that involve
large inventory reductions. This may be a recirculation line LOCA, a stuck open relief valve,
inadvertent ADS operation, etc. The modeling of LPCI is usually accomplished with a pressuredependent fill table because the pumps are of the motor driven, fixed speed, centrifugal type. A
certain LPCI configuration, i.e., number of pumps running and delivery through a certain path or
paths, must be assumed and then a flow/head curve that relates the LPCI flow to the system
pressure (or more specifically the node pressure where injection is taking place) is developed.
There may be test data from the plant that can be used to prepare the flow/head curve. Normally
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the system designer will have done studies to justify the design that can serve as reference
material. The last resort for the RETRAN-3D user would be to use a hydraulic model of the
system in a steady-state hydraulics code (RETRAN-3D could be used, but it is not necessary) to
develop the characteristic. The entire LPCI system could be included with the system model, but
it is a very rare study that requires that interaction. The LPCI model would still require
benchmarking to plant data or other studies to verify its overall hydraulic performance.
The LPCI takes suction from the suppression pool and may or may not pass through heat
exchangers before it is injected into the vessel. Therefore, the thermal model of the LPCI system
may also be important to the nuclear steam system response. A conservative assumption
regarding the fluid temperature may be made or off-line models used to define a profile as a
function of time. Simple physical models can also be included via control blocks. The last
resort and most complex, as with the hydraulics, is to represent the pool, heat exchangers, and
fluid system with RETRAN-3D.
3.7.3

High Pressure Core Spray System

The purpose of the high pressure core spray (HPCS) system is to depressurize the nuclear boiler
system and to provide water in the event of a loss of reactor coolant inventory. In addition, the
high pressure core spray system prevents fuel cladding damage in the event the core becomes
uncovered due to loss of coolant inventory by directing this water down into the fuel assemblies
from nozzles mounted in a sparger ring located inside the reactor vessel above the fuel
assemblies. Plants will have either an HPCI or an HPCS but not both, the primary difference
being the location of the injection.
The HPCS is a motor-driven system; hence, the modeling alternatives are similar to the previous
section on LPCI (refer to Section IV.3.7.2).
The thermal aspects of the HPCS system are different than LPCI because:





the initial injection is from the condensate storage tank (CST),
the injection is switched to the suppression pool when the CST is empty, and
there are no heat exchangers in the system.

The CST has a relatively constant temperature, whereas the suppression pool temperature
depends on the mass and energy discharged into it. The CST, its inventory, and the time of
switching can be modeled by using control blocks if necessary. Further, off-line results for the
suppression pool can be used via control blocks or a simplified suppression pool model can be
included.
3.7.4

Low Pressure Core Spray System

The function of the low pressure core spray (LPCS) system is to prevent fuel cladding damage in
the event the core is uncovered as a consequence of a loss of coolant accident. The cooling
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effect is accomplished by directing jets of water down into the fuel assemblies from spray
nozzles mounted in a sparger ring located above the reactor core. The system actuates when the
reactor pressure has been reduced and the operation of the other systems of the ECCS prove
inadequate to maintain the necessary water level in the reactor vessel at the reduced vessel
pressure.
The LPCS system configuration depends on the plant and whether or not an HPCS system is
installed. The system configuration may vary from two independent loops, each with two 50%
capacity pumps, to a system with a single LPCS pump.
The LPCS is a motor-driven system taking suction from the suppression pool; hence, the
modeling considerations and alternatives are similar to those of Section IV.3.7.2. The thermal
modeling is somewhat simpler than the LPCI because there are no heat exchangers in the LPCS
circuit.
3.7.5

Reactor Core Isolation Cooling System

The reactor core isolation cooling (RCIC) system is designed to provide adequate core cooling in
the event of main steam isolation accompanied by loss of feedwater flow. The system can also
provide core cooling during normal reactor shutdown under conditions of loss of the normal
feedwater system by maintaining sufficient reactor water inventory until the reactor is
depressurized to a level where the shutdown cooling system can be placed in operation.
The RCIC system consists of a full-capacity, turbine-driven pump unit. The power source from
the turbine-driven pump is the steam generated in the reactor vessel by the decay heat in the core.
The primary source of water to the RCIC pump is the condensate storage tank. The RCIC
system modeling considerations are very similar to the HPCI system in Section IV.3.7.1. Early
plants do not have an RCIC system but use an isolation condenser as discussed in Section
IV.3.7.6.
3.7.6

Residual Heat Removal System

The residual heat removal (RHR) system performs a number of functions. These functions are
called RHR modes and are listed below:






Shutdown Cooling Mode serves to remove reactor stored and decay heat during normal
shutdown operations, after reduction of reactor primary system pressure.
Head Spray Mode is used to quench the steam in the steam dome during normal reactor
shutdown operation.
Steam Condensing Mode is used to control the pressure in the reactor vessel during a
reactor vessel isolation or hot standby condition without the main condenser.
Low Pressure Coolant Injection Mode is used to provide emergency cooling to the
reactor vessel after the delivery pressure has been reached.
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Containment Spray/Cooling Mode is designed to serve three functions: drywell spray,
torus spray, and torus cooling/full flow test.

The only RHR mode that is normally modeled is LPCI, which was discussed in Section IV.3.7.2.
Of the other modes presented, the shutdown cooling mode and the containment spray cooling
mode are likely to be simulated. Studies involving the shutdown cooling system would probably
tend to be more operational than safety oriented. The torus cooling mode is sometimes modeled
in conjunction with transients involving blowdown to the suppression pool. The RHR may then
be modeled as a paired inlet and outlet fill junction system to the suppression pool, as a
nonconducting heat exchanger that represents the RHR heat removal capacity, or as a part of a
control system which calculates the suppression pool temperature based on a mass and energy
balance.
There are no inherent limitations that would prevent the RHR from being represented in the
shutdown cooling mode or the other functional modes.
3.7.7

Reactor Water Cleanup

The reactor water cleanup system (RWCU) is a filtration and ion exchange system for
maintaining the purity of the water in the reactor vessel and recirculation lines. In addition, it is
used to remove water from the vessel on a plant startup or during level transients following a
reactor scram.
For typical RETRAN-3D models that initiate transients from the power range, and most likely
rated power, the RWCU system is not included. The RWCU needs to be considered only for
startup or cooldown transients or for long-term reactor transients where inventory may be
important. Aside from these special situations, the RWCU is of no consequence in typical
RETRAN-3D system transient analysis. It can be modeled using fills out of and into the vessel.
3.7.8

Standby Liquid Control System

The standby liquid control (SLCS) system is designed to provide a redundant, independent,
backup control mechanism capable of shutting down the reactor and maintaining it in a shutdown
condition in the event that the control rod system is totally inoperable. From a system standpoint, the significance of the SLCS system is not in the system itself but in the dynamics of the
boron reaching the core. Reference IV.3-18 provides an approach for the modeling of boron
transport inside the vessel. This reference adds the additional complication of incomplete mixing
or stratification of the SLCS fluid as it enters the vessel just below the core plate.
3.7.9

Automatic Depressurization System

The automatic depressurization system (ADS) is a backup to the high pressure coolant injection
system (HPCI) or high pressure core spray (HPCS) depending on the plant. It performs the
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function of vessel depressurization when small line breaks allow the vessel pressure to remain
above the effective operating range of the low pressure systems. This ensures that the low
pressure core spray (LPCS) and low pressure coolant injection (LPCI) systems can deliver liquid
for core cooling. A portion of the main steam system safety/relief valves is incorporated into the
ADS initiation logic. The valves open to relieve reactor pressure by blowing down steam to the
suppression pool.
ADS is represented in many RETRAN-3D models. The logic associated with the actuation of
ADS is normally low water level coincident with high containment pressure with an appropriate
time delay to allow for a manual override. Manual ADS operation may be initiated on a high
suppression pool temperature signal. The ADS logic can be straightforwardly represented with
the RETRAN-3D trip (Card 04XXYY) capability. The steam line valves used for ADS are the
same ones used for relief or safety; therefore, the only modeling requirement is that the
configuration be able to represent the proper number of valves to be opened by ADS and their
location.
3.8

Safeguards Actuation Systems

The actuation of the following safety systems will be modeled to varying degrees depending on
the transient being studied:











reactor scram (trip),
turbine trip,
feedwater isolation,
main steam isolation,
emergency core cooling,
containment safeguards,
isolation cooling,
recirculation pump trip, and
safety/relief valve operation.

Modeling the actuation of these systems will follow the same pattern in each case. The trip
capability in RETRAN-3D (Card 04XXX0) allows parameters to be tested against a high or low
threshold. This test can then be used to activate or deactivate a system. Most trips are a
straightforward application of a threshold such as reactor scram on high pressure or HPCI on low
level. Other trips may involve logic such as a recirculation pump runback on low level
coincident with low feedwater flow. Others may involve a functional relationship such as the
flow biased APRM high neutron flux trip.
The threshold for each of the trips will typically be found in the plant technical specifications.
For many analyses, the modeler should become completely knowledgeable of the instrument and
conditioning system being used to provide the signal and the manner in which the trip is actually
set in the plant. Additionally, the response time from sensing to actuation is a key parameter and
will also be defined in the technical specifications and tested in the plant. As mentioned in the
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previous paragraph, the FSAR or technical specification limits will be adequate for many
transient analyses, but for studies of actual plant response or realistic evaluations, the actual
instrument and conditioning system and the actuation arrangement should be thoroughly
understood by the modeler.
The best source of specific information on the actual characteristics, setpoints, tolerances, and
the like for the instrument and actuation systems is the responsible instrument technician at the
plant.
3.9

Control Systems

Control systems are designed to detect deviations from parameter setpoints and provide feedback
signals that will return the parameter to its normal conditions. In some cases, the corrective
action anticipates the deviation. In general, fluid temperatures, pressures, flows, and levels are
monitored and controlled as well as the neutron flux level.
Typical BWR control systems include pressure control, turbine control, bypass control, level
control, automatic load follow control, and recirculation flow control. Appendix A of the RASP
BWR Event Analysis Guidelines provides a functional description of the control systems
commonly used for BWR systems.[IV.3-19]
The use of RETRAN-3D control blocks is not limited to control systems. The blocks may also
be used to prepare combinations of parameters for editing and to perform other special functions
as may be necessary.
When modeling controls with RETRAN-3D, system parameters from the thermal-hydraulic
simulation are processed and used to control the appropriate parameter in the thermal-hydraulic
system. Figure IV.3-12 illustrates the steps in the general scheme of taking information from the
thermal-hydraulic model, processing it, and returning a feedback action.

System
Parameters

Instrument
Model

Controls
Model

Hardware
Model

Controlled
Parameter

Pressure, Temperature,
Flow, Power, Etc.

Ranging, Scaling,
Compensation

Logic, Gains, PID,
Limits, Etc.

Valve Actuators,
Valves, Pumps,
Tanks, Etc.

Reactivity, Flow, Etc.

Figure IV.3-12. Schematic of Control System Block Junctions

All of the minor edit variables (Card 02000Y) are available for use in control models. This list
includes all of the parameters normally used for monitoring and controlling the plant as well as a
wide variety of other physical parameters. The first step in the modeling process, selecting the
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system parameters, such as dome pressure or steam flow rate, is well defined. However, the
locations of the instruments must be known in order to choose the proper nodal or junction
parameters for use in the control scheme. The location of the instruments and their importance
to the outcome of the transient may also dictate the noding in the model. For example, consider
a thermal transient where the temperature in a long pipe is being used for control. If the response
of the long pipe is sufficiently quick, then a single node may be adequate. However, if the
thermal response is sufficiently slow that there is a difference between the response as a whole
and the response at the sensor location, then additional noding detail is in order. In other words,
the system parameters used in the control model must reflect what is actually being measured by
the instrument system. In some cases, it may be advantageous to use a parameter that is not
exactly what the instrument is measuring and then perform some adjustments to it within the
instrument model.
The second step in the modeling of control systems is the processing of system parameters;
pressure, flow, etc., to make them reflect the characteristics of the instrument system. In this
step, the following characteristics should be considered:



the time response characteristics of the instrument and signal conditioning system;



calibration of the instrument, particularly the way in which off-nominal conditions may
affect the accuracy or response;



the instrument range; and



the instrument output scaled from the physical units to voltage, current, air pressure, etc.,
for use by the control system. Nonlinearities may also exist in the instrument output.

If physical units are used throughout the model, the signal does not need to be scaled to the
operating units of the actual controller. There are advantages to both approaches. Use of
physical units allows a direct check of outputs for a given signal error. Scaling to control units
provides information directly from the controls setup and calibration documentation, as well as
the ability to check intermediate signals within the control system. This can be valuable if plant
data that include key intermediate control signals (perhaps in voltages) can be compared with the
predictions of the model. The internal control units allow the use of limits, gains, biases, etc.,
exactly as they are set in the plant.
The next step involves the modeling of the control components themselves, the logic, gains,
proportional plus integral devices, dynamic compensation, limiters, etc. The digital logic within
a control system may be represented by using trips (Card 04XXX0) or by using a control block
with the gains and limits such that it is effectively a digital device. Each way of representing
digital logic may be more efficient, depending on the configuration. One should probably avoid
taking parameters from a control system, performing digital tests on them via trip cards, and
returning them into the control scheme. While this approach is completely valid, the logic may
become cumbersome with so many interfaces in and out of the control blocks. The order of
calculation can also cause some difficulties in this case because the triggering of the trip may not
be based on the block value from the same time step as the rest of the control block information.
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Simplified analog and digital diagrams may be used to develop control system models for
RETRAN-3D, such as those shown in Appendix A of the RASP BWR Event Analysis
Guidelines[IV.3-19] in the FSAR, or the detailed wiring and logic diagrams for the particular
system being represented may be used. A plant instrument technician may be instrumental in
helping to develop an understanding of the basic electrical diagrams. Basic control system
information is far preferable to simplified figures because:



all interactions that may affect a certain control string can be examined. Items such as
interlocks, manual-auto effects, and the like may be evaluated specific to the use of the
control system in RETRAN-3D;



the specific configuration, logic, and constants for the plant and control system being
modeled are used; and



the influence of particular hardware components (such as amplifiers and integrators) can
be evaluated for operation at or outside the proper current or voltage ranges.

The extent of the hardware to be simulated via control blocks depends on the choices made
regarding the scope of the thermal-hydraulic model and the parameter that will be controlled in
the thermal-hydraulic model (the last two blocks on Figure IV.3-12). For example, if the
feedwater flow is controlled by the position of a control valve, the valve coefficient may be
varied by controlling the junction loss coefficient (see Table IV.4-2) and the system around the
valve can be modeled with RETRAN-3D nodes, junctions, pumps, etc. Or alternatively, the
relevant system components may be represented via control blocks and the feedwater flow rate
provided to the RETRAN-3D thermal-hydraulic model as a boundary. The choice of how to
divide the modeling between the RETRAN-3D thermal-hydraulics system and control blocks
depends on the range of simulation and the extent to which simplifying assumptions can be
made. Using the above example, if the pressure on the upstream side of the valve were relatively
constant, then the downstream pressure could be used to calculate the flow across the valve.
Thus, the model could be simplified by eliminating nodes upstream of the valve. If, on the other
hand, the upstream pressure varied because of pump performance and piping losses, then a
RETRAN-3D thermal-hydraulic representation could be necessary. When using models
prepared by others as a guide, be very cautious regarding simplifying assumptions that may be
inherent in the source model.
The control signals are sent to hardware devices to vary parameters such as air pressure on a
control valve diaphragm or voltage to a solenoid. A complete knowledge of the actuation system
is needed in order to determine the extent to which it should be represented. The dynamic
characteristics, nonlinearities, dead bands, etc., of the actuation system should all be considered
when preparing the model from the control signal to the interface with the thermal-hydraulic
model.
The parameters that may be controlled via a control block are illustrated on Table IV.3-2 along
with typical uses for these in the realm of BWR control systems. Some of the parameters have
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Table IV.3-2
Parameters that may be Controlled in RETRAN-3D BWR Models
PARAMETER

USES IN BWR SYSTEMS

Reactivity

Rod control
Boron / Standby liquid control
Miscellaneous feedbacks

Fill flow

Positive / Feedwater
/ Control rod drive leakage
/ Injection & spray systems
Negative / Turbine bypass
/ Relief valves
/ Safety valves
/ Turbine steam flow

Fill pressure and enthalpy

Feedwater
Injection systems

Normalized junction area

Relief valves
Safety valves
Check valves

Junction loss coefficient

Feedwater control valve
Recirculation flow control valve
Turbine control valve
Turbine bypass valve
Special check valve

Trip

Special protection system function

Bubble gradient and velocity

Special separation models (not controls
related)

Pump motor torque or speed

Variable speed pumps / feedwater,
HPIC, RCIC, recirculation, etc.

Core power

Specific power function (may or may not be
controls related)

Heat transfer coefficients

Specific function (may or may not be
controls related)

Nonconducting heat exchanger

Specific function (may or may not be
controls related
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no relationship to controlled parameters but are useful to the modeler because they enhance the
flexibility of RETRAN-3D in modeling a wide range of situations.
BWR Level Control System
Level control systems differ from plant to plant and the plant-specific model should be used.
However, as an example of a BWR level control system, consider the level control with
feedwater valve control system shown in Figure IV.3-13, which is reproduced from the RASP
BWR Analysis Guidelines. Although this figure presents a good description of the functional
logic of the system, it does not have adequate detail for a RETRAN-3D model. Although
sometimes difficult to obtain, the specific details should be obtainable from vendor system
descriptions and/or plant personnel. In order to understand the basic RETRAN-3D
representation of this control system, assume that this detail has been obtained. A model for a
RETRAN-3D BWR level control system is shown in Figure IV.3-14.
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Figure IV.3-13. Level Controls with Feedwater Valve
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Figure IV.3-14. RETRAN-3D BWR Level Control System Block Diagram Example

Control System Inputs
Figure IV.3-14 consists of 19 consecutively-numbered RETRAN-3D control blocks. The
dynamic inputs are three RETRAN-3D minor edit parameters: volume level, feedwater flow, and
steam flow. These inputs directly correspond to the inputs shown in Figure IV.3-13. The liquid
density is intrinsically used in the RETRAN-3D level calculation and thus need not be
considered further.
Two other inputs are utilized with Control Blocks -8 and -9. These are part of the threeelement/one-element mode switch model and will be discussed later in this section.
Additionally, a static setpoint is provided as an external input to Control Block -12.
Control System Output
The output of the control system is a single parameter: the time-dependent junction area,
AJUN(t), calculated by Control Block-20 and passed to a RETRAN-3D valve card representing
the feedwater valve. Note that the final control output is directly coupled to the control input
through the feedwater flow, which is equal to feedwater flux times AJUN(t). The output is
indirectly coupled to the other inputs through the RETRAN-3D transient solution.
Sensor Dynamics
In a power plant, inputs to control systems are provided by sensors, which are electromechanical
devices to measure such parameters as power, pressure, temperature, and flow.
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In Figure IV.3-14, the dynamics of the sensors for the three system inputs are represented by
LAG control blocks numbered -1, -3, and -4. The use of LAG control blocks may not always be
an accurate representation of the sensor dynamics and in many models the sensor dynamics are
not included. The plant-specific sensor dynamics must be determined and evaluated for their
importance to the control system model.
Corrected Level
In Figure IV.3-14, the actual or corrected level is calculated as the output from Control Block -2.
A function generator is utilized to provide a template or mapping between the RETRAN-3Dcalculated level and the true level in the region. This template compensates for the
simplifications that are normally employed in modeling the complex geometry in the region
where the level calculation is desired.
All FNG blocks in RETRAN-3D refer to specific user-provided general data tables that define a
tabular relationship between the input and the output. In this case, the RETRAN-3D-calculated
volume level, after being processed by the level sensor dynamics of Control Block -1, is the
input and the actual level is the output. The relationship between the RETRAN-3D-calculated
level and the actual level must be provided by the user.
Feedwater/Steam Mismatch
The feedwater/steam mismatch is calculated by Control Block -5 in Figure IV.3-14. It is simply
the difference between the feedwater flow and the steam flow coming from their respective
sensors. In Figure IV.3-13, Km is a simple gain that is applied to the output of Control Block -5
in Figure IV.3-14. It would also be equally valid to apply the Km gain to the appropriate input
on Control Block -6. Further, Control Block -6 sums the feed/steam mismatch and the actual
level. This signal is further enhanced by the lead/lag, Control Block -7, but is only used in the
three-element mode of operation.
Three-Element/One-Element Mode Switch
The three-element/one-element mode switch in Figure IV.3-13 is simulated by Control Blocks 8, -9, -10, and -11 in Figure IV.3-14. Its purpose is to provide the operator the choice of
automatic control based only on the actual level or, alternatively, automatic control based on
level, steam flow, and feedwater flow.
The three-element/one-element switch in Figure IV.3-14 relies on two additional external inputs.
The control input, CONS=1.0, is a constant which is used by the control system. The control
input, TRIP X, is the minor edit input that provides the status of a RETRAN-3D trip having
IDTRP = X. The RETRAN-3D value of the minor edit TRIP stored internally is 1 if the trip is
activated and 0 if the trip is not activated or it has been reset. Thus, TRIP provides a convenient
means to model the switching from the three-element mode of operation to the one-element
mode or vice versa. Control Blocks -8, -9, -10, and -11 are used to calculate the correct state of
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the switch and thus pass the correct signal, i.e., either the three-element mode signal or the oneelement mode signal.
The blocks in Figure IV.3-14 do correctly model a three-element/one-element mode switch. For
example, if TRIP X is not activated, its value is 0 and the output of Control Block -8 is 0, while
at the same time the output of Control Block -9 is 1, thus passing the one-element signal through
Control Blocks -10 and -11. On the other hand, if TRIP X is activated, (i.e., its value is 1), the
outputs of Control Block -9 and consequently Control Block -10 are both 0, while at the same
time, Control Block -8 and thus Control Block -11 pass the three-element signal. Importantly, a
trip must be constructed to simulate the desired condition at which the operator switches from
one mode to the other.
Another part of the three-element mode is the lead/lag compensator block shown in Figure
IV.3-13. Its purpose is to increase the effect of the signal and is represented in Figure IV.3-14 by
a RETRAN-3D LLG block, Control Block -7.
Level Program
The level program block in Figure IV.3-13 is represented in the RETRAN-3D model by Control
Block -13. This is a function generator that utilizes user-provided tabular input to define the
relationship of desired level program as a function of steam flow.
Total Error Signal
The total error signal is the output of Control Block -14. In the one-element mode, it is simply
the difference between the actual level and the level setpoint compensated by the level program.
In the three-element mode, it is the above difference plus the feedwater/steam mismatch.
PI Controller
The PI controller in Figure IV.3-13 is simulated by Control Blocks -15 and -16 in Figure
IV.3-14. The purpose of the PI controller is to eliminate the steady-state noise, which would
otherwise be present. The input to the PI controller is the total error signal. Biasing the
integrator in the PI controller with the desired initial steady-state feedwater flow signal yields the
filtered flow demand signal as the output of the controller.
Feedwater Valve Characteristics
The feedwater control valve shown in Figure IV.3-13 is simulated by Control Blocks -17, -18, 19, and -20 plus a RETRAN-3D valve card to interface the final control system output with the
RETRAN-3D thermal-hydraulic model. The control blocks represent the feedwater valve
characteristics and dynamic response. The first three blocks can be interpreted as a velocitylimited lag. The VLM block is necessary to model the finite, maximum rate at which any
mechanical system can respond. The minimum and maximum outputs of the VLM should be
limited to correspond to the physical limits of the valve, i.e., fully open and fully shut. Next, the
initial steady-state position of the valve position demand should be input as the bias on the
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integrator, i.e., set CIC for Control Block -18 to the value, which will yield the desired valve area
when fed into Control Block -20. The initial output from Control Blocks -18 and -16 should be
equal to allow a steady-state zero value in Control Block -17.
Control Block -20 is a function generator that translates the flow demand signal into the timedependent feedwater control valve area. This area is multiplied by the feedwater flux from a
RETRAN-3D Fill Table to provide the controlled feedwater flow.
Required Control System Information
A substantial amount of information is required to construct the RETRAN-3D input for the
control system depicted in Figure IV.3-14. Table IV.3-3 summarizes the information that would
be required for this specific control system. No attempt is made to provide values for the
parameters as these should be obtained on a plant-specific basis. However, to facilitate easier
understanding of the steady-state and dynamic response of the control system, it is recommended
that all inputs and outputs be converted to normalized units as early as feasible through the
proper selection of control block input and output gains.
3.10

Containment

The containment structure encloses the reactor system and is the final barrier against the release
of radioactive fission products in the event of an accident. Therefore, the containment structure
must be capable of withstanding the pressure and temperature conditions resulting from
postulated LOCAs. Calculations must show that equipment having post-accident safety
functions is environmentally qualified for the resulting conditions and that the containment
design limits will not be exceeded. As with many licensing calculations, a large number of
assumptions are made that are intended to ensure that the analysis is conservative. In general,
assumptions that increase the mass and energy release to the containment are conservative, as are
assumptions that decrease the heat removal from the containment atmosphere.
Licensing containment analysis has usually been performed with computer codes developed
especially for that purpose, such as the CONTEMPT series. However, mass and energy releases
to the containment have to be input to CONTEMPT, and these values are normally obtained
from system thermal-hydraulic codes similar to RETRAN-3D. RETRAN-3D typically cannot be
used to model the pressure suppression containment of a BWR because of the limitation in
RETRAN-3D that air not move from one node to another. However, in some instances,
conservative model construction may allow appropriate calculation of various containment
parameters.
RETRAN-3D has been used to determine the thermal response of the suppression pool to relief
valve discharge over a long period of time. Figure IV.3-15 from Reference IV.1-1 shows a
model that was used for suppression pool temperature analysis.
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Table IV.3-3
Summary of Input for the BWR Level Control System Example

Level Sensor Dynamics
Control Block -1, LAG
t
= lag time constant for level sensor dynamics (seconds).
G
= output gain for level sensor dynamics (dimensionless).
CIC = initial steady-state level sensor output (inches).
Level Template
Control Block -2, FNG
m = RETRAN-3D data table number for actual level versus RETRAN-3D-calculated
level
(dimensionless).
G
= table output gain (%/inch).
CIC = initial steady-state table output (%).
Feedwater Flow Sensor Dynamics
Control Block -3, LAG
t
= lag time constant for feedwater flow sensor dynamics (seconds).
G
= output gain for feedwater flow sensor dynamics (dimensionless).
CIC = initial steady-state feedwater flow sensor output (lbm/sec).
Steam Flow Sensor Dynamics
Control Block -4, LAG
t
= lag time constant for steam flow sensor dynamics (seconds).
G
= output gain for steam flow sensor dynamics (dimensionless).
CIC = initial steady-state steam flow sensor output (lbm/sec).
Feed/Steam Mismatch
Control Block -5, SUM
CP1 = 1.0, input gain on feed sensor output (dimensionless).
CP2 = -1.0, input gain on steam sensor output (dimensionless).
G
= Km, output gain for steam/feed mismatch (%/lbm/sec).
CIC = 0.0, initial steady-state steam/feed mismatch (%).
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Table IV.3-3 (Cont'd)

Three-Element Mode Signal Logic
Control Block -6, SUM
CP1 = 1.0, input gain on level template output (dimensionless).
CP2 = 1.0, input gain on steam/feed mismatch output (dimensionless).
G = output gain for steam/feed mismatch (dimensionless).
CIC = 0.0, initial steady-state actual level corrected for steam/feed mismatch (%).
Control Block -7, LLG
tl
= lead time constant (seconds).
t2 = lag time constant (seconds).
G = LLG output gain (dimensionless).
CIC = initial steady-state LLG output
Three-Element/One-Element Mode Switching Logic
Control Block -8, MUL
G = 1.0, output gain on three-element mode (dimensionless).
CIC = initial steady-state LLG output (%), = 0.0, in one-element mode, or
= Control Block -7 output in three-element mode.
Note: When the input trip is active, the three-element mode is active. When the trip is
disabled, the three-element model is disabled.
Control Block -9, SUM
CP1 = 1.0, input gain on TRIP X output (dimensionless).
CP2 = 1.0, input gain on CONS (dimensionless).
G = output gain for one-element mode (dimensionless).
CIC = initial steady-state output (%), = 0.0 in three-element mode, or
= 1.0, in one-element mode.
Control Block -10, MUL
G = 1.0, output gain on one-element mode (dimensionless).
CIC = initial steady-state MUL output (%), = Control Block -2 output in one-element
mode, or = 0.0, in three-element mode.
Note: When trip input to Block -9 is active, the one-element mode is disabled. When the
trip is disabled, the one-element node is active.
Control Block -11, SUM
CP1 = 1.0, input gain on one-element mode output (dimensionless).
CP2 = 1.0, input gain on three-element mode output (dimensionless).
G = output gain for three-element/one-element mode switch (dimensionless).
CIC = initial steady-state output Control Block -2 output in one- element mode, or Control
Block -8 output in three-element mode.
Level Setpoint
Control Block -12, SUM
CP2 = 1.0, input gain on level setpoint (%/inches).
G = output gain for level setpoint (dimensionless).
CIC = 0.0, initial steady-state level setpoint output (%).
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Table IV.3-3 (Cont'd)

Level Program
Control Block -13, FNG
m = RETRAN-3D data table number for level program (dimensionless).
G = table output gain (%/inches).
CIC = initial steady-state table output (%).
Total Error Signal
Control Block -14, SUM
CP1 = 1.0-, input gain on level setpoint output (dimensionless).
CP2 = 1.0, input gain on level program output (dimensionless).
G = output gain for total error signal (dimensionless).
CIC = 0.0, initial steady-state total error signal (%).
PI Flow Demand Controller
Control Block -15, INT
G = integrator gain (dimensionless).
CIC = 100.0, initial steady-state integrator signal (dimensionless).
Control Block -16, SUM
CP1 = input gain from level error integrator output (dimensionless).
CP2 = input gain from level error output (dimensionless).
G = output gain for PI level error controller (dimensionless).
CIC = 100.0, initial steady-state PI-filtered flow demand output.
Feedwater Valve Characteristics
Control Block -17, SUM
CP1 = 1.0, input gain on flow demand output (dimensionless).
CP2 = 1.0, input gain on feedback signal (dimensionless).
G = 1.0, output gain (dimensionless).
CIC = 0.0, initial steady-state output.
Control Block -18, INT
G = 1.0, integrator gain (dimensionless).
CIC = 100.0, initial steady-state integrator output (%).
Control Block -19, VLM
G = 1.0, velocity-limiter output gain (dimensionless).
Vup = maximum opening rate (%/sec).
Vdown = maximum closing rate (%/sec).
CIC = 100.0, initial steady-state valve position (%).
Control Block -20 , FNG
m = RETRAN-3D data table number for flow demand versus feedwater valve area
(dimensionless).
G = table output gain (sq. ft./%).
CIC = initial steady-state feedwater valve area demand (sq. ft.).
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Figure IV.3-15. Nodalization for Pool Temperature Analysis

In many cases, the RETRAN-3D user is interested in conditions upstream of the loss of fluid
location and does not care whether the "sink" volume conditions are accurate or not. This is
frequently true for choked flow situations where the junction flow rate is independent of the
downstream pressure. For this situation, the RETRAN-3D model could include the containment
volume as a very large volume at a low pressure or as a time-dependent volume at a low
pressure. This approach can be used to represent containment volumes, pressure relief tanks, or
a leak to atmospheric backpressure.
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V
DATA REQUIREMENTS

Definition of the information required from the NSSS and fuel vendor is the necessary first step
toward obtaining input for a RETRAN-3D system model. This information is quite extensive
and experience has shown that considerable time and effort can be expended in compiling the
required drawings, specifications, and other basic documents required to prepare an input deck.
This chapter summarizes the information required from the NSSS and fuel vendor and is focused
to a large extent on performing licensing and safety analyses. It is limited to that information
required for normal design and analysis. Abnormal and special analyses may call for additional
information drawn from other sources.
In Section V.1.0, the philosophy used in developing the required information and the necessary
general reference material is discussed. Section V.2.0 contains the tabulation of required
information, sources, and use of the information and comments regarding its use, alternative
data, and degree of detail required for PWR applications. Similar information for BWR plants is
presented in Section V.3.0.
1.0

DISCUSSION AND GENERAL DATA REQUIREMENTS

The tabular information in Sections V.2.0 and V.3.0 describes data required to perform normal
reload design and licensing analyses. The following tasks are generally included in development
of complete reload design and analysis capability:







Nuclear analysis
Thermal-hydraulic analysis
System transient
Loss-of-coolant accident
Containment analysis

Nuclear analysis encompasses all the tasks required to define the core nuclear characteristics
such as power distribution, reactivity coefficients, rod worths, and kinetics parameters. Thermalhydraulic analysis includes both fuel pin thermal analyses and fuel assembly DNBR or critical
power ratio analyses. System transient analysis generally includes all of the standard analyses
required by the Standard Review Plan for Chapter 15. For reload fuel, only key limiting analyses
may be necessary if the consequence of physics parameter variations is quite clear. A single
LOCA analysis may encompass a number of reloads if the fuel assembly characteristics are
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sufficiently constant. Containment analysis comprises the prediction of the containment pressure
and temperature transients and may or may not be necessary depending on the mass and energy
release rates predicted using the utility's methodology and new core characteristics.
Sections V.2.0 and V.3.0 identify sources of basic information used to prepare input data for the
various analyses. Hydraulic characteristics and geometric information are derived from the
reference system drawings. Information in basic forms can be used for a variety of applications
and methods. This is in contrast to specific input for a given methodology and code which may
be of questionable value in another application. Utilizing basic drawings and specifications also
provides QA for many quantities used by the vendor and can help to identify conservatisms and
margins in the current basis of operational and technical specification limits of the plant.
Only the primary data sources (NSSS vendor, fuel vendor, architect-engineer, plant) are
identified in the tables in Sections V.2.0 and V.3.0. More basic data sources also are required.
Examples of these items include:

















System drawings (NSSS, AE, plant)
As-built drawings (NSSS, AE, plant)
Component manuals, drawings and specifications (NSSS, AE, plant, other vendors)
System design specifications, description manuals and operating manuals (NSSS, AE,
fuel vendors)
Plant operating manuals (plant)
Fabrication records (NSSS, AE, plant, fuel vendors, and other vendors)
Quality assurance records (NSSS, AE, fuel, and vendors)
Equipment nameplate data (plant)
Instrument calibration records (NSSS, AE, plant)
Plant setpoint list (plant)
Startup test data (NSSS, AE, plant, fuel vendors, other vendors)
Maintenance records (plant)
Technical specifications (plant)
Vendor analyses (NSSS, AE, fuel vendors)
Previous licensing documents (NSSS, AE, fuel vendors, plant)

2.0

INFORMATION FOR PWR ANALYSIS

Table V.2-1 describes the information required to construct a general systems model for
licensing and safety analysis for pressurized water reactors. The tables are organized into four
major areas:






Design conditions and operating information
Drawings
System and component information
Trips and controls
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The source and use columns describe, respectively, the source of the information and the type of
analysis for which it is to be used. The sources specified are nuclear steam supply system vendor
(NSSS), fuel vendor (FV), plant, and architect-engineer (AE). Since the interfaces between
NSSS, AE, and turbine vendor tend to vary for each plant, information concerning some of the
system components, such as main steam isolation valve or containment spray heat exchangers,
may appear in different sources. Actual information from the plant is always valuable to
evaluate conservatisms, qualify methods, or to use as realistic input. This information is usually
available once good lines of communication have been established with plant personnel. The
applications of the information are nuclear analysis (NA), thermal-hydraulics (TH), system
transients (ST), loss-of-coolant accident (LOCA), and containment (CONT). The comments
column is used to increase the clarity of the information request, to define alternatives, or to
describe the use of the information in more detail.
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Table V.2-1
PWR Data Requirements and Sources

Information

Source

Use

Comments

Rated core thermal output

NSSS

ST, TH, NA, LOCA

Rated NSSS thermal output

NSSS

ST, TH, NA, LOCA

These general parameters are used for reference,
comparison, and in some instances preliminary
evaluations.

Number of fuel assemblies

NSSS

ST, TH, NA, LOCA

Average linear heat rate

NSSS

ST, TH, NA, LOCA

Average heat flux for heated surface

NSSS

ST, TH, NA, LOCA

Design overpower

NSSS

ST, TH, NA, LOCA

Design power peaking factors

NSSS
FV

ST, TH, NA, LOCA

1.0

Design Conditions and Operating Information

1.1

General Information

- Assembly radial peaking factor
- Local peaking factor
- Axial peaking factor
- Design basis axial power profiles for DNB
and LOCA analysis

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

Table V.2-1 (Cont’d)

Information
1.2

Source

Use

NSSS

ST, LOCA

Temperature rise across vessel versus power

NSSS

ST, LOCA

For rated thermal output, a complete, steadystate pressure flow, and enthalpy distribution
including:

NSSS
ST, LOCA, NA
PLANT

Comments

Reactor Coolant System
Hot zero power primary temperature
Nominal pressure at pressurizer

Flow and pressure drop information should
include a complete definition of leakage or
bypass regions. A 100% FP heat balance would
be a good source of this data.

- Pressure drop across core
- Pressure drop across vessel
- Pressure drop across hot leg
- Pressure drop across pump suction leg
- Pressure drop across pump discharge leg
Design overpower
1.3

NSSS
ST, LOCA
PLANT

Secondary System
Rated load steam flow

NSSS

ST, LOCA
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Table V.2-1 (Cont’d)

Information

Source

Use

Rated load steam pressure

NSSS

ST, LOCA

Rated load steam moisture content

NSSS

ST, LOCA

Rated load steam temperature

NSSS

ST, LOCA

Feedwater temperature

NSSS

ST, LOCA

Bypass steam (aspirator)

NSSS

ST, LOCA

Secondary side water volume at rated
conditions and at hot zero power

NSSS

ST, LOCA

Tube bundle exit quality at rated conditions

NSSS

ST, LOCA

Total heat transfer area per steam generator

NSSS

ST, LOCA

Comments

Flows and enthalpies versus power level

- Number of tubes
- Tube diameter
- Tube wall thickness
1.4

Core and Nuclear Information
In-core detector arrangement

NSSS
NA
PLANT
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Table V.2-1 (Cont’d)

Information

Source

Use

Comments

FV

NA, TH

Design information for existing fuel is used to
analytically reconstruct several cycles and for
design of the new cycle; all quantities should
include definition of typical manufacturing
tolerances.

- Radial and axial locations
- Dimensions
- Materials and densities
For each existing and new assembly type
- Location within reactor
- Uranium weight per rod
- Enrichment per rod
- Rod pitch
- Active stack length
- Poison material, concentrations, and location
(Gd, B4C). As appropriate, Gd w/o # of B4C
pins, B4C w/o, etc.

Dimensions, physical location, and density may
also be required if the poison design involves
discrete poison pins.

- Pellet design dimensions and tolerances
including length, diameter, dish
characteristics, chamfer, and density.

Also requested in Section II.5.0, drawings;
should include average pellet density and typical
manufacturing tolerances on a multi lot basis.
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Table V.2-1 (Cont’d)

Information

Source

Use

Comments
Also requested in Section II.5.0, drawings.

- Grid design including number, axial location,
material and physical dimensions, and weight
of each material per grid.
- Rod pre-pressurized composition and
pressure
- Fission gas plenum volume
- Hydrogen getter material and weight
NA, ST
NSSS
FV
PLANT

Control rod data
- Materials and densities
- Locations

Minimum data required for RETRAN model
without nuclear analysis capability.

- Scram times including rod position versus
time
- Step length
Reactivity parameters

NSSS
FV

ST, LOCA

This information is developed by the analyst
when a complete nuclear analysis is performed.

- Shutdown margin
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Table V.2-1 (Cont’d)

Information

Source

Use

Comments

- Reactivity worth
Control rod groups
Ejected rod
Dropped rod
Uncontrolled withdrawal
- Bank/group overlap
- Reactivity coefficients (Doppler, moderator)
Burnup and power distribution information for
existing fuel

PLANT NA

This information is required for future cycle
design and qualifications of physics methods;
alternate data may include sufficient design and
operating data to analytically reconstruct several
cycles. Operating data includes power, flow,
and control rod position versus burnup.

FV

Appropriate loss coefficients and flow areas to
which they should be applied are acceptable
alternatives.

- Assembly average burnup versus axial
position
- Exposure weighted control rod history versus
axial position for each assembly
For both existing and new fuel assemblies, a
detailed axial pressure distribution including
pressure drops across:

NA, TH

- Lower end fitting (tie plate)
- Inlet orifice(s)
- Grids

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

Table V.2-1 (Cont’d)

Information
- Upper end fitting (tie plate)
1.5

Source

Use

Comments

FV

TH

FV

LOCA

Relationships for the thermal analysis of the fuel
assemblies and development of technical
specification limits and setpoints; this correlation
must be provided by vendor; as an alternative a
correlation from publicly available information.
may be used.
The fuel vendor should provide this data for use
in the LOCA analysis. Otherwise acceptable
relationships can be developed from publicly
available information. The basis for the data
including test configurations and methodology
should also be included such that the final user
can develop swelling, rupture, and channel
blockage approaches consistent with the
experimental information.

Technical Information
DNBR correlation
Minimum DNBR at rated power
Minimum DNBR at design overpower
Clad swelling and rupture data or relationships

2.0

Drawings

2.1

NSSS Arrangement and Elevations

NSSS

ST, LOCA

2.2

Reactor Vessel Dimensional Arrangement

NSSS

ST, LOCA, TH, NA

2.3

Reactor Internals Including

NSSS

ST, LOCA

Plan and elevation views to facilitate expedient
design and analysis efforts; should include
relationships between all major components.

Internals drawings should be dimensioned and
toleranced; as-built dimensions should be
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Table V.2-1 (Cont’d)

Information
Rod drive guide tubes, CRD housing, and
supports

Source

Use
ST, LOCA

In-core instrumentation and associated
supports

NA

Lower internals

ST, LOCA, TH

Comments
provided if they fall outside the design value.

- Lower core support structure
- Lower core support plate
- Fuel support assembly
- Flow distributor plate
- Core barrel
- Core baffle
Thermal shield
Upper internals

ST, LOCA

- Upper core support plate
- Upper core support columns
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Table V.2-1 (Cont’d)

Information
Core spray sparger

Source

Use

Comments

NSSS

ST, LOCA

FV

ST, LOCA, NA, TH

For both existing and new fuel assemblies.
Should include upper and lower end fittings
and/or provide these drawings.

FV

ST, LOCA, NA, TH

For both existing and new fuel assemblies.

- Upper internals support plate
- Control rod guide structure
- Rod guide extension structure
2.4

Primary Piping
Piping layout and dimensions
Layout angles and bend description

2.5

Fuel Assembly
Dimensioned elevation and cross-section
Instrument tube
Grid details, locations, material(s), density, and
weight(s)

2.6

Fuel Rod
Axial view of entire rod including active
length, fuel column restraint, and plenums

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

Table V.2-1 (Cont’d)

Information
Fuel pellet dimensions including tolerances on
dimensions and density

Source

Use

Comments

NSSS
FV

NA

Tolerances on dimensions should be included if
available.

NSSS

ST, LOCA

NSSS

ST, LOCA

NSSS
AE

ST, LOCA

Clad including dimensions, tolerances, and
material
2.7

Control Rods
Dimensioned plan and elevation

2.8

Pressurizer steam
Pressurizer vessel
Surge line layout
Spray line (including valves)

2.9

Accumulators (Core Fluid Tanks)
Vessel with elevation
Piping layout

2.10

Steam Generators
Cross-section of shell, tube, and separator
regions
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Table V.2-1 (Cont’d)

Information
Primary inlet and outlet plenums

Source

Use

NSSS
AE

ST

NSSS

LOCA, CONT

Comments

Secondary details
- Feedwater inlet
- Tube shells
- Inlet to tube regions
- Separators and dryers
2.11

Secondary System Piping
Piping from steam generator outlet to high
pressure turbine
Piping from feedwater pump to steam
generator inlet
Location of isolation, relief, steam dump, and
safety valves

2.12

Containment including:

Alternately, the information described in System
and Component Information Section IV.2.14.

Containment cylinder and dome elevation with
definition of all liner and support materials and
dimensions
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Table V.2-1 (Cont’d)

Information
Interior concrete

Source

Use

NSSS

ST, LOCA

Comments

Steel support structures
- Ventilation ducts
- Fuel handling equipment
- Handrails and grating
- Piping supports
- Miscellaneous steel structures
3.0

System and Component Information

3.1

Reactor Coolant Pump
Number, type, and rated flow, speed and head
Fluid volume per pump
Friction and windage losses
Motor torque versus speed
Rotating inertia
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Table V.2-1 (Cont’d)

Information
Four quadrant pump characteristics

Source

Use

3.2

NSSS

ST, LOCA

NSSS

ST, LOCA

Pressurizer

Comments

- Number, capacity, and time constant of
heaters
- Spray capacity
- Number of safety relief valves
- Capacity versus pressure
3.3

characteristic

High Pressure Coolant Injection System

Test data from the plant is also desirable.

Number, type, and rated conditions
Time delay from signal sensing to startup and
time to reach rated speed
Alternately, pressure drop from the pump to the
system at rated flow or detailed piping
arrangement drawings and the pump flow-head
characteristic.

Flow rate versus system backpressure
P&ID
3.4

Secondary Steam Relief

NSSS

ST, LOCA

Steam dump capacity is also desirable.
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Table V.2-1 (Cont’d)

Information
Number, type and rated conditions for each
valve

Source

Use

Comments

NSSS

ST, LOCA

Test data from the plant is also desirable.

Time delay form initiating signal to actuation
P&ID
3.5

Low Pressure Injection System
Number, type, and rated conditions
Flow rate versus system backpressure

Alternately, the pump flow-head characteristics
along with either detailed piping arrangement
drawings of the pressure drop from the pump to
the system at rated flow.

Time required from startup to reach rated
speed
Time delay from initiating signal to startup
with and without off-site power and time to
reach rated speed
P&ID
3.6

Accumulators

NSSS

Test data from the plant is also desirable.

Overpressure
Allowable liquid volume
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Table V.2-1 (Cont’d)

Information
Technical specifications

Source

Use

Comments

- Temperature
- Boron concentration
P&ID
3.7

Chemical and Volume Control System

ST
NSSS
PLANT

P&ID
Pump design conditions
Demineralizer description
Heat exchange specifications
Specifications for each task
Discussion of system operating modes
3.8

Auxiliary Feedwater System
P&ID

NSSS

ST, LOCA

If system turbine is driven, provide system rated
conditions; inlet pressure, backpressure, speed;
also provide startup time. If the system is motor
driven provide startup time required for motor to
reach rated speed.
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Table V.2-1 (Cont’d)

Information
System description

Source

Use

Valve actuation and alignment
Details for spray and ECC action, initiation
time, delays, and a P&ID

NSSS

LOCA, CONT

Fan coolers

NSSS

LOCA, CONT

NSSS

LOCA, CONT

Comments

Pump rated conditions
Pump flow-head characteristics
3.9

Containment System

- Capacity versus temperature
- Minimum initiation time
- P&ID
Containment spray system capacity as a
function of back-pressure and initiation time
delay

Include pump characteristic curve and P&ID.
Also provide minimum initiation time.

Operating conditions and allowable ranges per
technical specifications
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Table V.2-1 (Cont’d)

Information
Containment volume
Description of containment heat sinks
including material, surface, and geometry
4.0

Trips and Controls

4.1

Reactor Protection System, Containment and
Reactor Vessel Isolation, and ECC Actuation

Source
NSSS

Use
LOCA, CONT

Comments
Alternately drawings as defined in Section
IV.2.14.

NSSS

LOCA, CONT

Alternately drawings as defined in Section
IV.2.14.

NSSS
ST, LOCA
PLANT

Information should be sufficiently complete to
define the action(s) taken from each signal and
subsequent logic leading to other actions; tabular
values for each trip, isolation, or ECC actuation
action with the associated signals or combination
of signals would be acceptable.

NSSS
ST
PLANT

Test data on the dynamic response of the various
systems can be valuable to infer input data and
to qualify methods.

Sensor locations and setpoints
Sensor and conditioning string accuracy and
time response
Interacting logic
4.2

Controls and Response Information
Normal operating limits
- Power peaking limits
- Imbalance limits
- Rod position limits
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Table V.2-1 (Cont’d)

Information
- System P-T limits

Source

Use

Comments

Feedwater pump and drive dynamic response
characteristics

NSSS

ST

Turbine bypass valve dynamic response
characteristics

NSSS

ST

The response required is from control system
signal change to flow change; however, specific
information on pump and drive equipment is
also acceptable.

Turbine control valve dynamic response
characteristics

NSSS

ST

Turbine stop valve closing time

AE

ST

Pressurizer pressure control program
- Pressurizer level program versus

power

- Pressurizer spray valve setpoints
- Heater control description
- Valve operating characteristics
Primary and secondary pressure and
temperature program as a function of power

Turbine vendor and plant are also alternate
sources.
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Table V.2-1 (Cont’d)

Information
Main steam isolation valve closing time

Source Use
ST, LOCA
NSSS
PLANT
AE

Comments
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Data Requirements

3.0

INFORMATION FOR BWR ANALYSIS

The information required to perform licensing and safety analyses for a boiling water reactor is
presented in Table V.3-1. The table is organized into four major areas:






Design conditions and operating information
Drawings
System and component information
Trips and controls

The source and use columns describe, respectively, the source of the information and the type of
analysis for which it is to be used. The sources specified are nuclear steam supply system vendor
(NSSS), fuel vendor (FV), plant, and architect-engineer (AE). Since the interfaces between
NSSS, AE, and turbine vendor tend to vary for each plant, information concerning some of the
system components may appear in different sources. Actual information from the plant is always
valuable to evaluate conservatisms, to qualify methods, or to use as realistic input value. This
information is usually available once good lines of communication have been established with
plant personnel. The applications of the information are nuclear analysis (NA), thermalhydraulics (TH), system transients (ST), loss-of-coolant accident (LOCA), and containment
(CONT). The comments column is used to increase the clarity of the information request, to
define alternatives, or to describe the use of the information in more detail.

V-23
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Table V.3-1
BWR Data Requirements and Sources

Information

Source

Use

Comments

Rated core thermal output

NSSS

ST, TH, NA, LOCA

Number of fuel assemblies

NSSS

ST, TH, NA, LOCA

These general parameters are used for reference,
comparison, and in some instances, preliminary
evaluations.

Average linear heat rate

NSSS

ST, TH, NA, LOCA

Linear heat rate for centerline fuel melt

NSSS

NA

Average heat flux for heated surface

NSSS

ST, TH, NA, LOCA

Fraction of thermal power deposited
directly in the core coolant and bypass
coolant

NSSS

ST, TH, NA, LOCA

Design power peaking factors

NSSS
FV

ST, TH, NA, LOCA

1.0

Design Conditions and Operating
Information

1.1

General Information

- Assembly radial peaking factor
- Local peaking factor
- Axial peaking factor
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Table V.3-1 (Cont’d)

Information

Source

Use

Comments

NSSS
FV

TH, NA, LOCA

For use particularly in LOCA analysis.

Jet pump M ratio

NSSS

ST, LOCA

Jet pump N ratio

NSSS

ST, LOCA

For rated thermal output, a complete,
steady-state pressure flow, and enthalpy
distribution including:

NSSS
PLANT

ST, LOCA, NA

- Design basis axial power profiles for
CPR and LOCA analysis
- Gamma smeared peaking factors
Power spike factor as a junction of axial
position information
1.2

System Thermal and Hydraulic
Information

- Pressure drop across core

Flow and pressure drop information should
include a complete definition of leakage and
bypass regions and should not neglect flows
such as the control rod drive flow and cleanup
demineralizer flow.

- Pressure drop across dryers
- Pressure drop across separators
- Pressure drop across recirculation pump
suction and discharge legs
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Table V.3-1 (Cont’d)

Information

1.3

Source

Use

Nominal system pressure in steam dome

NSSS
PLANT

ST, LOCA

Steam pressure at turbine admission
system inlet

NSSS
PLANT

ST, LOCA

Downcomer level at rated power

NSSS

ST, LOCA

Power versus flow map for current cycle

NSSS
PLANT
FV

ST, LOCA

Rated bypass flow rate

NSSS

ST

NSSS
PLANT

NA

Comments

Core and Nuclear Information
In-core detector arrangement
- Radial and axial locations
- Dimensions
- Materials and densities
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Table V.3-1 (Cont’d)

Information

Source

For each existing and new assembly type: FV
- Location within reactor
- Identification of all fuel, poisoned and
nonfueled rods

Use

Comments

NA, TH

Design information for existing fuel is used to
analytically reconstruct several cycles and for
design of the new cycle; all quantities should
include definition of typical manufacturing
tolerances.

- Uranium weight/rod
- Enrichment/rod
- Rod pitch
- Active stack length and axial location
- Poison material, concentrations, and
location/rod

Dimensions, physical location, and density may
also be required if the poison design involves
discrete poison pins.

- Clad material, dimensions, and
tolerances
- Pellet design dimensions and
tolerances including length, diameter,
dish characteristics, chamfer, density,
and porosity.

Also requested in Section II.5.0, drawings;
should include average pellet density and typical
manufacturing tolerances on a multi lot basis.
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Table V.3-1 (Cont’d)

Information

Source

Use

NSSS
PLANT

NA

PLANT

NA

Comments
Also requested in Section II.5.0, drawings.

- Grid design including number, axial
location, material and physical
dimensions, and weight of each material
per grid.
- Rod pre-pressurization composition and
pressure
- Fission gas plenum volume
- Hydrogen getter material and weight
Control rod data
- Locations
- Scram times including rod position
versus time
- Notch length
Burnup and power distribution
information for existing fuel
- Assembly average burnup versus
axial position

This information is required for future cycle
design and qualifications of physics methods;
alternate data may include sufficient design and
operating data to analytically reconstruct several
cycles. Operating data includes power, flow,
and control rod position versus burnup.
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Table V.3-1 (Cont’d)

Information

Source

Use

Comments

FV

NA, TH

Appropriate loss coefficients and flow areas to
which they should be applied are acceptable
alternatives or sufficient curves of bundle
pressure drop versus flow and power and orifice
pressure drop versus flow.

NSSS

NA

- Exposure weighted void history
versus axial position for each
assembly
- Exposure weighted control rod
history versus axial position for
each assembly
For both existing and new fuel
assemblies, a detailed axial pressure
distribution including pressure drops
- Lower end fitting (tie plate)
- Inlet orifice(s)
- Grids
- Upper end fitting (tie plate)
Void fraction versus axial position in the
bypass region as a function of rod
position and axial power distribution.
1.4

Technical Information
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Table V.3-1 (Cont’d)

Information

Source

Use

Comments

CPR (or CHF) correlation

FV

TH

Relationships for the thermal analysis of the fuel
assemblies and development of technical
specification limits and setpoints; this correlation
must be provided by the vendor; as an alternative
a correlation may be developed from publicly
available information; lastly, the CPR algorithm
from the plant process computer may be used to
evaluate CPR changes.

8x8 spray cooling test data

FV

LOCA

Spray heat transfer relationships for 8x8 fuel will
be required for the LOCA analysis; acceptable
relationships may be developed and accepted by
the NRC based on 7x7 requirements in
Appendix K.

Clad swelling and rupture data or
relationships

FV

LOCA

The fuel vendor should provide this data for use
in the LOCA analysis; otherwise acceptable
relationships can be developed from publicly
available information. The basis for the data
including test configurations and methodology
should also be included such that the final user
can develop swelling, rupture, and channel
blockage approaches consistent with the
experimental information.

Fuel assembly single- and two-phase
friction factor correlation and effects of
exposure on friction factors

NSSS
FV

TH
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Table V.3-1 (Cont’d)

Information
Fuel densification model

Source

Use

Comments

FV

NA, TH

The fuel densification model or correlation,
including model input for the reload duel.

Plan and elevation views to facilitate expedient
design and analysis efforts; should include
relationships between all major components.

2.0

Drawings

2.1

NSSS Arrangement and Elevations

NSSS

ST, LOCA

2.2

Reactor Vessel Geometrical
Arrangement

NSSS

ST, LOCA, TH, NA

2.3

Reactor Internals including:

NSSS

Rod drive guide tubes, CRD housing, and
supports

ST, LOCA

In-core instrumentation and associated
supports

NA

Lower core support plate

ST, LOCA, TH

Fuel support assembly

ST, LOCA, TH

Core shroud and shroud support

NA, ST, LOCA, TH

Upper core support (top guide)

ST, LOCA

Internals drawings should be dimensioned and
tolerances; as-built dimensions should be
provided if they falls outside the design value.
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Table V.3-1 (Cont’d)

Information
Shroud head

2.4

Source

Use
ST, LOCA

Standpipes

ST, LOCA

Separators and dryer assembly

ST, LOCA

Feedwater sparger

ST, LOCA

Core spray sparger

ST, LOCA

Jet Pumps

NSSS

ST, LOCA

NSSS

ST, LOCA

FV

ST, LOCA, NA, TH

Comments

Detailed dimensioned elevation and plan
drawings
2.5

Recirculation System
Piping layout and dimensions
Layout angles and bend description

2.6

Fuel Assembly

For both existing and new fuel assemblies.

Dimensioned elevation and cross-section
Grid details, locations, material(s),
density, and weight(s)
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Table V.3-1 (Cont’d)

Information
2.7
Fuel Rod

Source
FV

Use
ST, LOCA, NA, TH

Comments
For both existing and new fuel assemblies.

NSSS
FV

ST, LOCA, NA, TH

For both existing and new channel boxes.

NSSS
FV

NA

NSSS
FV

NA

Axial view of entire rod including active
length, fuel column restraint, and
plenums
Fuel pellet dimensions including
tolerances on dimensions and density
Clad including dimensions, tolerances,
and material
2.8

Fuel Channel Boxes
Dimensioned plan and elevation,
including material identification

2.9

Control Rods
Dimensioned plan and elevation
Identification of materials and densities

2.10

Poison Curtains (if any)

Not normally used in current designs
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Table V.3-1 (Cont’d)

Information
Source
Dimensioned plan and elevation, material
identification, and density

Use

2.11

NSSS
AE

ST, LOCA

NSSS
AE

ST

NSSS

CONT

Steam and Feedwater Piping

Comments

Piping plan and elevation views from
steam dome to turbine stop valve
Piping plan and elevation views from
feedwater pump to reactor vessel
Location of relief and safety valves,
isolation valves, and turbine bypass
should be specified
2.12

Turbine Bypass Piping
Piping plan and elevation views from
pipe to condenser

2.13

Containment including:

Alternately, the information described in System
and Component Information Section IV.2.14.

Drywell vessel plan and elevation with
definition of all inner and support
materials and dimensions
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Table V.3-1 (Cont’d)

Information
Suppression chamber plan and elevation,
including definition of liner, support
materials, and internal structures,
materials and dimensions

Source

Use

Comments

Piping layout and dimensions from
drywell to pressure suppression chamber
3.0

System and Component Information

3.1

Recirculation Pump
Number, type, and rated flow, speed,
and head

NSSS

ST, LOCA

NSSS

ST, LOCA

The motor/coupling/generator response
characteristics are required for system dynamics
and should be included in the recirculation pump
control information in Section IV.3.3.

Fluid volume per pump
Friction and windage losses
Motor torque versus speed
Rotating inertia
Four quadrant pump characteristics
3.2

Moisture Separator and Dryer Assembly

Simplifying assumptions regarding separator and
dryer performance can normally be made and
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Table V.3-1 (Cont’d)

Information
Source
Separator and dryer moisture removal
effectiveness as a function of flow rate
and quality of input fluid and downcomer
level

Use

Comments
publicly available information can be utilized on
the fluid flow.

ST, LOCA

Test data from the plant are also very desirable.

Separator fluid inertia as a function of
quality of input flow
3.3

High Pressure Coolant Injection System

NSSS

Number, type and rated conditions
Time delay from signal sensing to start
up and tie to reach rated speed
Flow rate versus system backpressures

Alternately, the pump flow-head characteristics
along with either detailed piping arrangement
drawings or the pressure drop from the pump to
the system at rated flow.

P&ID
3.4

Automatic Depressurization Valves

NSSS

ST, LOCA

Number, type, and rated conditions
Time delay from initiating signal to
actuation
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Table V.3-1 (Cont’d)

Information
P&ID

Source

Use

Comments

3.5

NSSS

ST, LOCA

Test data from the plant are also desirable.

Core Spray System
Number, type and rated conditions
Flow rate versus system backpressure

Alternately, the pump flow-head characteristics
along with either detailed piping arrangement
drawings of the pressure drop from the pump to
the system at rated flow.

Time delay from initiating signal to
startup with and without off-site power
and time to reach rated speed
P&ID
3.6

Low Pressure Injection System

NSSS

LOCA

Test data from the plant are also acceptable.

Number, type, and rated conditions
Flow rate versus system backpressure

Alternately, the pump flow-head characteristics
along with either detailed piping arrangement
drawings of the pressure drop from the pump to
the system at rated flow.
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Table V.3-1 (Cont’d)

Information
Time delay from initiating signal to
startup with and without off-site power
and time to reach rated speed

Source

Use

NSSS
PLANT

ST

NSSS

CONT

Comments

P&ID
3.7

Safety Relief Valves

Number, capacity, and setpoints
Accumulation and blowdown
Opening and closing times
3.8

Containment System
Value actuation and alignment details for
spray and ECC action, initiation time,
delays, and a P&ID
Heat exchanger design data for fluid
circulated from the pressure suppression
system, including capacity/temperature
relationships

Vendor calculations for
- break flow and energy versus time, and
- containment pressure versus time may be
sufficient if not reanalysis of the containment is
necessary. If for any reason reanalysis is
deemed necessary, complete containment
information will be required.
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Table V.3-1 (Cont’d)

Information
Containment spray system capacity as a
function of backpressure and initiation
time delay

Source

Use

Comments

NSSS
PLANT

ST, LOCA

Information should be sufficiently complete to
define the action (s) taken from each signal and
subsequent logic leading to other actions; tabular
values for each trip, isolation, or ECC actuation
action with the associated signals or combination
of signals would be acceptable.

Operating conditions and allowable
ranges per technical specifications
Containment free and liquid volumes
Hydraulic characteristics of vent system
Description of containment heat sinks,
including material, surface, and geometry
4.0

Trips and Controls

4.1

Reactor Protection System, Containment
and Reactor Vessel Isolation, and ECC
Actuation
Sensor locations and setpoints
Interacting logic

4.2

Controls and Response Information
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Table V.3-1 (Cont’d)

Information
For the feedwater system, recirculation
system, turbine bypass, pressure
regulator, and T-G control system the
following:

Source
NSSS
PLANT

Use
ST

Comments
Test data on the dynamic response of the various
systems can be valuable to infer input data and
to qualify methods.

Feedwater pump and drive dynamic
response characteristics

NSSS

ST

The response required is from control system
signal change to flow change; however, specific
information on pump and drive equipment is
also acceptable.

Recirculation pump motor/coupling/
generator dynamic response
characteristics

NSSS

ST

Turbine bypass valve dynamic response
characteristics

NSSS

ST

Turbine control valve dynamic response
characteristics

NSSS

ST

- Description of control circuitry and
components, including controller
coefficients, calibrations, time
constraints, etc.
- Sensor locations and dynamic response
characteristics
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Table V.3-1 (Cont’d)

Information
Turbine stop valve closing time
Main steam isolation valve closing time

Source
NSSS

Use
ST

NSSS

ST, LOCA

Comments
Turbine vendor, AE, and plant are also
alternative sources.
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VI
SYSTEM TRANSIENTS

The purpose of this chapter is to provide guidance in the approaches to modeling the various
Chapter 15 (Regulatory Guide 1.70) transient events. The suggestions presented here are
necessary but may not be all inclusive. This material represents the collective experience and
knowledge of the authors and is mainly intended to assist those with less modeling experience in
recognizing where care is needed in modeling for particular phenomena depending on the kind of
transient being analyzed. The focus of this chapter is on those features of models that need
attention because of the requirements of a given type of transient. Details on methods of
modeling various system components are presented in Chapter IV.
One of the central problems of simulation is the tradeoff between detail and accuracy versus cost,
where cost occurs both in constructing the model and performing the analysis. A model should
contain sufficient detail to capture the behavior of the variables required by the analysis
objectives. When RETRAN analyses were performed on mainframe computer, run time cost
were a significant consideration in defining the number of nodes used in a model. With the
evolution of personal computers and workstations, this is no longer a major consideration.
Generally, more detail is required to accurately predict short-term response for licensing
calculations. For long-term transients used for operator training or simulator benchmarking,
simpler models may be adequate.
It is often stated, and it is technically true, that convergence studies should be performed to
determine whether adding more detail to a model significantly improves its predictive accuracy.
As a practical matter, in large system simulations such as those performed with RETRAN-3D it
is not feasible to determine and examine the convergence of all features of the model that might
deserve such treatment. Thus, the recommendations presented in this chapter, for the most part,
represent techniques that have been found to produce satisfactory results. Better modeling
techniques may sometimes be found by applying further development effort. In any event, the
results of each calculation should be thoroughly analyzed for realistic and consistent results (i.e.,
hydraulics, trips, and control systems) before drawing any technical conclusion from the
analysis.
Most beginning modeler’s error on the side of oversimplification with plans to provide more
detail at a later date when needed. Historically, this has occasionally led to erroneous and/or
unsatisfactory results and a time-consuming and costly reanalysis. A more detailed base model
will be capable of providing an accurate response to a broad range of transients and will reduce
the need for a multitude of models and reanalysis. Where run time considerations are not as
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important as they once were, it is better to opt for more detail in model nodalization with a
common model used for all analyses. This can reduce manpower required to maintain multiple
models.
The application of the analysis can also influence the modeling approach. Whether the results
are intended for licensing, best-estimate, operations support, training, or simulator benchmarking
can determine the requirements of certain model features. For example, licensing requires that
where uncertainty exists in a model, the configuration employed must be conservative. This
means that the results of the model must be pessimistic to the extent that they are affected by
uncertainties. Due to the wide range of applications, it is not feasible to provide guidelines for
all situations. The requirements of licensing analyses are described in detail in the RASP Event
Analysis Guidelines.[VI-1, VI-2] There are two separate volumes addressing pressurized water
reactors and boiling water reactors, respectively. The discussions in this chapter will focus on
best-estimate modeling procedures. This philosophy is intended to produce results that are as
realistic as possible within the constraints of known uncertainties.
Chapter 15 transients are generally categorized according to (1) the major influence on the
system, for example, secondary heat transfer in PWRs or pressure increase in BWRs, and (2) the
expected frequency of the particular event. In PWRs, Condition 1 events are those transients that
are expected to occur during normal operation. Condition II transients are incidents of moderate
frequency, with one incident expected per plant each year. Condition III events are less frequent,
with one transient expected per plant lifetime. Incidents that are not expected to occur are
classified as Condition IV incidents. In BWRs, the Chapter 15 events are usually categorized as
transients, accidents, and special events.
The descriptions in the remainder of this chapter are organized according to the major system
influences. Important modeling concerns are common to many of the individual events within
these classifications. Thus, a modeling approach that is necessary for one event within a given
class, e.g., secondary heat transfer, will likely be necessary for the other events in the same class.
Because of the differences between the designs and operating condition of PWRs and BWRs,
these two systems are subject to different kinds of transients for the purposes of Chapter 15
analyses. Therefore, the discussions of each system are presented separately in the sections that
follow.
1.0

PRESSURIZED WATER REACTORS

The scope of reactor system transient events required for licensing analysis by the U.S. Nuclear
Regulatory Commission is defined in Regulatory Guide 1.70, Chapter 15. They cover a
spectrum of abnormal occurrences that cause system transients. The events are classified in
several categories defined by the major system influence caused by the event. This classification
and lists of the events associated with each category are presented in Table VI.1-1.
Each of the categories presented in Table VI.1-1 contains individual events characterized by a
particular disturbance in system operation. The remainder of this section discusses model
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Table VI.1-1
Postulated PWR Events Requiring System Analysis
EVENT

CONDITION

UNPLANNED INCREASE IN SECONDARY HEAT REMOVAL
Decrease in feedwater temperature
Increase in feedwater flow rate
Increase in steam flow rate
Excessive load increase
Inadvertent opening of steam generator relief or safety valve
Steam line break

II
II
II
II
II
IV

UNPLANNED DECREASE IN SECONDARY HEAT REMOVAL
Steam pressure regulator failure
Loss of external load
Turbine trip
Inadvertent closure of main steam isolation valves
Loss of condenser vacuum
Loss of normal feedwater flow
Loss of ac power to auxiliaries

II
II
II
II
II
II
II

LOSS OF REACTOR COOLANT FLOW
Partial loss of flow
Complete loss of flow
Locked rotor

II
III
IV

REACTIVITY INSERTION
Uncontrolled rod withdrawal
- from subcritical
- from power
Control rod misoperation
Chemical system malfunction
Idle loop startup at an incorrect temperature

II
II
II III
II
II

DECREASE IN REACTOR COOLANT INVENTORY
Steam generator tube rupture
Small break
Loss-of-coolant accident

II III
III
IV

ANTICIPATED TRANSIENTS WITHOUT SCRAM

IV
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requirements, identifies sensitive influences that require particular care in modeling, and
provides some recommendations in methods.
1.1

General Model Guidelines

A RETRAN-3D model of a nuclear power plant is intended to provide a faithful simulation of
postulated transients. To do so, it must include models of pertinent detail in the primary and
secondary systems, the engineered safety systems, and the control systems. Those systems and
features that come into play and thereby affect a transient must be considered in the modeling
process.
Once assembled, the RETRAN-3D model can be used to analyze postulated transients from a
licensing viewpoint or best estimate, or it may be used to model an actual plant transient. The
many possible uses of the model require it to be generally as true a representation of the plant as
possible. For any given specific model use, unwanted or unneeded system features may be
deactivated from an otherwise complete model.
The following sections present an overview of the system features that should be considered in a
complete general plant model. For further details on component modeling, refer to Chapter IV
of this report. It will be specifically helpful for the reader to refer to the representative
RETRAN-3D nodalization diagrams presented in Chapter IV. The remainder of this chapter is
devoted to modeling. In these latter sections, specific model guidelines may supersede or
amplify selected parts of the general model guidelines.
1.1.1

Reactor Vessel

From a system transient viewpoint, the reactor vessel is composed of a downcomer, lower
plenum, core, bypass, upper plenum, and upper head regions. These are each generally modeled
as one or more volumes.
The downcomer is usually modeled as a single volume regardless of the number of coolant loops
in the system model. Flow enters the downcomer at the vessel inlet nozzle. It proceeds
downward to the lower plenum where it makes a 180º turn before it heads upward into the core.
In addition to the dominant flow path, a leakage flow path to the upper head and/or upper plenum
should be modeled. The lower plenum is most often modeled as one volume although two
stacked volumes are sometimes used to allow distinct modeling of the stagnant fluid at the
bottom of the reactor vessel. In this latter case, zero flow is usually specified as an initial
condition between the stacked volumes. With a single volume, incoming fluid is instantaneously
mixed with the lower plenum fluid. If movement of a temperature front is critical to the transient
response, two volumes should be considered to prevent normally stagnant fluid from mixing with
the incoming fluid before it enters the core.
Leaving the lower plenum, the majority of the flow enters the stacked core volumes, which
represent the active core. The remainder of the flow passes through a bypass volume, which is
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intended to model leakage flow outside the core envelope and the flow through passive core
elements such as guide tubes and instrumentation thimbles. The core and bypass are typically
modeled as three volumes and a single volume, respectively. In some models, the core is split up
radially into a hot assembly stack of volumes and an average core stack of volumes that
represents the remainder of the core to be modeled.
Flow leaving the bypass and core regions enter the upper plenum, which includes the fuel
assembly region above the active core, the upper guide structure region, and the outlet plenum
leading to the vessel outlet nozzles. Above the upper plenum, an upper head is often separately
modeled. This upper region is usually only connected to the major flow paths by small leakage
flows from the upper plenum and possibly the downcomer region. As a result, the upper head
region is a relatively stagnant region that may be important because it can be the first system
flash point in severe depressurization events. In addition, in typical system transients, the fluid
leaving the core will not mix with the upper head fluid and if modeled with a single-volume
upper plenum, it may distort temperature front movement.
1.1.2

Core

The reactor core contains the nuclear fuel and is the system heat source. The core simulation
must produce an accurate description of both its thermal and hydraulic behavior.
The core consists of bundles of vertically oriented fuel rods held in place at the top and bottom
by support plates. In addition to the fuel, the core region contains control rods, burnable poison
rods, guide tubes, and instrumentation thimbles. A core barrel surrounds the fuel assemblies and
acts as a boundary for coolant flow. A fraction of the total flow bypasses the core by flowing
between the baffle and the core barrel.
The core model consists of a geometric and material property description of the region's salient
characteristics. There are two important modeling considerations: the hydraulic phenomena and
the heat transfer phenomena.
Hydraulic considerations include descriptions of flow paths in terms of areas, volumes, and
hydraulic resistance. A typical core region model for most systems analysis applications
contains three axial nodes to capture the thermal influence of the axial power distribution. PWR
models can use the point kinetics option since the core fluid generally remains subcooled and
because axial power changes are generally not important.
Heat transfer parameters of importance include fuel geometry and material properties, surface
area, and heat generation rate.
1.1.3

Reactor Coolant System

The reactor coolant system consists of those components of the reactor primary system outside of
the reactor vessel that contribute directly to the primary coolant circulation. These components

VI-5
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

System Transients

include the primary system piping, pumps, the primary side of the steam generator tubes, and the
pressurizer.
The important consideration in modeling the coolant system is the pressure distribution.
Nodalization of the piping depends on the desired resolution of the pressure calculated at a given
location. For most operational transient calculations, the piping nodes consist of single volumes
over regions of constant area. Junctions are usually inserted where there is an area change.
Pumps and their hydraulic performance are described in RETRAN-3D as a special component
model. The pressure change contribution due to a pump is introduced in equal parts at the inlet
and outlet junctions of the pump volume. The models identify the junctions that contain pumps
in the junction input description. Provisions are made for pump performance definition in the
pump model input. Operating characteristic curves for two types of PWR primary circulation
pumps are available in the code as input options. These can, however, be replaced with plantspecific data. If the requirements for a given model are different from the built-in characteristic
curves, actual data may be specified through input. The accuracy of the pump curves will only
be important in cases wherein the primary flow rate changes, such as in a loss-of-flow transient.
The function of the pressurizer is to maintain pressure above saturation conditions in the loops
and vessel. It also acts to maintain the system at uniform pressure during transient operation.
This function is performed by heaters and sprays within the pressurizer vessel. The pressurizer is
modeled either with a single separated volume node using the two-region nonequilibrium model
or a multiple node model that also employs the two-region nonequilibrium model by also handles
thermal stratification within the liquid region of the pressurizer.
The two-region nonequilibrium model requires that values for the interfacial heat transfer
coefficient and the rain-out velocity be defined. RETRAN-3D contains provisions for modeling
the pressurizer heaters and spray. The primary system pressure relief and safety valves are
located at the top of the pressurizer. The relief valves must discharge to a space outside of the
rest of the system. It is common practice to provide a time-dependent volume to act as a sink for
all relief and safety valves. The surge line connecting the pressurizer to the primary system is
usually modeled as a separate volume. The pressurizer spray line is particularly small and
experiences very low flows. For this reason, it may not be modeled as a control volume for
transient analyses, but rather via RETRAN-3D control systems that extract fluid from the
appropriate cold leg volume and reinserts it through the spray junction using fill junctions. For
best estimate models, the spray line would typically be modeled as a control volume connected
to the cold leg and pressurizer vessel. The small spray line volume could cause numerical
solution difficulties in RETRAN-02, but there should be no similar problem with RETRAN-3D
owing to the implicit numerical solution scheme.
The steam generator primary side transfers heat between the primary fluid and the steam
generator tube walls. For most operational transients, this region is subcooled and heat transfer
is by single-phase forced convection. Small break analyses are an obvious exception. In this
case, the loss of coolant may produce voiding in the steam generator tubes. It is usual practice to
nodalize the flow path in this region. Doing so captures the elevation head difference between
the inlet and outlet of U-tube steam generators and allows better representation of heat transfer.
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The number of nodes employed depends on the level of detail desired in the model. A
conduction model of the tubes that can be constructed from heat conductor input is also included
to account for their effect on the heat transfer rate.
The charging and letdown system maintains the primary system mass inventory under normal
operating conditions and will act to correct for abnormal conditions. These features can be
modeled in RETRAN-3D by fill junctions activated by trips or control systems.
1.1.4

Engineered Safety System

Engineered safety systems provide a reserve supply of coolant for the primary system in the
event that its inventory is depleted either by leakage or discharge from relief valves. PWRs have
three separate safety systems: (1) high pressure injection, (2) low pressure injection, and (3)
accumulators.
The high and low pressure injection systems deliver water to the primary coolant system through
centrifugal pumps. The high pressure system has a lower flow capacity than the low pressure
system but is activated at a higher system pressure. Accumulators are large reservoirs connected
to the primary system by lines that contain check valves to prevent backflow. They are
pressurized with nitrogen gas to provide a driving force when activated. These vessels
automatically deliver fluid to the primary system whenever its pressure falls below the
accumulator pressure.
All of these systems can be modeled with RETRAN-3D. The high and low pressure injection
systems are usually simulated as pressure-dependent fill systems. In this way, the pressure
versus flow characteristics of the pumps can be tabulated in the fill system input description.
Accumulators are modeled with a special accumulator model that uses a single volume
representation that has a pressurized noncondensable gas over a liquid region. The connecting
piping is generally included with the accumulator volume. A check valve is located at the
connecting junction to the primary system.
1.1.5

Steam Generator

The function of the steam generator is to transfer heat from the primary loop to the power
system. As its name implies, this device converts subcooled feedwater to the steam that drives
the power system turbines.
There are two basic steam generator designs employed in pressurized water reactors: (1) U-tubes
and (2) once-through. These designations refer to the configuration of the tube bundle. During
normal operation, the primary system fluid is single-phase, subcooled water that flows through a
parallel bank of tubes. The secondary-side fluid enters the device as subcooled feedwater and
leaves as high quality steam. The secondary fluid circulates within the steam generator flowing
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past the lower downcomer, tube bundle, separator, upper downcomer, and back through the
lower downcomer.
The steam generator structure consists of a vertical, cylindrical pressure vessel that contains all
of the components necessary for its operation. Feedwater enters from the plant feedwater system
and steam leaves the steam dome through the plant steam line. Secondary pressure is regulated
by the secondary-side energy balance, i.e., the rate of energy transfer from the primary system
versus the rate transported to the power plant system.
The options in modeling sophistication mainly involve the number of volume nodes to be
employed for the geometric description. These options range from the simplest description (onevolume node) to very complex descriptions (many volume nodes). The level of detail required
should depend largely on the nature of the analysis being performed, i.e., the type of transient
and the phenomena of interest. Steam generator modeling options are discussed in further detail
in Section VI.1.2. From the viewpoint of the influence of the steam generator on primary fluid
temperature response, the most important consideration is in obtaining a suitable representation
of heat transfer rate. Since overall heat transfer rate is, in general, known for the initial
condition, the sophistication of the modeling requirements will depend on the severity of the
transient in the steam generator.
It is also important to correctly specify the initial operating conditions, particularly the internal
recirculation rates. The ratio of recirculation flow to the steam flow is called the recirculation
ratio. The value of the recirculation ratio affects the tube bundle void fraction and hence the
secondary-side mass inventory.
RETRAN-3D by itself does not determine the internal flow distribution; it must be specified in
the input. The design or actual value of the circulation ratio must be obtained from
manufacturer's data or plant data.
1.1.6

Secondary Piping

The secondary piping conveys steam from the steam generator to the turbines. In most
operational transient models, the secondary system model ends at the main stop or throttle valves
or at the main steam isolation valve. The number of nodes required in the main steam line model
depends on the importance of accuracy in the calculation of steam flow rate and pressure
distribution. In some transients such as the main steam line break, propagation of a pressure
wave in the steam line may be an important aspect of the analysis. In such a case, it may be
necessary to include several nodes in the steam line model. In cases where the steam line
behavior is not as important, such as when the steam generator is isolated or the turbine valve
shuts, this component may be described by as little as a single volume node.
The valves associated with the control of the steam system must be included in the model if they
are expected to play a role in the transient being analyzed. These include the relief valves,
throttle valve, main steam isolation valve, and bypass valve. The balance of plant (BOP), i.e.,
turbine, feedwater heating systems, condenser, and pumps, is not usually included in a
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RETRAN-3D model used for system transient analysis. They may, however, be modeled to
study some BOP disturbances or to study BOP timing and effects of transients that originate in
the BOP, e.g., loss of feedwater heating. (Note, however, that these transients can generally be
adequately treated by boundary conditions at the turbine and feedwater valves.)
1.1.7

Control and Protection Systems

The function of control systems is to modulate the values of certain system variables to maintain
stable operating conditions within specified limits. Model requirements depend on the nature of
the transient under consideration. Typical control systems required in PWR system models are
as follows:







steam generator feedwater flow,
steam flow,
pressurizer pressure,
pressurizer level, and
control rod drives.

RETRAN-3D contains control system components capable of describing any control system.
The use of these models is described in more detail in Chapter IV.
The function of the protection system is to shut down the reactor whenever certain key variables
exceed specified operating limits. Protection system action in RETRAN-3D is modeled by the
trip functions. The trips associated with the following subsystems should be modeled:









Reactivity Control,
Main Steam Flow,
Feedwater Flow,
Pressurizer Pressure and Level,
Engineered Safety Systems,
Pressurizer Relief and Safety Valves, and
Turbine Bypass and Secondary Relief Valves.

1.2

Changes in Secondary Heat Removal

The class of events in which secondary heat removal change is the salient system influence
possesses one obvious common modeling feature that must receive particular attention, namely,
the steam generator. This consideration applies to both increasing and decreasing heat removal
rates. These two categories contain nearly half of the Chapter 15 events that apply to PWRs.
Selecting an appropriate modeling approach for a steam generator for events in which its
behavior has an important influence requires consideration of its significant operating
characteristics. First of all, the tube bundle heat transfer rate is of major importance. Its
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behavior depends primarily on the secondary-side pressure, void fraction, and flow rate. The
influence of the primary-side heat transfer coefficient is usually less sensitive since it remains in
single-phase flow in most cases and its modeling is therefore fairly straightforward.
The accuracy of the secondary-side behavior, however, depends strongly on its level of detail. In
licensing applications, it has been a common practice to describe the entire steam generator
secondary side as a single volume node.[VI.1-1 through VI.1-6] However, in best-estimate
applications, a multinode geometric description is required to properly capture the thermalhydraulic conditions of the steam generator secondary. The secondary fluid is nonuniformly
distributed. It is subcooled in the downcomer; two-phase in the tube bundle, and high quality
vapor in the upper plenum. The problem of determining the appropriate model configurations
for steam generators has been addressed in a number of publications.[VI.1-7 through VI.1-11]
There are some advantages to using multimode models for licensing applications also because of
the improved accuracy in heat transfer rates, which are generally less conservative than obtained
with single node representations.
In general, a steam generator secondary-side best-estimate model requires a downcomer, a tube
bundle, a separator, and a steam dome. This need was established by the results obtained in
References VI.1-7 and VI.1-8. Finer detail may be introduced by adding nodes to the
downcomer and tube bundle regions. The loss-of-feedwater ATWS study reported in Reference
VI.1-9 concluded that the tube bundle region nodalization had more influence on results than did
the downcomer. A six-volume tube bundle region and a two-volume downcomer were used in
the steam generator model employed in this analysis. Six-node tube bundle models were also
used in References VI.1-10 and VI.1-11. On the other hand, the models used in the studies
presented in References VI.1-12 and VI.1-13 contained three- and five-tube bundle nodes,
respectively. The conclusion to be drawn from the existing studies is that a steam generator
model should at least include a description of the downcomer and tube bundle regions. The
required nodalization in the tube bundle should be determined by performing a sensitivity study.
The secondary side of the tube bundle region experiences two-phase flow with heat transfer from
the tubes. The axial void distribution and fluid mass inventory can be important variables for
any transient in which the steam generator behavior is influential. Enthalpy transport and slip
should be employed in this part of the model to obtain the best representation of the fluid
conditions. The use of both of these options improves the simulation of the thermal-hydraulics
in this region.
1.2.1

Unplanned Increase in Secondary Heat Removal

Regulatory Guide 1.70 defines four Condition II events leading to increasing secondary heat
removal:






feedwater temperature decrease,
feedwater flow increase,
steam flow increase, and
inadvertent steam generator relief or safety valve opening.
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Another event in this class, not explicitly identified in Regulatory Guide 1.70, that is also often
analyzed, is excessive load increase.
These transients cause increasing energy removal from the primary system, which causes core
inlet temperature, primary pressure, and pressurizer level to decrease. The reduction in coolant
temperature leads to reactivity insertion and a subsequent increase in core power.
Control and trip settings are specified to guarantee that the system thermal operating limits are
not exceeded as a consequence of any transient.
1.2.1.1

Feedwater Temperature Decrease

A decrease in feedwater temperature could be caused by failure of one or more feedwater heaters
either by terminating the extraction flow or through bypassing the feedwater flow around the
heater. As this event proceeds, the average enthalpy of the steam generator declines as does its
pressure and temperature. This causes the primary-to-secondary heat transfer rate to increase,
cooling the primary. The cooling of the primary side causes the pressurizer level and pressure to
drop and produces a positive reactivity insertion (i.e., when the moderator temperature
coefficient is negative) in the core, which in turn begins a reversal of the temperature trend. The
control rod controller may also respond to the temperature drop by withdrawing rods to raise the
power in an effort to maintain the primary temperature at the setpoint value.
The structure of the steam generator model can influence the predicted behavior of this event.
The way in which the feedwater temperature change is propagated in its flow path will affect the
character of the initial response. Modeling options that can affect the propagation of the
temperature change are:




nodalization of the flow path, and,
use of the temperature transport delay option.

The feedwater flow controller may be influential in this transient. Reduction of the steam
generator voids early in the transient will cause an increase in flow demand at the controller.
This effect should be included in a best-estimate model.
Some latitude is available in specifying the manner in which the feedwater temperature changes.
The simplest and most conservative approach is to assume a step change. A more realistic
estimate may be obtained by modeling the feedwater heater separately and calculating the
response of the exit temperature to a sudden change in heat transfer.
1.2.1.2

Feedwater Flow Increase

This transient could be caused by opening the feedwater flow control valve or increasing the
speed of the feed pump. Increasing feedwater flow to a steam generator lowers its average
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enthalpy and hence temperature and pressure. Lowering its temperature causes an increase in
heat removal from the primary system. Cooling the primary system produces a positive
reactivity insertion, and therefore, the core power rises. The primary system pressure and the
pressurizer level both undergo transient changes.
The system model used to analyze this transient requires no particular special features beyond
those described for this general class of transients. The consequences of this transient tend to be
less severe than other members of the class of transients causing increasing heat removal.
The boundary conditions for the transient should be specified by a tabulation of the assumed
flow rate change in the feedwater flow fill table for the affected steam generator.
1.2.1.3

Increase in Steam Flow and Excessive Load Increase

An increase in steam flow from a steam generator could be caused by the inadvertent opening of
the turbine throttle valve, the bypass valve, or the atmospheric dump valve. The increase in main
steam flow causes a decrease in the temperature of the reactor coolant, an increase in core power
and heat flux, and a decrease in reactor coolant system and steam generator pressures.
From the standpoint of describing the important influences on system behavior (aside from the
boundary conditions), the modeling features required for this transient are the same as for all
events of this class. That is to say, there are no special precautions to be taken regarding the
structure of the model in order to describe the behavior of this transient.
As usual, the distinguishing features of the model involve the behavior of the boundary
conditions. Since the steam flow increase involves the behavior of a valve, then the proper
description of the valve becomes a significant modeling requirement. The characteristics of the
valve that affect its flow behavior are:






travel time,
area,
flow resistance, and
contraction coefficient if choked flow occurs.

1.2.1.4

Inadvertent Opening of Steam Generator Relief or Safety Valve

This event is similar to the one discussed in VI.2.2.1.3 above, the difference being that a relief or
safety valve is involved instead of a throttle, bypass, or dump valve. Modeling requirements for
this event are the same as for that of VI.2.2.1.3 with the exception that assumptions regarding
protective actions may vary amongst vendors.

VI-12
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

System Transients

1.2.1.5

Steam Line Break

The steam line break is the most severe transient of those causing increasing secondary heat
transfer. It is classified as a Condition IV event. A number of steam line break models exist in
the literature. References VI.1-4, VI.1-6, VI.1-7, and VI.1-22 are good examples of these.
A broken steam line produces a massive discharge of steam from the main steam system. This
causes a significant decrease in the primary system temperature and pressure. The exact
sequence of events that occurs in the system during the subsequent transient depends on the
assumed initial conditions and boundary conditions.
As in the other events of this class, the steam generator has an important impact on the behavior
of the transient. The steam line break event has been used to demonstrate the importance of the
secondary-side nodalization on transient results. [VI.1-6, VI.1-7]
Two distinct perspectives must be considered for licensing purposes. These are the return to
power and the containment pressurization perspectives. The return to power case assumes a
stuck control assembly and may be initiated from full or zero power conditions. The reactor is
ultimately shut down by boron injection. The various combinations of operating and boundary
conditions considered for licensing are discussed in the RASP Pressurized Water Reactor Event
Analysis Guidelines.[VI.1-14]
Since the break is assumed to be located at the outlet nozzle of one steam generator, the thermal
response of the system is asymmetric with respect to the affected versus unaffected loops. This
asymmetry propagates to the temperature distribution in the reactor vessel. The degree of
mixing between the dissimilar streams and how to account for it in the model has been addressed
in References VI.1-6 and VI.1-22. The approach taken in Reference VI.1-22 was to divide the
vessel flow paths into two streams and cross-connect them to simulate mixing. The mixing
model should be verified by comparison to experiment. Reference VI.1-23 contains
experimental data that can be used for this purpose.
For the containment pressurization perspective, the transient is generally initiated from hot zero
power because of the attendant high secondary fluid mass. Steam generator nodalization should
be selected to minimize the amount of water present in the steam lines during blowdown.
Because the failure of one main steam isolation valve (MSIV) may be assumed, detailed
nodalization of the steam lines may be necessary. Along with the MSIV failure, other single
failures may be considered.
The break flow model determines the calculated mass flow rate discharged through the break.
The fluid state of the break flow will be in single-phase vapor or two-phase flow throughout the
transient. The Moody model is appropriate for these flow conditions with a contraction
coefficient of 0.6. Best-estimate modeling might use the isentropic expansion model with a
contraction coefficient of 0.95 to 1.0.

VI-13
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

System Transients

Steam flow rate might be affected by venturi in the steam lines, so these should be represented in
the model. The break is generally assumed to occur at the outlet nozzle of one steam generator
and upstream of the associated venturi. Break modeling generally assumes a slot type break with
an area of two times the steam line cross-sectional area. However, a guillotine rupture may also
be represented.
The usual requirements apply regarding completeness of control system models and protective
trip settings.
1.2.2

Unplanned Decrease in Secondary Heat Removal

Regulatory Guide 1.70 defines eight Condition II events that lead to decreasing secondary heat
removal:










steam pressure regulator failure,
loss of external load,
turbine trip,
inadvertent closure of main steam isolation valves,
loss of condenser vacuum,
loss of ac power to auxiliaries,
loss of normal feedwater flow, and,
feedwater piping break.

Reduction of the secondary heat removal rate causes the primary system temperature, pressure,
and pressurizer level to increase. The system responds to this event by tripping the reactor either
immediately (in the case of the turbine trip) or on primary system overpressure.
1.2.2.1

Steam Pressure Regulator Failure

This event is confined to B&W plants since Westinghouse and C-E plants do not contain this
device. According to B&W FSARs, for example, Three Mile Island, Unit 2, the consequences of
this event are less severe than the turbine trip event. Therefore, analysis of this event is not
presented in their FSARs.
1.2.2.2 Loss of Load, Turbine Trip, and Inadvertent Main Steam Isolation Valve
Closure

The consequences of these three events are so similar that, for the purposes of this discussion,
they can be combined. All three events produce a rapid interruption of main steam flow. A
subsequent rising steam generator pressure will open the turbine bypass valve and reestablish
steam flow by dumping it to the condenser. If the pressure continues to rise, the steam generator
relief valves will open. Depending on the system design and the power level at the time of event
initiation, an immediate reactor trip may occur. If not, an early trip on primary system high
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pressure is likely. These events generally do not challenge the thermal limits of the system.
Event-specific modeling requirements for these events are:





steam and relief valve characteristics, including travel time, area, flow, resistance, and
contraction coefficient (if choked flow occurs);
bypass system and associated systems; and
pressurizer spray.

1.2.2.3

Loss of Condenser Vacuum

A loss of condenser vacuum could be caused by loss of condenser cooling water or failure of the
air ejector. This event leads to a turbine trip. Amongst the three PWR vendors, Westinghouse
and B&W consider the turbine trip event to be more limiting than loss of condenser vacuum.
Combustion Engineering however, even though assuming an immediate turbine trip, analyzes
this event. Because of the strong similarity with a turbine trip event, the modeling requirements
should be the same. This event therefore can be analyzed with the same basic model.
1.2.2.4

Loss of Nonemergency ac Power to the Station Auxiliaries

The loss of nonemergency ac power to the station auxiliaries may result from either a complete
loss of the external grid or a loss of the on-site ac distribution system.
For analysis purposes, when all normal ac power is assumed to be lost to the plant and the
turbine stop valves close, the feedwater flow to both steam generators is shut off. The reactor
coolant pumps coast down and the reactor coolant flow begins to decrease. The pressure
increases in the RCS and steam generators are limited by the pressurizer and steam generator
safety and safety valves.
The loss of all normal ac power is followed by automatic startup of the standby diesel generators,
the power output of which is sufficient to supply electrical power to all necessary engineered
safety feature systems and to provide the capability of maintaining the plant in a safe shutdown
condition. After the reactor trip, stored and fission product decay energy must be dissipated by
the RCS and main steam system. Initially, the residual water inventory in the steam generators is
used as a heat sink, and the resultant steam is released to the atmosphere by the spring-loaded
steam generator safety valves. With the availability of standby power, emergency feedwater is
automatically initiated on a low steam generator water level signal. Plant cooldown is operator
controlled via the atmospheric dump valves until off-site power is restored, at which time the
steam bypass control system and the condenser are utilized for the remainder of the cooldown.
From a modeling viewpoint, this transient is similar to the turbine trip event with some
differences in the boundary conditions. The reactor coolant pump trip during this transient is
another unique feature. This requires that the pump model parameters should be accurate,
namely, the characteristic curves, moment of inertia, and friction. Steam generator primary-side
modeling will affect the flow rate because of the effect of natural circulation.
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1.2.2.5

Loss of Feedwater

Feedwater flow may be interrupted because of feed pump failure or a malfunction of the
feedwater flow control valve. When the feedwater flow is lost, the steam generator heat removal
capability is reduced due to a reduction in secondary-side water inventory. The reduction of heat
removal capacity forces an increase of primary-side pressure and temperature. High pressure
will initiate a reactor trip, reducing power input to the primary side. The decrease in steam
generator water inventory is countered by the auxiliary feedwater system, which is capable of
refilling the steam generators and removing decay heat energy.
The calculated behavior of this transient can be influenced by the accuracy of the steam
generator model. Steam generator modeling considerations discussed in Section VI.1.2 apply to
this event. Additionally, the relief valve characteristics will be important.
The feedwater control and delivery system may need to be modeled depending on the assumed
failure mode.
1.2.2.6

Feedwater System Pipe Break

A feedwater system pipe break not only interrupts the feedwater flow to the affected steam
generator but also causes it to blow down. The effect on the primary system results from the
competing influences in the steam generator of heat transfer degradation due to loss of inventory
and the increasing heat sink due to secondary-side temperature decrease. Thus, early heat
transfer may either increase or decrease depending on which effect is dominant. This
consideration emphasizes the importance of the steam generator model. The additional
important boundary conditions in this case are the pipe break discharge model, location of the
break, noding in the neighborhood of the break, and break size.
Because of the variability of potential system behavior, particular attention must be given to the
protection system modeling. The reactor may trip on either primary or secondary system trip
limits.
The auxiliary feedwater system must also be included in this model. The auxiliary feedwater
system may be modeled by means of a fill table that is activated by a trip signal corresponding to
the parameter that the system is designed to respond to.
1.3

Loss of Reactor Coolant Flow

The loss of reactor coolant flow transient is initiated by a mechanical or electrical failure to one
or more reactor coolant pumps (RCPs). The loss of RCPs decreases the core flow, thereby
increasing the primary coolant temperature and pressure. Scram signal actuation depends on the
type of plant, the operating power, and the number of RCPs failing.
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Primary system flow rates are the key variables in this event. Decreasing core flow leads to a
reduction in DNBR during these transients. Therefore, it is important to achieve an accurate
calculation of the system hydraulic behavior. Features of the system that control the flow
behavior are as follows:







pumps:
hydraulic characteristics,
moment of inertia, and
frictional torque;
loop flow resistance;
inertia; and
natural circulation:
temperature distribution,
core heat transfer, and
steam generator heat transfer.

All of these factors are important to the response of the system.
The pumps provide the initial driving force for fluid flow. Thus, it is important to use data that
correctly describe the pump behavior. The head and torque as functions of flow rate and speed
are described by the characteristic curves used by RETRAN-3D. There are two sets of PWR
pump curves available as input options in the code. In addition, the user may specify any desired
pump characteristics as input if the data are available and it is necessary to define the pump
characteristics for the given model.
Since the pump moment of inertia affects the coastdown rate of a tripped pump, a correct value
must be defined for this parameter in the model. The frictional torque also affects the coastdown
behavior. If the data to define frictional torque are not available from vendor specifications, they
may be determined by benchmarking the model against plant coastdown data, if available.
Loop hydraulic characteristics also affect the system flow behavior. The important parameters
are flow resistances and fluid inertia. The way these appear in the model depends on its
nodalization pattern. One model that was successfully employed for loss of flow analysis is
presented in Reference VI.1-14. This model contains sufficient detail for the purposes of this
calculation.
The long-term system flow behavior will be influenced by the natural circulation head difference
caused by the primary loop temperature distribution. The temperature distributions, in turn, are
determined by the heat transfer rates in the core and in the steam generators. Some degree of
nodalization is required in the primary side of the steam generator tube to accurately describe the
natural circulation effect in this region. The model described in Reference VI.1-14 contains six
nodes in each steam generator. The excellent comparison with data reported for this model
indicates that the chosen nodalization is acceptable.
Various combinations of assumptions regarding modes of pump failure are typically analyzed.
The features of these various events are discussed in the following sections.
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1.3.1

Partial Loss of Reactor Coolant Flow

A partial loss-of-coolant flow accident can result from a mechanical or electrical failure in a
reactor coolant pump or from a fault in the power supply to the pump. The number of pump
failures for this event can be any combination less than the total number available. For example,
in a four-loop system, this corresponds to the failure of one, two, or three pumps. If the reactor
is at power at the time of the accident, the immediate effect of loss-of-coolant flow is a rapid
increase in the coolant temperature. This increase could result in ONB with subsequent fuel
damage if the reactor is not tripped promptly. The necessary protection against a partial loss-ofcoolant flow accident is provided by the low primary coolant flow trip.
The modeling considerations unique to these events are in providing descriptions of the system
loops such that loss of the appropriate number of pumps is properly simulated. This modeling
can be achieved by combining parallel loops together in the desired proportions according to the
procedures presented in Chapter II.
1.3.2

Complete Loss of Reactor Coolant Flow

A complete loss of forced coolant flow will result from the simultaneous loss of electrical power
to all reactor coolant pumps. The only credible failure that can result in a simultaneous loss of
power is a complete loss of off-site power. In addition, since a loss of off-site power is assumed
to produce a turbine trip and render the steam dump and bypass systems unavailable, the plant
cooldown is accomplished with the secondary safety valves and atmospheric dump valves.
A total loss of forced reactor coolant flow produces a minimum DNBR more adverse than any
partial loss of forced reactor coolant flow event. Modeling this event can be simplified by
combining all loops together. This procedure is justified by the condition that the coastdown of
flow and pump speed will be symmetric amongst the loops. The effect in the model will be a
reduction in the number of volume nodes and number of pumps. Further, this procedure will
guarantee simulation of the flow symmetry. The method for combining the hydraulic parameters
in parallel loops described in Chapter II must be observed.
1.3.3

Loss of Reactor Coolant Flow Due to Locked Pump Rotor

The postulated accident is an instantaneous seizure of one reactor coolant pump rotor. Flow
through the affected reactor coolant loop rapidly drops, leading to an initiation of a reactor trip
on a low flow signal. Compared with the complete loss of flow event discussed in Section
VI.1.3.2, the core flow rate drops more suddenly in the early period of this event, which can lead
to the onset of DNB early in the transient.
This event can be modeled with RETRAN-3D by defining pump speed as a function of time such
that the speed drops to zero in a stepwise manner. The affected pump must be modeled as a
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single unit operating in a single loop. Other operating loops may be combined into a single
representative loop or modeled separately.
1.4

Reactivity Insertion

Reactivity insertion events result from actions having as the primary effect an increase in core
reactivity. The reactivity insertion produces an increase in core heat generation rate. Core heat
flux and primary coolant temperature and pressure also increase as a consequence of the
increasing reactivity.
Core DNB and primary system overpressure are the principal hazards of this condition. A
reactor trip may occur from any of several protection system limits, including:





1.4.1

high core power,
high pressurizer pressure,
high pressurizer water level, and
excess core AT.
Uncontrolled Rod Withdrawal

This event is characterized by reactivity insertion due to withdrawal of control rod assemblies.
Two different initial conditions are usually analyzed. One is from shutdown conditions and the
other from full power.
In either case, the system modeling external to the core is relatively less important than in most
other transient analyses. Licensing analyses of these events have been performed with a single
combined loop representation of the system and a three-volume representation of the core.
Reference VI.1-15 provides an example of such a model.
In both cases, the trip settings are important model parameters. They will have a strong
influence on the ultimate behavior of the key variables.
In the case having shutdown initial conditions, the core Doppler coefficient may be the most
important input parameter. In this case, energy will tend to accumulate in the fuel during the
critical early period of the transient. Therefore, the fuel thermal model and Doppler reactivity
feedback are important. The system is likely to trip on core power for this event.
The moderator coefficient will be relatively more influential in the case of beginning at full
power. Any of the trips listed in Section VI.1.4 may be activated in this transient depending on
the parameters of the specific case.
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1.4.2

Control Rod Misoperation

RCCA misoperation accidents in general cause an upset of flux distribution within the reactor.
This can possibly lead to localized low DNBRs.
RCCA misalignment accidents include:






a dropped full-length RCCA,
a dropped full-length RCCA bank,
statistically misaligned full-length RCCA, and,
withdrawal of a single full-length RCCA.

Each RCCA has a position indicator channel that displays position of the assembly. The displays
of assembly positions are grouped for the operator's convenience. Fully inserted assemblies are
further indicated by a rod at bottom signal, which actuates a local alarm and a control room
annunciator. Group demand position is also indicated.
The dropped assembly, dropped assembly bank, and statically misaligned assembly events are
classified as Condition II incidents (incidents of moderate frequency) as defined in Section
VI.1.0. However, the single RCCA withdrawal incident is classified as a Condition III event.
A dropped RCCA or RCCA bank is detected by:







sudden drop in the core power level as seen by the nuclear instrumentation system,
asymmetric power distribution as seen on out-of-core neutron detectors or core exit
thermocouples,
rod bottom signal,
rod deviation alarm, or
rod position indication.

Misaligned RCCAs are detected by:





asymmetric power distribution as seen on out-of-core neutron detectors or core exit
thermocouples,
rod deviation alarm, or
rod position indicators.

The same modeling considerations apply to these events as to those discussed in
Section VI.1.4.1. The important parameters are the event boundary conditions (reactivity
insertion rate), reactivity coefficients, and trip setpoints.
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1.4.3

Chemical System Malfunction

Reactivity can be added to the core by feeding primary grade water into the RCS via the reactor
makeup portion of the chemical and volume control system (CVCS). Boron dilution is a manual
operation under strict administrative controls with procedures calling for a limit on the rate and
duration of dilution. A boric acid blend system is provided to permit the operator to match the
boron concentration of reactor coolant makeup water during normal charging to that in the RCS.
The CVCS is designed to limit the potential rate of dilution to a value that provides the operator
sufficient time to correct the situation in a safe and orderly manner.
Opening the primary water makeup control valve introduces makeup to the RCS diluting the
reactor coolant. In order for makeup water to be added to the RCS at pressure, at least one
charging pump must be running in addition to a primary makeup water pump.
The rate of addition of unborated water makeup to the RCS when it is not at pressure is limited
by the capacity of the primary water supply pumps. The reactor makeup water delivery rate is
based on a pressure drop calculation comparing the pump curves with the system resistance
curve. This is the maximum delivery based on the unit piping layout. Normally, only one
charging pump is operating.
Reactivity insertion events occur as a result of inadvertent boron dilution. Several different
scenarios are possible depending on plant initial conditions.
A complete discussion of the initial and boundary conditions required for licensing calculations
is presented in the RASP PWR Event Analysis Guidelines document.
Analyzing this event with RETRAN-3D requires a procedure for determining the rate of
reactivity insertion in the core caused by the dilution effect in the boron injection system. A
model of the boron injection and its concentration in the reactor system may be constructed with
RETRAN-3D's control system logic. An example of such a model is presented in Reference
VI.1-16. The model described in this paper applies to a boiling water reactor. However, the
procedure is applicable to any system.
As in the other events of this class, definition of the reactivity coefficients and trip settings are
the important modeling considerations. The system model need not be overly sophisticated.
1.4.4

Idle Loop Startup

This event describes a situation in which one circulation loop in a system that is out of service
inadvertently starts up. The idle loop, at its initial condition, contains water that is at most at the
cold leg temperature. This temperature may be below the level of the cold leg temperature if the
steam generator in this loop is assumed to remove heat from it.
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Inadvertent pump startup injects the cold water contained in the idle loop into the reactor system,
ultimately reducing the core coolant temperature. This produces reactivity insertion followed by
an increase in core power. The various assumptions employed in a licensing analysis of this
event are discussed in the RASP PWR Event Guidelines document.
The RETRAN-3D model for this event must contain a description of the idle loop. The active
loops may be combined into a single equivalent loop according to the procedures described in
Chapter II. The flow resistances must be correctly specified to obtain an accurate value of the
initial reverse flow in the idle loop.
The pump startup may be described by specifying the pump speed as a function of time or a part
of the pump input data. The startup profile for the pump should be consistent with plant startup
test data.
1.5

Decrease in Reactor Coolant Inventory

Decrease in reactor coolant inventory events arise from ruptures in the primary system pressure
boundary. The events included in this classification are steam generator tube ruptures and small
break and large break loss-of-coolant accidents.
RETRAN-01 was used to perform large break loss-of-coolant analysis for Semiscale, TLTA, and
LOFT experiments and is documented in RETRAN-01, Volume 4 (EPRI NP- 2175). The code
is capable of performing the initial blowdown calculation but due to thermal equilibrium
assumptions, it cannot correctly model the late blowdown and refill phases when cold water
enters the system. RETRAN-3D does not contain any Appendix K models and is capable of
limited best-estimate analysis of this event. Specific suggestions can be found in the document
mentioned above and various documents referenced therein.
Small breaks and steam generator tube ruptures, because of the high mass fluxes at the break,
present special modeling problems not found in the other types of transients. The high break
flows are due to the high pressure drop that exists at the point of rupture. The flow regime that
occurs at the break is choked during the transient and the break flow magnitude is determined by
special critical flow models devised especially for this purpose.
In these events, the system pressure will decline if the break flow rate is sufficiently high. If it
drops to the high pressure injection trip setting, then this system will activate. If the break flow
exceeds the capacity of the injection system, then voiding will eventually appear in the primary
system.
1.5.1

Small Breaks

Small break events are primary system pressure boundary ruptures that discharge into the
containment. The size spectrum of the flow openings in this class of events is of the order of
inches of diameter.
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Generally speaking, small break events progress through the following sequence of events:







primary system pressure declines,
reactor trips on low pressurizer pressure,
charging flow activates,
turbine trips, and
high pressure injection activates.

The following events may or may not occur depending on the size of the break and the particular
characteristics of the plant (not necessarily in this sequence):







pressurizer empties,
reactor circulating pumps trip,
voiding occurs in the primary system starting at the highest system elevation and
progressing downward as mass inventory is depleted,
low pressure injection is activated, and
accumulators discharge into primary system.

Reference VI.1-17 contains an excellent example of a RETRAN-3D small break model.
Several special modeling techniques can be applied to the RETRAN-3D small break model to
enhance the quality of simulation. These procedures were employed in the analysis described in
Reference VI.1-17.
Particular consideration should be devoted to the following aspects of a small break model:






critical flow,
the pressurizer surge line connection with the pressurizer,
enthalpy transport, and,
primary side of the steam generator tubes.

The recommended critical flow model uses the Henry-Fauske correlation during subcooled flow
conditions and switches to the Moody correlation when the flow becomes saturated. Both
correlations are modified by a value of 0.6 in the critical flow contraction coefficient of
Reference VI.1-17.
The pressurizer water may completely drain into the primary system during a small break
LOCA. An instantaneous change of fluid density at a conventional horizontal junction model
can introduce serious numerical instabilities in the calculation. This situation can be avoided by
specifying the junction connecting the pressurizer with its surge line as a horizontal junction and
allowing the volume elevations to overlap slightly. This procedure permits a smooth transition
of junction fluid properties as the pressurizer volume mixture level approaches zero.
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The analysis of Reference VI.1-17 also found that junction enthalpy discontinuities due to flow
reversals in the U-tube steam generator were decreased by modeling the upper section of the Utubes as a single separated volume.
The usual considerations related to defining the protection system and related trips apply to this
event.
1.5.2

Steam Generator Tube Ruptures

The steam generator tube rupture event, as its name indicates, is a small break loss-of-coolant
accident that occurs in a steam generator tube. Primary system coolant discharges through the
tube rupture into the secondary side of the affected steam generator.
This is an event that has actually occurred and has been subjected to considerable analysis with
RETRAN. References VI.1-18 through VI.1-21 are post event analyses of steam generator tube
ruptures in operating PWRs. The analyses in these reports are compared with plant data.
Steam generator tube rupture transients are not as severe as the small break loss-of-coolant
events discussed in Section VI.1.5.1. In the steam generator tube rupture case, the safety
injection systems are capable of maintaining the primary system coolant inventory. Thus,
voiding does not occur in the primary system and the modeling provisions invoked in the small
break models to accommodate voiding is not required in models used to analyze this event.
The most important modeling feature in this event is the description of flow through the tube
rupture. The physical representation of the break geometry depends on the application of the
analysis. Actual tube ruptures assume the configuration of a longitudinal split whose shape is
not a clear analytical function. Thus, in these cases, the actual break area is not usually known
with much accuracy. The most complete model description in the literature of an actual plant
event simulation is that given in Reference VI.1-21. A sensitivity study was performed to
determine the representation of the break flow that produced the best agreement with the plant
data. The recommendation resulting from this analysis is to use a combination of Henry-Fauske
and Moody correlations with a 0.6 value for the contraction coefficient applied to both. Again,
the break configuration in the tube was a longitudinal split.
Licensing analyses require the assumption of a double-ended guillotine rupture. The
conventional way to describe this break is to apply the appropriate flow area to the primary
volume representing the tubes in the affected steam generator.
Reference VI.1-22 presents a method for representing the flow rate from a double-ended
guillotine break in a more realistic manner without penalizing the model's running time by
actually including the nodalization for a single broken tube.
Summarizing the procedure, a RETRAN model of flow through both sides of a double-ended
single tube was analyzed. The results were used to correlate flow from each side of the break as
functions of fluid pressure and density. The resulting correlations were constructed into a
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RETRAN control system model that in turn drives the fill flow at junctions representing each
side of the break.
1.6

Anticipated Transients Without Scram (ATWS)

ATWS transients are Chapter 15 events having the additional condition imposed that no scram
can occur following normal trip conditions. The rationale for the potential for ATWS events is
the possibility of a common mode failure that deactivates the protective system.
Amongst the spectrum of events that are analyzed, those that cause overpressurization of the
primary system receive the most attention. Of these, the loss-of-feedwater case is considered to
be the most severe.
As in the normal loss-of-feedwater transient, termination of feedwater flow to the steam
generators leads to dryout in the tube bundle region and a consequent reduction of heat transfer.
A large power mismatch occurs in the primary fluid that drives the primary coolant temperature
and pressure upwards. Since the reactor fails to scram, the process continues. The primary
coolant expands and fills the pressurizer. The pressurizer relief valves, having opened at their
trip settings, discharge first vapor and then water when the pressurizer fills. Ultimately, the
rising system temperature reduces the core power by negative reactivity feedback. During this
process, the circulation pumps trip and auxiliary feedwater flow returns coolant to the steam
generators. A heat balance is reestablished in which the core power is balanced by natural
circulation flow in the primary system providing heat transfer to the steam generators.
Eventually, boron injection is supplied to the primary loop and the system can be brought to
shutdown.
The RASP Pressurized Water Reactor Event Analysis Guidelines document [VI.1-14] discusses
analysis criteria and boundary condition requirements for the ATWS event in some detail. The
principal concerns relative to the loss-of-feedwater event are maximum system pressure and core
thermal response.
Because the initial power imbalance is driven by degrading heat transfer in the steam generators,
it is important to accurately model the steam generators. Analyses have been performed that
demonstrate the importance of the steam generator modeling in the loss-of-feedwater ATWS.
References VI.1-24 through VI.1-28 present RETRAN analyses of PWR loss-of-feedwater
ATWS events. The sensitivity of the analysis to steam generator modeling is discussed in
References VI.1-24 and VI.1-25. According to Reference VI.1-24, for example, a difference of
-109 psi in peak pressure is attributable to including six-volume nodes in the secondary tube
bundle region instead of three nodes.
The pressurizer relief valve flow characteristics are also influential in affecting the system
pressure behavior. The other key parameters in the RETRAN model are the reactivity
coefficients. Reference VI.1-24 also indicates their sensitivity.
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Depressurization ATWS events are also analyzed. Boundary conditions for these cases include
stuck-open pressurizer relief valves and small breaks in the primary system. The main objective
of the analysis for these cases is to determine early DNB behavior. Because primary pressure
declines, the long-term system behavior is subject to action by the safety injection systems,
including boron injection, which will guarantee that long-term shutdown conditions are
achieved. An example of RETRAN-02 analysis of a depressurization transient is reported in
Reference VI.1-28.
Sensitivity studies were performed to investigate the effects of break contraction coefficient,
reactivity coefficients, and safety injection.
1.7

Small Break LOCA and Extended Loss of All Power Events

RETRAN-3D has typically been used for PWR Chapter 15 transient analyses s where the RCS
remains single-phase liquid. Some models for these transients use single volume steam
generator secondary-side models and some use multimode models. Of those using multimode
secondary models, few use slip, but others use the homogeneous equilibrium model. The
RETRAN-3D community is familiar with Chapter 15 applications using RETRAN-3D in the
RETRAN-02 Mode approved by the NRC Staff. It is necessary to re-orient thoughts for longterm transients required for ELAP analyses that may be days long rather than a few hundred
seconds. Because of the length of the transients, code models that may have little effect for
Chapter 15 transients may have a pronounced effect. Examples of these models are heat transfer
to or from system metal mass which is generally neglected for Chapter 15 analyses and heat
losses to the containment.
In addition to needed more complex modeling to account for heat loss and sources or sinks, some
new or enhanced RETRAN-3D models are required for small break LOCA (SBLOCA) transients
and Extended Loss of All Power (ELAP) transients, to accurately predict two-phase conditions in
the RCS. These include the slip, five-equation and accumulator models.
The slip models in RETRAN-3D have been improved from those in RETRAN-02, a slip model
must be used when two-phase conditions are encountered in the RCS, either from loss of
inventory or loss of cooling. It accounts for unequal phase velocities that lead to phase
separation which allows liquid to accumulate in the lower regions and vapor to rise to the upper
regions. It also helps to establish density gradients that drive natural circulation and
countercurrent flow which is necessary to establish reflux cooling.
SBLOCA and ELAP transients typically result in system depressurization that drops the RCS
pressure below the accumulator check valve set point. This requires use of the RETRAN-3D
accumulator model to accurately predict the discharge flow rate.
Another RETRAN-3D model that may be useful for SBLOCA and ELAP transients account for
thermal nonequilibrium effects, which may be encountered when injecting ECCS or makeup
flow into two-phase regions, e.g., flex pump flow for ELAP transients. It is the five-equation
model which allows subcooled, saturated or superheated liquid to be present with saturated
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vapor. For some two-phase transients, the five-equation model is not necessary because the
nonequilibrium effects are minimal. It can be used if nonequilibrium is significant.
Some of the new RETRAN-3D models such as the dynamic and algebraic slip models using the
Chexal-Lellouche drift flux model are generally approved for use in the SER, but the model must
be evaluated and justified for use if conditions are outside the range for which validation is
available. Likewise, the five-equation model is approved for use with the condition that it must
also be evaluated and justified if the conditions encountered during the transient are outside the
range for which validation has be performed.
1.7.1

Two-Phase Flow Modeling

Accurate modeling of the two-phase fluid distribution within the RCS or steam generator
secondary is necessary to account for important phenomenon that control SBLOCA and ELAP
events. These include RCS natural circulation or flow stagnation for two-phase conditions and
countercurrent flow which allows liquid to drop to lower regions with vapor collecting in higher
regions thus establishing a liquid or mixture level. Countercurrent flow is also necessary to
model reflux condensation cooling inside the steam generator tube walls. The HEM or threeequation option is inadequate to predict countercurrent flow and the mass distribution for twophase conditions. A slip model is needed to model these effects.
SBLOCA and ELAP transients should use one of the Staff approved slip models as discussed in
Section III.3.1. The algebraic model with the Chexal-Lellouche drift flux correlation is
recommended. It is the user’s responsibility to address the conditions associated with use of the
slip model. In particular, the Staff indicated that the use of the Chexal-Lellouche model for
horizontal flow situations needs evaluation and justification because it is a curve fit to data that
may not be representative of its use in a plant model.
Currently, slip options are globally applied to RETRAN-3D models. This means that dynamic
slip cannot be used for horizontal regions and Chexal-Lellouche in vertical regions. Possible
future development may revise the slip model so dynamic slip would be used in some junction,
e.g., horizontal junctions, and algebraic slip in the other junctions. The dynamic slip model has
not been approved for general use, so any use of the model would have to include evaluation and
justification for use. A modeling alternative is to turn slip off (equal velocities) in horizontal
junction by using the IFRJ = -99 flag on the junction data card while using Chexal-Lellouche
elsewhere.
For many ELAP transients, the bulk of the phase separation occurs in vertical regions. Past
analyses have use sensitivity analyses to show that slip in horizontal junction is of little
importance to overall system behavior.
The issues discussed above must be considered for SBLOCA and ELAP analyses. Section
VII.1.1.2.4 discussed the SER conditions related to use of the slip models.
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The five-equation model may be useful if nonequilibrium conditions are encountered during
SBLOCA or ELAP events, e.g., accumulator or FLEX pump injection into two-phase nodes.
The recommended modeling approach is to use the simpler four-equation model with the
Chexal-Lellouche drift flux correlation. If the results for this modeling indicate that
nonequilibrium effects may have a significant effect on the key analysis results, then the fiveequation model should be used. Additional discussion and considerations for use of the fiveequation model are given in Sections II.1.1.3 and III.3.2.2. Section VII.1.1.3 discussed the SER
conditions related to use of the five-equation model.
Both the slip and nonequilibrium models require more detailed nodalization than may be used for
Chapter 15 analysis models. This is discussed in the following section.
1.7.2

Nodalization

Compared to nodalization for Chapter 15 analysis, more detail is needed for transients that
encounter two-phase conditions in the RCS. The RCS coolant loops in particular require more
detail so the slip model can affect the vapor and liquid distributions. Additional noding detail is
also required for the vessel downcomer and core. Again, this allows the slip model to
accumulate liquid in the lower vessel and core regions while allowing vapor to rise effectively
determining the level which determination if the core remains covered.
Detailed noding is also required for the steam generator tubes to model the potential to lose
natural circulation if upper steam generator tube nodes completely void. This is an important
phenomenon that the model needs to be able to evaluate. Similarly, the noding detail is needed
for the model to be able to predict reflux condensation cooling.
Several nodalization examples are shown below. Figure VI.1-1 is essentially a Chapter 15
nodalization, where some additional node subdivision has been made in the cold legs. This level
of noding detail would be inadequate for SBLOCA and ELAP transient models. A more
representative nodalization for these transients is shown in Figure VI.1-2. The level of detail is
similar to that used for typical RELAP5 models.
Detailed nodalization is needed to accurately define the liquid, vapor and energy distribution in
two-phase regions, which affect natural circulation flow in the RCS and flow stagnation.
Nodalization is also important to accurately model steam generator flow and heat transfer.
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Figure VI.1-1. Modified Chapter 15 Analysis Model Nodalization
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Figure VI.1-2. Typical SBLOCA or ELAP Model Nodalization

1.7.3

Pump Seal Leakage

If charging and HPSI are unavailable as would be the situation for and ELAP transient scenario,
the RCS will be losing mass inventory due to seal leakage. This leakage path should be modeled
using a normal junction and the critical flow model which will determine the flow rate at varying
RCS pressures and temperatures.
Either the junction area or contraction coefficient should be adjusted to obtain the correct steadystate leakage rate. As an example, the contraction coefficient should be adjusted to give the
desired flow at the initial pressure (i.e., 3 gpm at 2250 psia). This coefficient value remains
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constant for the duration of the transient. It is recommended that the isentropic (HEM) choking
model be used for best estimate type analyses.
1.7.4

Junction Enthalpy

The choice of junction enthalpy models is similar to that used for Chapter 15 analyses. Most
junctions connected to piping and nonpowered volumes should use the donor (default option).
The enthalpy for junctions connected to bubble rise volume such as the pressurizer, steam
generator separators and upper downcomer volumes, and the RCS vessel upper head volume will
be determined by the bubble rise model. A recommendation is that slip should be deactivated at
junctions exiting bubble rise volumes.
The temperature transport delay time model (see Section III.7.12) is used to follow temperature
fronts through piping. It is not needed for ELAP transients. It can be removed, but it is
deactivated by default as soon as two-phase conditions develop.
The enthalpy transport model (see Section III.7.11) is used to account for heating or cooling
within a control volume in determining the junction enthalpy. With an increased number of
nodes in a heated region, the enthalpy transport model becomes less important. It can be turned
off without significantly affecting results. Appendix A contains the results of a number of
sensitivity studies that evaluated use of the enthalpy transport model against similar analyses
without the model.
If the model has enthalpy transport turned on, it may left on so as to not require revising the
initial condition specification. The current RETRAN-3D version turns enthalpy transport off if a
flow reversal or countercurrent flow occurs. Various input options are also available to turn
enthalpy transport off during a transient.
A common modeling practice is to deactivate enthalpy transport globally on a time trip after the
reactor trips.
1.7.5

Heat Transfer and Heat Loss to the Containment

Condensation heat transfer in the secondary side of the steam generator needs to be modeled. To
allow condensation, either IHTMAP=1 or 2 on the problem description data card 01000Y must
be used. The low flow heat transfer map (IHTMAP=1) is recommended for general use.
For most Chapter 15 transient analysis models, heat losses to the environment are neglected.
This simplification cannot be made for SBLOCA and ELAP transient scenarios that have
durations from hours to days. Various modeling options can be used to account for these losses.
They include
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•

•

Two-Sided heat conductors account for energy stored in the metal mass of piping and
vessels
- Containment on one side of heat conductor
- Fixed heat transfer coefficient on containment side since RETRAN-3D does not have
an appropriate containment side heat transfer correlation
- Fixed heat transfer coefficient value will need to be adjusted to get the desired heat
loss
Simulate with nonconducting heat exchanger model
- Distribute these components around the system
- Use control system to make heat loss a function of T
- Normalize to known heat loss values

Currently steady-state does not account for environmental heat losses, except in the pressurizer
component. Unfortunately, this will cause a steady-state imbalance (heat loss) that can’t be
accounted for via heat removal options. Accounting for these steady-state heat losses is a
possible near term code development effort.
1.7.6

Time-Step Selection

Experience with RETRAN-3D SBLOCA and ELAP analyses have shown the smaller time-step
sizes may be required for natural circulation conditions (code still runs at a good clip) and
stagnation flow conditions. A limiting maximum time-step size can be chosen by targeting
RETRAN-3D to take the maximum time step at least 60% of the time. This can improve the
calculation efficiency and minimize potential code failures. Examining the time-step summary
edit can provide useful insight into the phenomena controlling the time-step size.
1.7.7

Potential Analysis Problems

Historically countercurrent flow has lead to water packing and erratic code behavior for a few
time steps. The water packing mitigation scheme recently implemented in RETRAN-3D has
significantly reduced water packing related problems.
For highly two-phase transients, problems will occasionally occur as the result of a numerical
problem introduced by the momentum flux model. When the problem occurs, the code will
typically fail because a volume has either completely emptied (no mass or energy in the volume)
which may cause a pressure search failure or the pressure or enthalpy may be outside the
acceptable limits. Another failure mode is for a volume pressure to be greater than 6000 psia. If
this occurs, examine the velocity head terms for the junctions in the vicinity of the volume. If it
is greater than 100 psia and it comprises the bulk of the acceleration pressure, the failure is due
to the momentum flux.
There are two potential solutions to this type of error. One is to turn momentum flux off in the
problematic junctions at time zero. This may affect the initial pressure distribution which might
affect the transient results. This affect must be evaluated. Another solution is to save a restart
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file so the transient can be restarted if it fails. During a restart job, the time-step size can be
adjusted in an attempt to avoid the failure. In some instances a larger time-step size will avoid
the error, which is counter to common understanding. It is also possible to turn the momentum
flux of in the affected junctions using the generalized restart feature.
2.0

BOILING WATER REACTOR

The scope of reactor safety analysis events required for licensing by the U.S. Nuclear Regulatory
Commission is defined in Regulatory Guide 1.70. This lists a spectrum of postulated abnormal
occurrences that lead to reactor system transients. Table VI.2-1 classifies and lists those events
that may be studied using system transient analysis. The events are grouped together according
to the major system effect that can be used to characterize the event, e.g., pressure increase.
Within each group, each specific transient is generally the result of the failure of some system or
component.
The remainder of this section is organized to first provide general BWR modeling guidelines,
then to provide supplemental guidelines that apply to each class of event, and finally to provide
additional unique event-specific guidelines.
2.1

General BWR Model Guidelines

A RETRAN-3D model of a nuclear power plant is intended to provide a faithful simulation of
postulated transients. To do so, it must include models of all pertinent details in the reactor,
protection systems, makeup systems, heat removal, and control systems. Those systems and
features that come into play and thereby affect a transient must be considered in the modeling
process.
Once assembled, the RETRAN-3D model can be used to analyze a postulated transient, from a
licensing viewpoint or best estimate, or it may be used to model actual plant transients. The
many possible uses of the model require it to be generally as true a representation of the plant as
possible. For any given specific model use, unwanted or unneeded system features may be
deactivated from an otherwise complete model. The following sections outline the system
features that should be considered in a complete general plant model. Additional modeling detail
for individual components can be found in Section IV.2.0. It will be specifically helpful for the
reader to refer to the representative RETRAN-3D nodalization diagram presented in Chapter IV.
The remainder of this chapter is devoted to modeling guidelines for specific transients. In these
latter sections, specific model guidelines may supersede or amplify selected parts of the general
model guidelines.
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Table VI.2-1
Postulated BWR Events Requiring System Analysis
EVENT
PRESSURE INCREASE
Generator load rejection
Turbine trip with/without bypass
Steam line isolation valve(s) closure
Pressure regulator failure (close)
Loss of condenser vacuum
Above incidents with delayed scram

CLASSIFICATION

Transient
Transient
Transient
Transient
Transient
Accident

REACTOR VESSEL WATER TEMPERATURE DECREASE
Transient
Loss of feedwater heater
Inadvertent injection pump start
Transient
Feedwater controller failure
Transient
REACTOR VESSEL COOLANT INVENTORY DECREASE
Loss of feedwater flow
Transient
Pressure regulator failure (open)
Transient
Relief or safety valve failure (open)
Transient
Loss of auxiliary power
Transient
CORE COOLANT FLOW DECREASE
Recirculation pump seizure
Recirculation pump(s) trip
Recirculation flow control failure

Accident
Transient
Transient

CORE COOLANT FLOW INCREASE
Recirculation flow control failure
Startup of idle recirculation pump

Transient
Accident

POSITIVE REACTIVITY INSERTION
Continuous rod withdrawal
- From subcritical
- From power
Rod drop

Transient
Transient
Special Event

ANTICIPATED TRANSIENT WITHOUT SCRAM

Accident

STEAM LINE BREAK

Special Event

Accident

LOSS OF COOLANT
Special Event
Transient Accident

Large break
Small break
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2.1.1

Reactor Vessel and Recirculation System

From a system transient viewpoint, the reactor vessel is composed of a downcomer recirculation
loops, jet pumps, lower plenum, active core, bypass, upper plenum, steam separator and dryers,
and a steam dome. These regions are each generally modeled as one or more volumes.
2.1.1.1

Downcomer

The downcomer is the annular region between the core shroud and the vessel inner wall.
Separated fluid from the steam separators and feedwater enter the downcomer in the upper
regions. Flow exits the downcomer as recirculation loop suction and jet pump suction flow. The
jet pumps are physically located in the downcomer region. Since there is a wide range of
thermal-hydraulic conditions (subcooled, saturated, and two-phase) and area cross-sections as
well as numerous flow paths into and out of the downcomer, it is usually modeled as several
(typically three or more) volumes. This approach helps to adequately model downcomer level
movement that may be needed for control system input or for developing a natural circulation
driving head. The top downcomer volume is normally modeled as a separated volume.
2.1.1.2

Recirculation System

The recirculation system consists of the recirculation line piping and the recirculation pumps.
This system provides the drive flow to the jet pumps. It is generally modeled in RETRAN-3D
using three volumes: the suction line piping, the pump, and the discharge line piping. Other
features of the recirculation line that may sometimes be modeled include junctions for the low
pressure coolant injection system, the reactor water cleanup system, and the shutdown cooling
systems. The performance data (homologous form) for the recirculation pumps should be
developed from vendor data. The Bingham pump data built into the code may be applicable but
should be checked for compatibility with the vendor data for the pump being modeled.
2.1.1.3

Jet Pumps

The jet pump is a flow mixing device that uses the energy of the discharge flow from the
recirculation pumps to induce suction flow from the downcomer region. Physically, the jet pump
is composed of a drive line and nozzle, suction plenum, mixing throat, and a diffuser section. A
special option is available in RETRAN-3D to allow the user to model the momentum exchange
(momentum mixing) between the two fluid streams for this region. In RETRAN-3D, the drive
and suction flows emanate from their respective source volumes via junctions into a single
control volume that represents both the throat and diffuser sections. The momentum mixing
option is then specified for junctions associated with the mixing volume. The appropriate
junction properties can be derived by correlating jet pump model performance (M-N ratios)
versus vendor data. Validation of the model over the range of available M-N data is
recommended to insure correct performance of the jet pump head flow characteristics.
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2.1.1.4

Lower Plenum

The fluid leaving the jet pump discharge section enters the lower plenum where it makes a 180º
turn and is diffused across the core inlet region. The lower plenum in a RETRAN-3D model is
generally the region between the jet pump outlet junction and the core and bypass inlet junctions.
It is typically modeled as a single volume. If used, the SLCS is modeled as a fill junction in this
volume. Two stacked volumes are sometimes used to allow distinct modeling of the stagnant
fluid at the bottom of the reactor vessel and incomplete mixing of the incoming and lower
plenum fluid before it enters the core.
2.1.1.5

Core

Flow into the core passes through inlet orifices at the base of each fuel bundle. The orifices are
used to preferentially distribute the flow to the higher powered bundles. The majority of the
flow into the core region passes through the fuel bundles and is isolated by the fuel channels
from both the bypass region and the other fuel bundles. The remaining flow (about 10% at rated
conditions) is leakage or bypass flow.
As the coolant passes through the fuel channels, some of it is changed to steam by the energy
deposited through conduction from the fuel rods and by direct heating from gamma rays. The
steam or void region that is generated as the flow passes upward through the bundles is
responsible for a large negative reactivity effect that significantly contributes to thermalhydraulic stability of the core. Since the coolant enters the fuel bundle as subcooled liquid and is
gradually transformed to high void fractions as it passes through the channel, this gives rise to a
highly axially-dependent negative reactivity feedback effect. The flux and hence the power
distribution can change significantly due to a change in void distribution. This in turn can affect
the core flow and the distribution of voids in the channel. This effect is the predominant
consideration in determining the RETRAN-3D modeling approach for a BWR core.
For many BWR transients, especially those that involve core pressure changes or power shifts,
the RETRAN-3D space-time kinetics model should be used since point kinetics is not adequate
to model the physical phenomena. Also, since the distribution of voids in the channel is
important, it is essential to model the active core region with multiple core conductors and
volumes (frequently 12 each are used) with some form of an unequal phase velocity model
(dynamic or algebraic slip) in effect. In addition to this conduction from the fuel pins, gamma
heating should be modeled both in the channel and the bypass using the direct moderator heating
option.
If the one-dimensional neutronics model is used, the number of core fluid volumes, core
conductors, and neutronic regions should have one-to-one correspondence. The cross-section set
was developed with one-to-one correspondence between thermal-hydraulic feedback parameters
and should be preserved in the RETRAN-3D model. Passive (nonpower-producing) neutronic
regions are generally modeled on top and bottom as reflectors.
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Subcooled voiding in the lower core is a significant phenomenon that should be modeled. The
fluid equations solved in RETRAN-3D assume the vapor and liquid are in thermal equilibrium.
Consequently, only bulk boiling can be modeled directly. Yet movement of the subcooled
boiling boundary can have a significant influence on any reactivity-driven transient. The profile
fit model should be used to model subcooled voiding. This model is an auxiliary model and
provides a core channel void fraction distribution used only for reactivity feedback for either the
point or one-dimensional kinetics models.
The core bypass and leakage flow is single-phase under most operating conditions. As a result,
for most transients it may be modeled as a single volume. Under some transient conditions,
however, it may become two-phase. In these events, multiple volumes may be necessary to
model the separation and mass distribution effects. It must be noted, however, that for the onedimensional kinetics option there is no mechanism for modeling the neutronic effect of bypass
voiding in RETRAN-3D.
The control rods are located within the bypass region. They are moved by a hydromechanical
mechanism. The drive flow for the rods is small and generally ignored. However, because the
fluid is highly subcooled, the effect may not be insignificant late in the transient for low system
flow rates. When included, the drive flow is generally modeled as a fill junction that deposits
directly into the bypass region. (In some instances, this flow may be used as a source of
emergency makeup flow to the reactor vessel.)
2.1.1.6

Upper Plenum

Flow leaving the core and bypass channels mixes into an upper plenum region where the two
flow paths rejoin. Both the high and low pressure core sprays also discharge into this region.
Since the region only serves to mix and pass the flow through to the separator standpipes, the
upper plenum is generally modeled as a single volume. For severe accident analysis in which the
core flow is expected to stagnate, this region may be modeled as several stacked volumes to
adequately model the separation of steam from liquid in this region.
2.1.1.7

Steam Separator and Dryer

The steam-liquid mixture flows from the upper plenum into the separator standpipes and from
there into the separator region. The standpipes are a series of parallel channels that are generally
modeled as a single volume in RETRAN-3D. The inertia should be computed based on the
actual flow path lengths of the vapor and liquid streams.
The steam separator is located in the steam-water flow path above the upper plenum and
standpipes. It serves to mechanically separate the two-phase mixture into a high quality steam
component that flows to the dryers and a low quality liquid component that returns to the upper
downcomer. The separator imparts a rotary motion to the mixture and separates the water from
the mixture by applying a lateral force on the liquid. The separator is generally modeled in
RETRAN-3D as a single separated volume. The dryer losses are frequently modeled by
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applying a loss coefficient at the dryer exit junction. Liquid flow returning to the upper
downcomer is modeled via a junction from the separator to the upper downcomer.
The separator region is of interest to the RETRAN-3D modeler because it has been found that
the junction inertia and loss coefficients can be sensitive parameters when comparing analysis
results with plant data since it can alter the timing and magnitude of pressure wave movement
through the separator into the core. In addition, upper downcomer geometry and liquid inventory
must be modeled correctly to provide a realistic reactor vessel water level response for the
feedwater control system and numerous trips.
2.1.1.8

Steam Dome

The steam dome is the upper region of the reactor vessel above the dryers. It is a large, relatively
passive plenum region that directs the steam into the steam lines. From a RETRAN-3D point of
view, it is modeled with a single volume. Two things should be noted about this volume. First,
it is part of the flow path for pressure waves during pressurization events so the junction inertia
is important. Second, the vessel head is a large, passive heat conductor that bounds the steam
dome and should be modeled as such for long-term depressurization transients. Short-term
transients will show little effect of dome heat transfer.
2.1.2

Steam Lines

BWR steam lines serve to transport the high quality steam from the reactor steam dome to the
power plant system. The steam line model is important for two reasons. First, steam line
dynamics and acoustic wave phenomena can be very important in many BWR transients. This
need may be satisfied with a multiple volume (at least three) steam line. Second, the safety and
steam outlet valves are all part of the steam line system and their placement at the proper
locations is important for some transients. For this reason, a multiple volume (at least three)
steam line may be required.
Valves to be modeled in RETRAN-3D include the safety valves, relief valves, isolation valves,
turbine control valves, bypass valves, and stop valves. In addition, the bypass line to the
condenser may be modeled for transients in which the steam bypass system contributes to the
transient behavior. Finally, flow restrictors in the steam lines used to mitigate the effects of a
downstream steam line break should be included as losses at a steam line junction. An
appropriate contraction coefficient should be supplied if critical flow is expected.
2.1.3

Balance of Plant

The balance of plant (BOP), i.e., turbine, feedwater heating systems, condenser, and pumps, is
not usually included in a RETRAN model used for system transient analysis. They may,
however, be modeled to study some BOP disturbances or to study BOP timing and effects of
transients that originate in the BOP, e.g., loss of feedwater heating. (Note, however, that these
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transients can generally be adequately treated by boundary conditions at the turbine and
feedwater valves.)
2.1.4

Control Systems

The combined effects of the reactor protection and reactor control systems ensure both efficient
and safe operation by the monitoring and control of important plant parameters so that safety
limits are not exceeded. Control systems are designed to detect deviations from parameter
setpoints and provide feedback signals to activate systems that will return the parameter to its
normal conditions. In some cases, the corrective action anticipates the deviation. Trip systems
prevent serious deviations in transient or emergency situations. In general, system pressure and
reactor water levels are monitored and controlled as well as the neutron flux level.
The specific control systems that should be included in a general BWR RETRAN model are:





feedwater control,
pressure regulator (including turbine and bypass systems), and
recirculation flow control.

These systems play a part in most of the system transients to be analyzed.
The reactor protection system includes a large number of trips of the reactor and other systems
that should be incorporated in a general RETRAN model. Since the complete list of trips is
extensive, the following lists the systems that should have their respective RPS trips included in
the model:









2.1.5

reactivity control,
main steam,
recirculation,
feedwater,
high and low pressure makeup,
ADS,
heat removal, and
isolation.
Standby Water Makeup System

The standby water makeup systems include a number of high and low pressure makeup systems
as well as an automatic depressurization system. These systems all are sources of cooling water
or heat removal that are available to the reactor under upset conditions. They may include HPCI,
HPCS, RCIC, FWCI, isolation condensers, LPCS, LPCI, and ADS. With the exception of the
isolation condensers, these systems can all be readily modeled in RETRAN-3D with simple fill
junctions that are activated on system trips. For plants with isolation or emergency condensers,
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these may be simply modeled with a few piping volumes and a nonconducting heat exchanger.
The only modeling complication that may be encountered is if the cold water from one of these
systems is injected into a two-phase fluid volume. RETRAN-03D will condense enough steam
to instantaneously bring the injected fluid into thermal equilibrium with the rest of the fluid in
the volume. This may cause an unrealistic pressure decrease and possible numerical problems.
2.1.6

Containment Systems

For the purposes of system transient analysis, the containment system serves as a boundary
condition for blowdown and discharge from the various heat removal systems. For transients in
which the suppression pool heat-up limits are challenged, this system may be simply modeled as
a single separated volume with saturated air-vapor mixture above subcooled liquid representing
the suppression pool. The junctions representing the safety/relief valve would then discharge
into the containment volume below the liquid level. For all other transients, the relief valve
discharge can be simply connected to a large time-dependent volume (sink) at containment
conditions to provide a pressure boundary.
2.2

Pressure Increase Transients

As a general category, the pressure increase transients represent some of the more interesting and
complex transients to be examined. These transients involve the core, the reactor pressure
boundary, and the associated valves and discharge piping in a highly complicated interaction
with rapidly changing variables. In general, the transients are initiated by the failure of some
component that causes a reduction or cessation of steam flow to the turbine while the reactor is
operating at high power levels. This "bottling up" of the system causes pressure waves to
emanate from the closure point leading to rapidly increasing reactor system pressures. The
pressure waves travel through the system at acoustic speeds causing core void collapse upon
reaching the core. The void collapse starts at the top of the core and travels downward. This
leads to strong positive local insertions of reactivity as the wave travels down the core causing a
power increasing reactivity transient that is highly one-dimensional in nature. Mitigating events
that are initiated in these transients generally include reactor scram, trip of the recirculation
pumps, and opening of the relief and steam bypass valves.
The important system phenomena in pressure increase transients are:










characteristics of the initiating failure;
RPS response;
steam line pressure wave phenomena;
configuration and characteristics of steam relief, stop, isolation, and bypass valves such
as delays and closing or opening time;
reactor vessel pressure wave effects;
reactor vessel water level model;
makeup system characteristics;
core characteristics and kinetics model;
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scram characteristics such as signal delays and insertion times; and
the recirculation flow control system behavior.

For an acceptable analysis, these particular phenomena all demand realism or conservatism in the
plant model. This requirement translates to a number of specific model recommendations that
are outlined below. Additional model detail for these phenomena can be found in the relevant
sections of Chapter IV.
The time response of the initiating failure should be carefully modeled as a boundary condition
in the RETRAN-3D model. Small differences in delays or closing and opening times of valves
can make significant differences in the maximum pressure and power. To adequately predict the
response of other systems, the RPS and control systems must be modeled in sufficient detail
(with appropriate processing and equipment delays) to ensure their proper sequencing operation
in the simulation.
Particular attention must be given to the formation and propagation of the pressure wave effects
in the steam lines, reactor vessel, and recirculation systems. Generally, this requires a somewhat
detailed nodalization of the steam lines (three-volume minimum) to record the acoustic
phenomena and properly locate the pressure mitigation systems. In addition, care should be
taken in determining junction inertia throughout the system since this will affect the wave
propagation. In this regard, the dampening effect of the steam separator and its influence on the
power excursion is particularly important and care should be exercised in determining the inertia
in this region.
The control and protection systems that affect the actuation of the feedwater and makeup systems
should be carefully modeled. These systems will come into play as the level collapses or swells
due to void changes or due to reactor isolation. To this end, the downcomer model must be
detailed enough to allow a realistic calculation of vessel level via the control system. This may
translate into a multiple node model that permits representation of the various characteristic
cross-sectional areas in the downcomer and the influence of such as the downcomer liquid
inventory increases or decreases.
Core behavior is certainly one of the most important aspects of these transients. The nature of
the pressure waves transmitted through the system suggests that the core behavior be analyzed
with one-dimensional kinetics. In implementing this model, the user must exercise care in
developing the cross-sections. The parameter variation used in the cross-section modeling code
must be adequate to cover the range expected for these variables during the transient. The
conditions used to develop the base cross-sections should be carefully checked. The
characteristics of the control rod scram, both timing and neutronics, should be carefully modeled.
Finally, the behavior of the recirculation system trip or runback must be modeled properly.
Modeling this effect requires a realistic determination of system initiation and sufficient pump
characteristics so that the coastdown can be properly modeled.
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Several RETRAN-3D users have published the results of pressure increase transient analysis.
Many of these publications[VI.2-1 through VI.2-15] contain sensitivity studies and describe
modeling techniques.
The following sections provide brief descriptions of each of the pressure increase transients as
well as additional model guidelines where appropriate.
2.2.1

Generator Load Rejection

Electrical grid disturbances that result in significant loss of generator load force the turbine
control valves (TCVs) to close rapidly. TCV closure produces drastic decrease in steam flow
followed by a rapid increase in reactor pressure vessel (RPV) pressure, collapsing the core voids
and causing a power excursion.
The TCVs close rapidly to prevent overspeed of the turbine generator. Closure of the TCVs
initiates a reactor scram signal and opening of the turbine bypass valves. On some plants, a
recirculation pump trip occurs after control valve fast closure. Also on certain plants, a scram
may not be initiated if the initial power level is sufficiently below the turbine bypass system
capacity since rapid operation of the bypass will divert excess steam to the main condenser.
The magnitude of the nuclear system pressure increase is determined primarily by the timing of
valve actions and care should be exercised in defining these parameters in the input model. The
TCV closure time has the greatest effect on the reactor pressure transient. The fastest specified
closure time is generally used since it provides the highest pressure and power increase. The
steam bypass valve opens on TCV closure and both the delay time to initiate opening and the
opening time impact the peak pressure. The safety and relief valves (S/RVs) are designed to
protect against overpressurization events, and S/RV pressure setpoints may be reached
depending on the severity of the transient. The delay and opening characteristics of each valve
bank must be supplied accurately. On some plants, there may be an opening and closing setpoint
reduction after their initial opening that should also be modeled.
The nuclear power excursion due to core voids reduction may be limited by a reactor scram
initiated by movement of the TCVs. On some plants, if the power is less than the capacity of the
steam bypass valves, the scram signal is avoided. However, in the cases where scram occurs,
any mechanical or electrical delays and rod insertion or reactivity rates must be modeled
accurately.
As the core voids collapse, the sensed downcomer water level will decrease. The feedwater
system will react to restore the desired level. If the plant is designed such that the recirculation
pumps are tripped when the TCVs close, the level may swell after the initial collapse until
feedwater is tripped on a high water level setpoint. Consequently, the feedwater control and
coastdown should be modeled as accurately as possible. If the feedwater trips, the high pressure
core spray (HPCS) and reactor core isolation cooling (RCIC) will eventually be initiated on a
low downcomer level signal. However, by the time HPCS and RCIC are initiated, the primary
concerns of overpressurization and fuel thermal margin have occurred. In general, no corrective

VI-42
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

System Transients

action will be taken by the operator for several minutes due to the rapid nature of the transient.
This transient is slightly more severe than the turbine trip transient described later because the
fast closure of the turbine control valves reduces the steam flow more quickly than the turbine
stop valves.
2.2.2

Turbine Trip with Bypass

Several system or turbine malfunctions will initiate a turbine trip. Some examples are turbine
overspeed, loss of power, large vibrations, low condenser vacuum, and reactor high water level.
The turbine trip transient is initiated by closure of the turbine stop valves and after that the
transient sequence is identical to the generator load rejection transient described in Section
VI.2.2.2. The turbine trip transient is slightly less severe than the load rejection transient
because the turbine stop valves close slower than the turbine control valves. But other than the
initiating event, the phenomena are identical.
Closure of the turbine stop valves initiates a scram; opening of the steam bypass valves, and on
some plants a recirculation pump trip. The pressure increase is limited by opening of the steam
bypass valves and the safety and relief valves. The pressure increase results in core void
reduction and a rapid power excursion. The peak neutron flux and fuel rod surface flux are
minimized by the reactor scram.
2.2.2.1

Turbine Trip Without Bypass

The most severe turbine trip case results from failure of the steam bypass valves to open and
mitigate the pressure rise. This turbine trip case will reach a higher peak pressure and power
than cases that take credit for bypass operation. The increased peak pressure due to bypass
failure increases void reduction, increasing the power excursion before the scram turns the power
over. The S/RVs are the only mechanism available to relieve the excess energy. These valve
banks will open and close sequentially as their respective setpoints are reached during the initial
pressure peak until the cycling of one valve bank is adequate to remove the energy generated.
2.2.3

Main Steam Line Isolation Valve Closure

Several system malfunctions or operator actions can initiate main steam line isolation valve
(MSIV) closure such as low steam line pressure, high steam line flow, high steam line radiation,
or low water level. Like the generator load rejection and turbine trip transient, an MSIV closure
results in an abrupt decrease in steam line flow, a nuclear system pressure increase, and a power
excursion. The characteristics of this transient are similar to turbine trip and load rejection
transients; however, differences in the initiating events force the magnitude of the pressure and
power excursions to differ from the other events.
The MSIVs typically close in three to five seconds, much slower than the turbine control valves
and turbine stop valves. Position switches on the MSIVs initiate a reactor scram usually during
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the initial movement of the valves. Since the MSIVs are located upstream of the steam bypass
valves, the safety/relief valves are the only means available to mitigate the pressure increase.
The pressure increase may be enough to trip the RCPs on an ATWS-RCP trip.
The main feedwater will be lost if the plant has turbine-driven feedwater pumps since MSIV
closure inhibits steam flow to the feedwater pumps. If the feedwater pumps are motor driven,
the feedwater will remain on unless the water level recovery due to the action of the pressure
relief system or RCP trip exceeds the high level feedwater trip. If feedwater is lost, the measured
vessel water level will drop sufficiently to activate the HPCS and RCIC systems and initiate an
RCP trip.
2.2.4

Loss of Condenser Vacuum

The reduction or loss of vacuum in the main turbine condenser will trip the turbine stop valves.
The nuclear system response for this transient is similar, if not identical for some plants, to the
turbine trip transient. The differences between this transient and the turbine trip transient are that
on some plants an anticipatory trip on low condenser vacuum may scram the plant prior to the
position switches on the turbine stop valves initiating scram. In addition, for plants with turbinedriven feedwater pumps, the pumps will be tripped on low condenser vacuum. With the
exception of the possible timing changes of the scram and feedwater trip, the transient
phenomena, events, and modeling concerns are the same as the turbine trip with bypass transient.
2.2.5

Pressure Regulator Failure (Closed)

Two independent and identical pressure regulators sense the primary system pressure and
compare it to two separate desired pressure setpoints to provide control of the main turbine
control valves (TCV). The regulator with the highest output (difference between system pressure
and set pressure) controls the turbine control valve position. If the controlling regulator fails
closed and tries to close the TCVs, the second regulator takes control of the TCVs. Accurate
simulation of the pressure regulator control of the TCVs is required for best-estimate analysis of
this event.
In some cases, complete failure of the regulators is assumed, forcing the regulator demand to
zero and the TCVs to completely close. This transient is similar to the loss of load transient
described in an earlier section.
2.2.6

Overpressurization Incidents with Delayed Scram

The other overpressurization transients described in this section rely on the reactor scram to
reverse the power excursion due to core void reduction. If the reactor scram is delayed, the
power will continue to increase until the additional energy increases voiding, thereby
compensating for the pressurizing effects. Feedback from void reformation reverses the power
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excursion if the scram has not occurred prior to that time. The net effect of a delayed scram is to
increase the magnitude of the peak power and pressure.
2.3

Reactor Vessel Water Temperature Decrease Transients

In general, reactor water temperature decrease transients are mild, relatively slow transients.
Eventually the consequences of these transients may initiate another type of plant response or
operator action that may or may not produce a more severe transient.
Vessel water temperature decrease transients are initiated by malfunction of the feedwater or
high pressure makeup systems. The plant response depends on the severity of the malfunction,
the faulty system injection location, and the current operating status of the plant. The high
pressure makeup systems are plant dependent and most BWRs are equipped with a reactor core
isolation cooling (RCIC) system and a high pressure coolant injection (HPCI) or a high pressure
core spray (HPCS) system. The plant response to malfunction of any of the feedwater or
makeup systems falls into two categories.
First, if the faulted system injects into the downcomer, such as the feedwater system or HPCI
system, core inlet subcooling will increase. The increased subcooling is followed by a power
increase and an axial power profile shift toward the core bottom. The plant may respond to the
increased power by modifying feedwater flow, reducing recirculation flow rate, and adjusting of
the turbine control valve to maintain system pressure. A scram on high power may occur
depending on the magnitude of the power excursion. The inlet subcooling would increase if a
feedwater heater is lost, if feedwater flow increases, or if HPCI or RCIC is inadvertently
activated.
The HPCI flow is delivered through the feedwater spargers; consequently, the difference in these
transients is purely due to the relative magnitude of injection rate changes and/or injection
temperature changes. The injected fluid is mixed with the fluid in the downcomer, the
recirculation lines, and eventually the lower plenum. Even though the injection flow and/or
temperature may change discontinuously, by the time this fluid reaches the core inlet it has been
thoroughly mixed with the vessel water inventory and only a gradual increase in inlet subcooling
will be observed. This will produce a gradual core power increase and an axial power
distribution shift toward the core bottom. If the plant is in the automatic flow control mode, the
power increase will be detected and the circulation flow decreased, thereby causing a reduction
in core power. Any pressure increase from increased steam production will be detected and
corrective actions will be taken by the turbine control valves.
RCIC flow typically enters the reactor vessel through a connection in the upper head. The
injected fluid mixes with vessel fluid and eventually circulates into the core. To maximize the
temperature decrease effect, the RCIC fluid may be assumed to inject into the downcomer.
Consequently, inadvertent RCIC activation is treated similarly to inadvertent HPCI activation.
The second type of feedwater system or makeup system malfunction is caused by inadvertent
initiation of the HPCS system. The HPCS flow enters the upper plenum region above the core.
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As the subcooled HPCS fluid mixes with the steam water mixture in the upper plenum, it will act
to mildly depressurize the system as steam is condensed. The decreased pressure causes the core
void fractions to increase and the power to decrease. The recirculation flow control and the
TCVs will respond accordingly for this event.
Reactor vessel water temperature decrease transients are reactivity-driven events. Certainly the
kinetics model and input should receive adequate attention. Depending on the failure mode and
assumptions, the transient can range from extremely mild to fairly severe. For the more severe
transients, the one-dimensional kinetics model should be used instead of the point kinetics model
due to the shift in the axial power profile. If the reactor protection system is activated, care
should be exercised in developing the correct scram characteristic such as electronic delays for
signal conditioning, comparison to setpoints, activating trips, and control rod insertion rates. In
addition, the subcooled void (profile fit) model should be used regardless of which kinetics
option is used. Since the largest influence on reactivity of increased subcooling is in the lower
core region, modeling the movement of the subcooled boiling boundary is required.
A feedwater control system is required for transients other than feedwater controller failure. The
feedwater control will attempt to maintain the desired downcomer water level. If the plant is
assumed to be in the automatic flow control mode, an accurate recirculation flow controller will
be required along with a controller for the TCVs.
The analysis of this category of transients is fairly straightforward and the code is capable of
predicting the phenomena acceptably with one exception. This exception is the case of
inadvertent activation of the HPCS system. The details of this problem are discussed in the
Inadvertent Injection Pump Start section.
2.3.1

Loss of Feedwater Heater

Feedwater heating may be lost due to closure of a steam extraction line to a feedwater heater or
by directly bypassing one or more feedwater heaters. The net effect is delivery of cooler
feedwater to the system. The cooler fluid is mixed with the downcomer and lower plenum fluid
and gradually increases the core inlet subcooling. The change in inlet subcooling increases
monotonically even though there may be a step change in feedwater temperature. The decrease
in core inlet temperature increases the density and reduces core voids forcing a power increase
and a gradual shift downward of the axial power profile. A scram on high power may occur
depending on magnitude of the power increase.
If the plant is in the automatic flow control mode, the recirculation flow will decrease to
counteract the power increase. The TCV will modulate open to control reactor vessel pressure.
This transient is relatively straightforward to model with RETRAN-3D. Key areas of the model
include the kinetics modeling, recirculation flow control, and TCV controls, and if a scram is
anticipated, close attention must be paid to the electronic and mechanical delay in the scram
signal. In addition, depending on the failure, the transient may be very mild. Consequently, a
good steady-state initialization is mandatory so that imbalances at time zero do not contribute to
the transient response.
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Reference VI.2-16 describes an analysis of this event.
2.3.2

Inadvertent Injection Pump Start

The inadvertent startup of a high pressure makeup system pump adds cold water to the vessel
fluid inventory. The ultimate effect of this cold water depends on the injection location, the
capacity of the system, and the fluid temperature. The high pressure makeup systems typically
inject into the feedwater lines and through the feedwater spargers (HPCI systems), into the steam
dome region (RCIC), or into the vapor-steam mixture above the core in the upper plenum region
(the HPCS system). The nature of the transient depends on the injection location; therefore, the
locations will be discussed separately. As mentioned in Section VI.2.3, the RCIC flow may be
modeled as injection into the downcomer to maximize the resulting temperature effect on
reactivity. Hence, it may be treated in a fashion similar to the HPCI system malfunction.
The HPCI flow enters the system through the feedwater spargers. The transient is similar to a
loss of feedwater heater transient since the cold water enters the reactor vessel, mixes with the
recirculation flow, and gradually increases the core inlet subcooling. The RCIC pump capacity
is much less than the HPCI; consequently, the fluid temperature induced transient is milder.
Like the loss of feedwater heater transient, the increased subcooling reduces core voids and
increases the power. The circulation flow controller, if active, will sense the increased steam
production and decrease recirculation flow accordingly. The turbine control valve will adjust the
steam flow from the vessel to maintain the desired pressure. If the magnitude of the power
increase is great enough, the reactor will scram on a high power setpoint. Due to increased
makeup flow, the feedwater flow will be reduced accordingly to maintain vessel level.
The HPCS system delivers subcooled liquid through spargers in the upper plenum region. This
region contains a saturated steam liquid mixture. Consequently, the injected subcooled liquid
will condense some steam and decrease the vessel pressure. The pressure decrease increases
voiding in the system and decreases the system power. If the system is in the automatic flow
control mode, the recirculation flow will increase and the TCVs will adjust steam flow to
maintain desired pressure. The increased makeup flow will increase the reactor water level and
the feedwater flow will decrease to compensate.
The modeling of HPCS pump inadvertent start startup transient with RETRAN-3D is
straightforward with one exception. An assumption made with the three- and four-equation
models is that the vapor and liquid phases exist in thermal equilibrium. Consequently for either
of these models, when subcooled liquid is injected into a two-phase volume, enough steam is
condensed to bring the injected fluid to saturation temperature. Because of this, the computed
pressure decreases may be more severe than expected values. In actuality, depending on the
injection rate, the makeup flow may condense some steam and subcool the liquid in the region;
however, three- or four-equation models will condense all the steam in the fluid volume if
necessary to bring the vapor and liquid phases into thermal equilibrium. If the makeup flow
from the HPCS is small enough, the thermal equilibrium assumption may be reasonable.
Otherwise, it may be better to use the five-equation model, which allows the presence of
subcooled liquid and vapor within a volume.
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The flow from the high pressure makeup systems at normal vessel operating pressure is generally
small. As a consequence, inadvertent startup of a high pressure injection pump will produce a
slow, relatively mild transient, particularly if all other plant systems function normally. The
transients are generally straightforward to model with the exception of the HPCS modeling
problem discussed earlier.
2.3.3

Feedwater Controller Failure

A feedwater controller failure transient is initiated by assuming the controller fails such that it
demands the maximum feedwater system flow. The initial impact of increased feedwater flow is
to increase the core inlet subcooling and to increase the reactor vessel water level. The increased
core inlet subcooling reduces core voids and increases the power. As the transient progresses,
the vessel water level and core power continue to increase. If the plant is in the automatic
recirculation control mode, the recirculation flow is reduced to compensate for the increased
steam production. The TCVs will adjust steam line flow to maintain turbine inlet pressure.
The reactor vessel water level will continue to increase until it trips the feedwater system, the
turbine stop valves, and, on some plants, scrams the reactor. Other plants scram upon closure of
the turbine stop valves. The transient behaves similar to a turbine trip transient (see Section
VI.2.2.3) after this point. The closure of the turbine stop valves abruptly decreases steam flow,
increasing vessel pressure, collapsing core voids, and forcing a power excursion until the scram
compensates for the reactivity increase. Eventually the reactor vessel water level reaches the
low-low level setpoint for initiation of the high pressure makeup systems.
The transient is relatively mild until the high water level turbine trip setpoint is reached.
Modeling of the first part of the transient is similar to any of the other reactor vessel water
temperature decrease transients. However, the turbine trip on high vessel water level also places
this transient in an overpressurization category. Refer to Section VI.2.2 for further information
on overpressurization transients.
2.4

Reactor Vessel Coolant Inventory Decrease

This class of transients is generally characterized by falling vessel water level and
depressurization of the reactor coolant system. Due to equipment failure, a sustained steam-feed
mismatch occurs where steam flow exceeds feedwater flow. The transient behavior is relatively
slow and does not produce reactor system perturbations severe enough to challenge either the
fuel design limits or the vessel pressure design limit.
If the transients were to continue long enough with no mitigating actions, they could lead to a
reduced ability to adequately cool the fuel. However, even assuming no operator action,
eventually the transient will be terminated automatically by the low water level trips and the
resultant reactor scram and ECCS initiation.
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Important modeling features for all the reactor coolant inventory decrease transients are:








core power response,
reactivity feedback effects,
automatic control system response,
trip setpoints and trip timing sequences,
vessel downcomer nodalization and indicated level, and
operator actions.

The calculated core power response in this class of transients does not include large magnitude
power spikes or localized power hot spots. Therefore, these transients can usually be adequately
modeled using point kinetics and a detailed multivolume core region nodalization.
The reactivity feedback effects important to these transients are the moderator density reactivity
and scram reactivity. Generally, the end of cycle kinetics parameters give the most limiting
transient results for these depressurization transients. The scram reactivity dominates the
reactivity effects after the reactor trip occurs.
Modeling this class of transients is highly dependent on understanding the automatic control
system response. Each generation of the BWR product line has both subtle and significant
control system changes and options that can determine the sequence of events for these
transients. Whether the plant has automatic load follow capability, variable speed recirculation
pumps or recirculation control valves, full arc or partial arc turbine control valves, and jet pumps
or direct cycle flow will determine the intermediate transient plant response before scram occurs.
The analyst must model all the automatic control system functions in sufficient detail to enable
the code to calculate the proper magnitude and timing of automatic control functions, which can
significantly influence the predicted transient response.
Similarly, the plant-specific trip setpoints and trip timing sequences will strongly influence the
transient calculated sequence of events. The analyst must model the plant-specific setpoints and
time delays in sufficient detail to reproduce the actual plant installed reactor protection system
actions. All trip action simplifying assumptions must be made so as to give conservative results.
As with many classes of BWR operational transients, the indicated water level calculation has a
strong influence on both the thermal-hydraulic transient behavior and the trip timing.
Unfortunately, the BWR indicated water level is determined by the several available parallel
hydraulic flow paths in the steam separator region of the vessel. It is further complicated by twophase slip flow and the mechanistic steam separator and steam dryer equipment performance in
the region of water level measurement. Thus, the transient water level becomes extremely
difficult to predict accurately with a code calculation. The analyst must thoroughly understand
the plant-specific location of water level taps and where the indicated zero level and normal
operating levels are in relation to his RETRAN-3D model. The model must be able to predict
the correct transient pressure drop behavior in the steam separator and dryer region. It is
recommended that the downcomer be divided into several stacked volumes to model the
downcomer flow area changes and water density changes. An alternate approach is to construct

VI-49
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

System Transients

an indicated water level control system calculation that corrects for the downcomer volumetric
versus flow area changes and water density changes.
This class of transients is usually only analyzed for the short transient time until scram occurs. It
is common to not take credit for operator action during this time. However, if the post-scram
long-term cooldown and suppression pool heatup transient is to be analyzed, then operator action
must be modeled and will determine the transient sequence of events.
In the following sections, specific transients that result in a net vessel coolant inventory decrease
are discussed in more detail. Any modeling concerns pertaining to the specific transients are also
presented.
2.4.1

Loss of Feedwater Flow

The loss of feedwater flow transient can be initiated by many different feedwater-condensate
train failures. However, the RETRAN-3D reactor coolant system analysis usually uses the
decreasing feedwater flow rate as a model boundary condition, so the exact failure cause is not
important to the analysis. This transient should be analyzed assuming a complete loss of
feedwater flow, as this assumption leads to the most limiting case. Primarily, the analyst must
know the feedwater pump coastdown flow characteristics or assume a rapid, linear feedwater
flow decrease to zero.
The transient system response will consist of a rapid drop in vessel water level resulting in a low
water level trip and reactor scram. Some BWR plants operate normally with the recirculation
control automatic runback feature. Activation of the automatic runback feature will occur on
sensed feedwater low flow but cannot control the transient and only slightly delays the reactor
trip on low water level (level 3). If the decreasing water level reaches level 2, then the
recirculation pumps are tripped, the ECCS systems are initiated, and the MSIVs close to isolate
the reactor system. The reactor system transient then follows the normal post-scram behavior,
which depends on plant-specific trips and installed protection system capacity for the different
BWR product lines.
If the analyst chooses to model the post-scram reactor system response, in general the emergency
core cooling systems will respond to maintain the reactor vessel water level. Due to the previous
reactor isolation, the vessel pressure will begin to increase due to decay heat and stored heat
steam production. The relief valves will cycle to control vessel pressure until operator action
initiates normal cooldown procedures. Hence, the long-term cooldown response will also need
to have the reactor core isolation cooling system modeled.
The loss of feedwater transient is not a limiting transient that challenges either the fuel design
limits or the pressure vessel design limits. The loss of feedwater transient is a straightforward,
relatively mild transient and presents no major modeling problems. Most analysts do not model
the feedwater line and feedwater pump as explicit volumes in the reactor node model. Feedwater
flow is usually a specified fill boundary condition. However, to match plant data for model
benchmarking or to run a best-estimate transient for plant operations support, constructing and
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analyzing a separate feedwater train model would be an appropriate method to obtain a more
accurate calculation of feedwater behavior.
The major transient analysis parameters of concern are both caused by the loss of feedwater flow
and are the decreasing vessel water level and the increasing core inlet temperature. Therefore,
the model must have a good representation of sensed water level. For significant drops in the
water level (to L2 or below) detailed downcomer nodalization will be required to track water
level response due to significant geometric changes. The reactor vessel recirculation rate and
feedwater coastdown will determine the rate of change of core inlet temperature. It is usually
assumed that the vessel lower plenum utilizes complete fluid mixing so that there is no radial
distribution of core inlet fluid temperature. However, the temperature transport option should be
selected to model the wave-front phenomena of the downcomer and lower plenum fluid
temperature change if this effect is judged to be important. The core kinetics feedback reactivity
must be adequately modeled to calculate the core power response to changing coolant
temperature before the reactor scram is initiated.
A recirculation pump trip may be initiated after scram by the low-low vessel water level trip. As
this transient is not generally a limiting worst case transient, the analyst may not even choose to
run the analysis after scram is initiated unless the post-scram cooldown and flow coastdown are
of particular interest. The transient time frame of interest is usually in the range of 0 to 30
seconds for licensing purposes.
2.4.2

Pressure Regulator Failure (Open)

The assumed failure of the pressure regulator causes the turbine control valves to go to their full
open position and the steam bypass valves to partially open. This results in a ramp increase in
steam flow, a mild vessel depressurization, and an associated water level swell. The severity of
this transient will depend on the plant-specific power rating and turbine control design. Some
plants have almost no operating margin in the turbine control valves at full power and will
experience only a very mild operational transient. Hence, some plants will remain under
automatic control for this transient and will not scram.
There are two reactor system protective trips that can terminate this transient: low pressure trip
and high vessel level trip. The specific plant design, trip setpoints, and controller configurations
will have to be analyzed to determine which of the following three transient scenarios will apply.



The initial depressurization will activate the low pressure trip, close the MSIVs, and
scram the reactor. If the plant has turbine-driven feedwater pumps, the MSIV closure
will also isolate feedwater.



The initial depressurization and associated level swell will activate the high water level
trip (level 8). This will initiate a protective turbine trip and a mitigating feedwater system
trip. Some plants will also initiate an automatic reactor scram. This transient description
is usually the worst case transient scenario for a pressure regulator failure (open).
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If the initial depressurization and water level swell are not sufficient to activate any of the
above described reactor protection trips, then the remaining plant control systems attempt
to control the transient and return the plant to its steady-state operating setpoints.

If the plant transient proceeds to a reactor trip and turbine trip or MSIV closure, the reactor
pressure will then increase and possibly lift a relief valve to limit the pressure increase.
The specific plant response will depend heavily on the response of the feedwater controller,
recirculation controller, and reactor protection system trip setpoints. The analyst must ensure
that these control systems are properly modeled and that setpoint uncertainties are conservatively
accounted for in the analysis. The different vintage BWR product lines (BWR/4, BWR/6, etc.)
will have different transient responses to this postulated accident due to major control system
differences.
Because this transient scenario is highly dependent on vessel void production and water level
swell, the sensed water level must be modeled carefully. Slight differences in the water level
calculation can significantly change the transient behavior and determine whether or not the
reactor scrams.
The severity of the initial vessel depressurization and associated level swell will be determined
by the rate and magnitude of increasing steam flow. Therefore, the analyst must accurately
understand and represent the interaction of the pressure regulator controller with the bypass and
turbine control valve actuators to get a best-estimate response. Of prime importance are the
valve opening rates and maximum position limits of both the turbine control valves and bypass
valves.
This postulated transient is a relatively mild operational transient and is not a worst case limiting
transient for either fuel reload licensing or plant operational specifications. The transient time of
interest is usually limited to a time frame of 0 to 60 seconds.
2.4.3

Relief or Safety Valve Failure (Open)

The most limiting case is the assumed valve actuator failure, inadvertent opening, or a stuck
open safety/relief valve, where it is assumed that the operator cannot successfully reclose the
valve. The safety/relief valve with the maximum flow capacity should be analyzed as the worst
case. The steam discharging through the safety/relief valve piping to the suppression pool causes
two effects:




the slow depressurization of the reactor coolant system due to inventory loss, and
the slow temperature rise of the suppression pool water.

This transient does not seriously challenge the reactor operations or safety systems and poses no
threat to the fuel design limits.
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The most important effect of this transient is that the suppression pool temperature can approach
the technical specification limits. Operator action is therefore required to terminate the transient
and also to initiate suppression pool cooling.
Starting at full power initial conditions, the sudden opening of the safety/relief valve causes a
sudden steam flow increase and resultant reactor vessel pressure decrease. The pressure decrease
allows increased steam void formation and an associated water level swell. With the pressure
controller in automatic operating mode, the turbine inlet pressure decrease will cause the
controller to partially close the turbine control valves in an effort to restore pressure to the
setpoint value. The feedwater controller will sense the initial water level swell and decrease
feedwater flow. However, after the initial level swell, the steam-feed mismatch will cause a slow
decrease in water level and the feedwater controller will then increase feedwater flow in an effort
to restore water level to the setpoint.
The recirculation flow controller will respond to the reduced turbine steam flow signal by trying
to increase the recirculation flow rate and eventually return to the preset load demand and steady
state. Depending on plant-specific operating limits and automatic controller ranges, the plant
automatic recirculation controller may or may not be able to reach the desired steam demand
setpoint. The plant should come to a new steady-state condition at a new reactor power level
greater than the beginning power level but less than the high power trip setpoint.
The operator will be alerted by an immediate valve opening alarm and much later by a
suppression pool high temperature alarm. The operator would follow the prescribed operating
procedures for trying to reclose the stuck open safety/relief valve and for initiating suppression
pool cooling heat exchangers. If the safety/relief valve cannot be reclosed, the operator must
initiate a reactor scram and cooldown. These events are not usually of interest for licensing
analysis and the reactor transient analysis can be terminated without modeling the scram and
subsequent cooldown.
For technical specification analysis, the main point of interest is usually the long-term pressure
suppression pool temperature response. The initial transient can be continued through the long
time period of reactor scram, reactor system cooldown, and suppression pool heatup. To save
time and money, a simpler RETRAN model of the suppression pool can be used with appropriate
boundary conditions specified to model the leaking safety/relief valve flow, automatic
depressurization system steam discharges to the suppression pool, and RHR cooling of the
suppression pool.
To obtain a good steam line flow response, a detailed steam line nodalization and a
representative pressure controller system model will be required. Also, the safety/relief valve
model must be fine-tuned to give the correct steam flow- pressure response using an appropriate
critical flow model.
As always, the BWR feedwater and level responses are extremely difficult to model correctly.
Some feedwater controller benchmarking studies and comparisons with plant data should be
performed to ensure the correct feedwater and level model responses. The water level changes in
this transient should be mild and of insufficient magnitude to cause a reactor trip. The transient
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time analyzed is usually 0 to 30 seconds, by which time the reactor system behavior is stabilized.
If the suppression pool temperature is of concern, a long-term cooldown evaluation must be
performed.
2.4.4

Loss of Auxiliary Power

Assuming a loss of all ac power sources will result in the immediate trip of all operating reactor
systems powered from the ac buses. The emergency diesel generators will start and load only
the auxiliary systems necessary to bring the plant to safe shutdown. This transient is different
from the loss of load transient, where plant auxiliary systems remain powered and diesel
generator power is not required.
The loss of ac power will cause the following equipment actions to occur:









recirculation pumps trip,
possible MSIV closure,
immediate feedwater pump trip; or condensate pump trip and subsequent feedwater pump
trip,
turbine trip and stop valve closure,
bypass valves open until condenser vacuum is lost,
reactor scram, and
relief valves open.

The sequence and timing of individual trips listed above will vary from plant to plant depending
on system setpoints, installed equipment specifications, and protection system options. The
plant-specific trip timing and sequence of events will determine the magnitude of the pressure
spike in the reactor system. The interacting thermal-hydraulic phenomena in this short transient
include recirculation flow coastdown, feedwater flow coastdown, turbine stop valve or MSIV
closure pressure and flow perturbations, bypass valve or relief valve opening pressure and flow
perturbations, and the reactor scram power decrease.
The primary modeling concern is that all applicable equipment trips and setpoints are accounted
for correctly, as this determines the transient response timing and sequence of events. Also
important is the interaction of the jet pump flow model and the recirculation pump model, when
the recirculation pumps are tripped. This causes the jet pump flow to coast down and establish a
new flow rate and reactor vessel pressure distribution.
This is a fast transient and is usually analyzed for approximately 0 to 10 seconds transient time.
At this point, the reactor scrams and the relief valves control reactor vessel pressure by cycling.
If the analyst is interested in the post-scram behavior, the model must include the RCIC, HPCS,
and RHR system models or boundary conditions. The RCIC and HPCS would be activated by a
reactor vessel low water level trip. Flow initiation of RCIC and HPCS must take into account
the time delays for diesel generator startup and loading time sequences as well as the individual
pump start times.
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However, this post-scram cooldown portion of the transient is after the time period when fuel
thermal margin and reactor vessel pressure limits are of concern. Therefore, it is not usually
analyzed for licensing operational transients.
2.5

Core Coolant Flow Decrease

Core coolant flow decrease transients result from malfunctions in the recirculation system. The
following cases are analyzed:





tripping and subsequent coastdown of one or both recirculation pumps,
malfunction of the recirculation flow control system, and
seizure of one recirculation pump.

The principal effect of these events is reduction in core flow rate and the attendant effects on the
thermal-hydraulic behavior of the system. The potential sequence of events is similar for all
three cases.
Reduced core flow causes increased core voiding, which raises the vessel water level. The train
of events in the transient depends on whether or not the water level reaches the high level trip
point. If it does not reach the trip point, the action of the recirculation system and feedwater
controller will stabilize the system at a reduced power level. The consequences of this sequence
of events are relatively benign since the reactor remains in operation and no safety system
actions are involved.
The other possibility is that the water level rises to the high level trip point and causes a turbine
trip. In this case, the following events occur:







scram occurs either coincidently with the high water level trip or upon turbine stop valve
closure, depending on the plant design,
feedwater flow terminates,
turbine bypass valves open,
relief valves open on high vessel pressure, and
the water level drops and activates the high pressure makeup system which restores the
water level and controls it until the feedwater system is reactivated.

Most model features required to simulate core flow decrease effects are common to the three
events listed. Since the initiating actions are located in the recirculation system, its behavior
must be accurately described. This system consists of jet pumps, drive lines, two centrifugal
pumps supplying drive flow, and a flow control system.
The jet pump models require activation of the momentum mixing model to achieve an accurate
representation of its pressure differences. The suction and drive flow loss factors must also be
suitably represented to obtain a correct simulation of the jet pump head versus flow performance.
The performance of the RETRAN jet pump model should be compared with the manufacturer's
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performance curves (called M-N curves). Adjustments can be made in the junction loss factors
to obtain agreement with the design performance characteristics.
The centrifugal pump models require representative data to define their performance
characteristics. Here again, the characteristic curves must be obtained from manufacturer's
performance data.
Flow may be controlled by one of two methods. Some BWRs have valves in the recirculation
lines that control flow rate, whereas others are controlled by adjustment to the pump speed. The
valve control arrangement can be modeled by attaching a suitable control block to adjust flow
area. A pump speed controller may be modeled by arranging a control block to adjust controller
logic to the pump torque so that speed is controlled in the desired manner. The typical lumping
of the recirculation loops may not be appropriate since asymmetrical recirculation loop
conditions can occur.
If a turbine trip occurs, a pressure wave will propagate through the steam line into the reactor
vessel and cause a pressure perturbation that affects core reactivity. In this case, the steam
distribution line out to the turbine stop valve should be modeled in enough detail to capture this
effect.
The following additional components and controls will affect the performance of the system
simulation and must be included in the model:










feedwater controls,
turbine stop valves, bypass valves, and their controllers,
relief valves,
high pressure makeup,
high water level trip (turbine trip),
turbine stop valve position (scram trip),
low water level trip (high pressure makeup), and
control rod drives.

As previously mentioned, the sequence of events and modeling requirements of the three
transient events that cause a decrease in core flow are essentially similar. The differences
between them are due only to the particular boundary conditions of each case and possible
differences in characteristics of individual plants.
2.5.1

Recirculation Pump Trips

This transient is caused by interrupting power to one or both recirculation pumps. These events
are simulated in RETRAN by activating the desired trip(s) in the model. The one pump trip case
will not cause a reactor or turbine trip. The reactor control systems will stabilize the system
operation at a reduced power level. The two pump trip case causes a more severe core flow
reduction. The system response to this case is likely to involve a turbine and reactor system trip
leading to shutdown and activation of the high pressure makeup system.
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Examples of a model used to analyze recirculation pump trip transients are presented in
References VI.2-17 and VI.2-18.
2.5.2

Recirculation Flow Control Failure

This event is caused by a failure in the recirculation flow controller that causes a reduction of the
flow rate. The severity of the event depends on the specific system design and the assumed rate
of the failure. Depending on the above factors, the outcome of the transient may or may not
result in a reactor trip. The modeling considerations involving this event are per those discussed
in Section VI.2.5.
2.5.3

Recirculation Pump Seizure

The boundary condition driving this event is a sudden stoppage of one recirculation pump. The
consequent core flow reduction is severe enough to cause a turbine trip on high reactor water
level. The sequence of events proceeds according to the pathway described in Section VI.2.5
corresponding to reactor trip cases.
An additional modeling consideration for this case is to ensure that the locked rotor flow
resistance of the failed pump is correctly defined by the characteristic curves used in the model.
This applies to both the forward and reverse flow directions since the pump will experience both
conditions.
2.6

Core Coolant Flow Increase

An increase in core coolant flow can result from:




a malfunction in the recirculation flow controller or
the inadvertent startup of an idle recirculation loop.

Either malfunction in the recirculation line initiates an increase in recirculation flow and
consequent core flow increase. The increased core flow reduces the core void fraction, thereby
increasing the power and shifting the power distribution towards the top of the core. The rate
and the magnitude of the power increase depend on the flow increase rate and mitigating
operator actions. If the flow increase is slow, the operator may have time to intervene with
corrective actions. If the flow increase is rapid and is of a large enough magnitude, the high
power trip setpoint may be reached.
Since the initiation event and the forcing function for the transient are located in the recirculation
line, the components of the recirculation path must be modeled with care. These include the
centrifugal pumps, the jet pumps, the drive lines, and the flow control system. Plant-specific
centrifugal pump inertia and characteristic curves can be obtained from the manufacturer. The
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momentum mixing options in RETRAN should be used to model the momentum exchange
between the jet pump drive and suction junction fluid streams. The forward and reverse loss
coefficients at these junctions should be selected carefully to obtain a correct simulation of the
jet pump head versus flow performance. Adjustments to these loss coefficients can be made to
obtain agreement with the manufacturer's design performance curves (called M-N curves).
The direct result of recirculation flow increase is a rise in core power. Consequently, the core
should be modeled with care. The void collapse due to increased core flow will shift the power
distribution toward the core top. Because of this, the one-dimensional kinetics option would be
desirable; however, depending on the severity of the transient and the purposes of the analysis,
the point kinetics options may be used, particularly if conservatisms are built into feedback data.
Because of the increased power, the system pressure will increase slowly and the TCVs will
open to control turbine inlet or reactor vessel pressure, increasing the steam line flow. The
feedwater control will respond accordingly to the increased steam flow.
These types of transients are generally not severe enough to be considered design basis events.
The transients are straightforward to model and do not require modeling anything that should not
already exist in a sound basic model.
2.6.1

Recirculation Flow Control Failure

This transient is caused by failure of the master recirculation flow controller in which the speed
of all the recirculation pumps will increase or the failure or an individual motor generator set
speed controller with a single recirculation pump increases in speed. For BWR/5 and BWR/6,
malfunction of the flow controller will result in opening of the flow control valves.
In either case, the net effect is increased recirculation flow, increased core flow, and a
consequent increase in power. The characteristics of the centrifugal pumps and the jet pumps are
particularly import for this transient. In addition, the flow controllers should be modeled
accurately, particularly with respect to rate limits.
2.6.2

Startup of an Idle Recirculation Loop

The startup of an idle recirculation loop is not a well-defined event because of the differences in
plant hardware, initial conditions, and event assumptions. The general nature of the transient is
similar to any core flow increase transient in which the increased flow increases core power.
This transient is generally started from an initial condition where one recirculation loop is
isolated with either the suction or discharge valves closed. The fluid in the loop may be modeled
at a lower temperature than the operating recirculation lines.
If the idle recirculation loop is initialized at a lower temperature than the other loops, startup of
this loop will increase core inlet subcooling along with increasing the core flow. The core power
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will increase at a rate depending on the initial conditions and the startup characteristics of the
loop.
The downcomer water level will drop and the feedwater system will respond to compensate.
System pressure and power will increase and the pressure regulator will respond to open the
TCVs. If a scram does not occur, operator actions to bring the plant back into normal operating
range may be modeled.
2.7

Positive Reactivity Insertion

There are several possible BWR transients that will produce a positive reactivity insertion.
However, the resultant core power increase due to the positive reactivity insertion is such a slow,
mild transient that there is no challenge to any reactor system or fuel design limits. The
following sections discuss the postulated transients that are required to be analyzed by the NRC
Standard Review Plan.
2.7.1

Continuous Rod Withdrawal from Subcritical

This postulated event is initiated by an operator error. The operator must mistakenly withdraw a
single control rod continuously at maximum rod speed until it is fully withdrawn. To maximize
the reactivity insertion, the maximum worth control rod is assumed to be pulled out of the
normal rod sequence.
Some BWR/4 nuclear plants and all BWR/5 plants have a rod sequence control system (RSCS)
that will prevent pulling a rod out of the normal programmed sequence. The RSCS is designed
to be single failure proof. Therefore, these plants do not need to analyze this transient, as it is
physically prevented from occurring. All BWR/6 plants have a rod pattern control system
(RPCS) that also prevents withdrawing a control rod out of normal sequence at startup or low
power conditions. Therefore, BWR/6 plants do not have to analyze this transient either.
The control rod withdrawal generates a very localized positive reactivity insertion. This causes a
local power increase and a mild core average power increase. The local negative reactivity
feedback will limit the initial power surge before a scram occurs. The IRM or APRM monitors
will initiate a protective high power scram signal at about one second after the control rod
withdrawal error. The scram reactivity terminates this transient. The reactor system response for
this transient is very mild and will not challenge any of the plant limiting conditions.
An accurate analysis of this transient dictates the use of a three-dimensional neutronics and
thermal-hydraulic calculation due to the local power perturbation from pulling one control rod.
The assumptions inherent in the RETRAN lumped parameter models preclude analyzing the
radial detailed flux changes that are important to this transient.
To conservatively analyze this event, the initial core conditions consistent with the assumed
initial rod pattern should be used. No xenon in the core and full withdrawal of the maximum
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worth control rod are also assumed. The transient is generally analyzed for the time period of 0
to 10 seconds, by which time the reactor has scrammed and power has been reduced.
2.7.2

Continuous Rod Withdrawal from Power

This transient is also initiated by an operator error. With the reactor at power, the operator
would mistakenly select and withdraw the maximum worth control rod continuously until the
selected control is fully withdrawn or until further movement is automatically blocked.
As the maximum worth control rod is withdrawn, the local power increases and the core average
power increases slightly. The peak axial flux will shift slightly towards the bottom of the core.
Considering the initial power level, initial rod pattern, and whether or not the rod block monitor
will limit the rod withdrawal; several alternative responses are possible. If no automatic rod
block occurs or alarms are reached, the reactor will simply come to a new steady-state power
level slightly higher than the initial power. If the rod block monitor system alarms and limits rod
withdrawal, the reactor power will increase slightly until the operator reinserts the rod in
response to the alarms. If credit is not taken for the rod block monitor, then the LPRM system
will alarm and the operator will terminate the power increase by inserting the rod.
It must be emphasized that even for the maximum worth control rod complete withdrawal, the
resulting reactor power increase will be slow and very small in magnitude. No local fuel damage
will occur and fuel design safety margins are not challenged. No reactor safety protection trips
will be activated automatically.
Even the one-dimensional kinetics model in RETRAN is not of sufficient detail to model the
local core power rise due to the localized positive reactivity insertion. However, since the
transient behavior is very slow and relatively mild, the transient portion can be neglected. This
event is normally analyzed as a steady-state approximation using a three-dimensional coupled
neutronics and thermal-hydraulics code. A RETRAN steady-state initialization run can be
utilized to provide the core boundary conditions for the three-dimensional steady-state analyses.
Because of the high number of possible combinations of reactor power and rod position patterns,
all combinations cannot be analyzed to identify the worst case. However, a statistical analysis of
allowable rod movements coupled with power level will provide a limited number of possible
worst cases to be analyzed.
2.7.3

Rod Drop

The postulated rod drop accident assumes the worst case scenario to maximize positive reactivity
insertion. The transient is initiated by the following failure sequence:



the complete disconnection of a control rod blade and control rod drive occurs at the
coupling,
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the unhooked control rod blade is stuck in the inserted position while its drive rod is
withdrawn under normal rod withdrawal pattern, and



the control rod blade suddenly becomes unstuck and free-falls out of its core position
until it contacts its withdrawn rod drive.

As the control blade drops out of the core at its maximum velocity, a sudden large positive
reactivity insertion causes a strong local power peak and a local flux shift towards the bottom of
the core.
No operator action is necessary during this postulated transient. The local power peak is limited
in magnitude by the built-in negative feedback reactivity due to increasing fuel temperatures.
The APRM high power trip will initiate an automatic reactor scram signal by approximately one
second after the rod drop.
The initial control rod position and maximum reactivity worth will be established by the reactor's
control rod sequencing system and will depend on what vintage BWR is being analyzed.
BWR/2, BWR/3, and some BWR/4 plants have a rod worth minimizer (RWM) system that
controls rod position and sequence. The later BWR/4 and all BWR/5 plants have a rod sequence
control system to perform the similar functions. All BWR/6 plants are governed by a rod pattern
control system. Depending on the maximum rod worth and height of fall, some local fuel failure
may be predicted to occur.
Due to the strong local reactivity changes predicted to occur during this transient, the RETRAN
one-dimensional analysis capability is not adequate to accurately analyze the transient response.
Therefore, it is recommended that this transient be analyzed with a two- or three-dimensional
core dynamics code that can account for the strongly localized reactivity and thermal-hydraulic
behavior.
2.8

Anticipated Transients Without Scram

An anticipated transient without scram (ATWS) event is defined as an anticipated transient
during which a scram signal is generated (either automatic or manual) followed by insufficient
control rod insertion to shut the system down. For an ATWS event to occur, the initiating event
must be accompanied by multiple failures in the reactor protection system or control rod drive
system. Thus, ATWS analysis is generally required only in special instances by regulatory
agencies. Some potential ATWS initiating events are given in Table VI.2-2.
Generic studies[VI.2-19] indicate that simultaneous closure of all MSIVs is the most severe
ATWS event. During such an event, the SRVs serve as the only means of pressure control.
Steam discharged through the SRVs enters and heats the pressure suppression pool and
pressurizes the containment. In other potential ATWS events, RPV pressure control can be
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Table VI.2-2
Potential ATWS Initiating Events

Reactor Pressure Vessel Pressurization
- Turbine trip
- MSIV closure
- Pressure regulator fails closed
Decrease in Coolant Temperature (Decrease in Core Voids)
- Loss of feedwater heaters
- Inappropriate feedwater flow increase or makeup system activation
Increase in Reactor Coolant Flow Rate
- Inappropriate recirculation flow control valve opening
- Recirculation pump startup or speed increase
Decrease in Reactor Coolant Flow Rate
- Recirculation pump trip
Decrease in Reactor Pressure Vessel Coolant Inventory
- Inappropriate safety or relief valve opening
- Loss of feedwater flow
Increase in RPV Coolant Inventory
- Inappropriate feedwater flow increase

accomplished by bypassing steam to systems (condensers) other than the containment. After the
MSIVs close, steam to the feedwater heaters is lost. Consequently, RETRAN modeling
appropriate for the ATWS events initiated by a decrease in coolant temperature is encompassed
by the MSIV closure ATWS. Further, the operating staff is directed to lower the RPV water
level (and RPV coolant inventory) in mitigating an MSIV closure ATWS, encompassing the
modeling requirements for this type of ATWS initiating event as well.
Following MSIV closure, the recirculation pumps will be tripped and the modeling requirements
for this type of ATWS initiating event will be addressed as well. Thus, in addressing modeling
guidelines for the MSIV closure ATWS, requirements necessary in modeling ATWS initiated by
these other potential events will also be considered. Thus, it is apparent that the modeling
requirements of many of these ATWS events are included in those of the MSIV closure ATWS.
In addition, the shutdown mechanism for all of these ATWS events may be modeled in a similar
manner. The balance of this discussion focuses on the MSIV closure ATWS, with occasional
reference to other ATWS initiating events.
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When modeling an ATWS event with RETRAN, provision must be made to consider all systems
that could impact results. These include:















recirculation pump trip,
safety relief valves,
MSIVs,
feedwater system and controller,
manual rod insertion mechanisms,
high pressure injection systems,
recirculation control valve controller,
standby liquid control system,
residual heat removal system,
condenser hot well,
condensate storage tank,
control rod drive housing injection, and
pressure suppression pool.

In an ATWS event, scram does not occur and emphasis must be placed on the neutronics
calculation. In addition, significant power shape shifting is expected in many of the potential
ATWS scenarios (this is especially true of the MSIV closure ATWS). Consequently, use of the
one-dimensional neutronics option is suggested. Eventual shutdown following an ATWS rests
heavily on the actions of the operating staff and the timing of their response. Because their
actions depend on plant-specific emergency operating procedures, corresponding modeling
assumptions will also be plant-specific. This includes items such as SLCS activation, RHR
activation, and vessel water level reduction to reduce reactor power.
To model the MSIV closure initiated event, provision for the MSIV closure must be made.
Modeling of the steam line downstream from the MSIVs is of little importance in this event since
it will have no effect on the system response after the MSIVs close. This is not the case in other
pressurization ATWS events, such as turbine trip ATWS, where the steam line must be modeled
to the turbine admission valve and must include features such as the condenser bypass valves and
associated controls. The SRV model is an important feature since this system controls the RPV
pressure after the MSIVs close. A time-dependent fill junction may provide an adequate
representation of the SRVs. However, use of a normal junction in conjunction with a RETRAN
valve will generally provide a more accurate representation of SRV steam flow.
Experience indicates that additional SRV modeling considerations must be made to avoid
numerical instabilities when an SRV bank opens or closes. This is especially important when
operating at low vessel water levels (top of active fuel, for example) as generally recommended
by emergency procedure guidelines in such an event. The instabilities can be removed by
incorporating a "constant pressure" SRV representation. For each period in which the RPV
pressure is expected to cycle between the opening and reset pressures of one SRV bank, the
constant pressure SRV model can be invoked to modulate the SRV bank as necessary to
maintain the system pressure midway between the opening and reset values. Consequently, the
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system pressure will stabilize at a value midway between the upper and lower extremes had the
SRV bank been allowed to cycle.
During the initial pressure excursion typical of this type of event, the recirculation pumps will be
tripped on a high RPV pressure signal and the reactor coolant flow rate will decrease. This has
the positive benefit of decreasing the reactor power through increasing core voids. Additionally,
no threat to fuel and cladding is seen as a result of the reduced core flow.
The feedwater system should be modeled as appropriate for each plant since it can play a crucial
role in vessel level control, which is important in an event such as this. In plants with only
electrically-driven feedwater pumps, availability of feedwater does not pose as great a concern as
in plants with turbine-driven feedwater pumps, where MSIV closure halts the steam flow that
drives the pumps. Automatic feedwater control must be included since it will influence the
vessel water level and core power early in the transient. This includes level setpoint setdown
signals and controlling signals such as feed/steam mismatch. At some point, the operating staff
will assume manual control of the feedwater system to lower the vessel level (and reactor power)
as recommended in the emergency procedure guidelines, and automatic controls will no longer
have an effect.
If the feedwater system capacity is insufficient to provide the desired level control, high pressure
injection systems such as the high pressure core spray, reactor core isolation cooling, or high
pressure coolant injection must be activated. These systems may require special modeling
considerations if their effect on the system is to be appropriately represented. For example, in
the RETRAN model, RCIC spray into the steam dome may simply mix with the bulk steam
dome fluid and be carried down the steam lines and out the SRVs. This may not be
representative of the actual phenomenon in which the injected RCIC fluid falls through the RPV
to the water level below. Consequently, a more appropriate RCIC injection site in the RETRAN
model may be far down in the downcomer. The HPCS presents a unique problem through its
close proximity to the reactor core. In the case of a highly voided core, HPCS fluid may actually
fall a significant distance into the core prior to mixing with the core bulk fluid and will affect the
reactivity calculation in the upper core regions accordingly. These effects may be difficult to
model in the RETRAN calculation.
In all of the injection systems, the potential for injection of subcooled liquid into a two-phase
region must be considered. Without appropriate modeling adjustments, the system will
demonstrate anomalous behavior typical of the thermal equilibrium assumption used in
RETRAN. Reference VI.2-20 provides a modeling technique that alleviates this problem. It is
generally applicable to this type of event, but caution must be exercised when incorporating it in
a broad spectrum of applications. In summary, the technique incorporates a simple condensation
model that raises the subcooled injection stream to saturation prior to injection into the RPV.
Simultaneously, the mass and energy balance of the system is maintained through appropriate
application of boundary conditions (fill systems).
The inventory that provides the source of fluid for the injection systems may have considerable
impact on this transient. Feedwater flow is typically taken from the condenser hot well (CHW)
early in the transient. During this period, the feedwater flow capacity is not limited by the
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inventory available for injection. However, following MSIV closure, the CHW inventory is no
longer replaced by steam exiting the RPV. Consequently, the initial CHW inventory will be
consumed. Thereafter the feedwater system will draw fluid from the condensate storage tank
(CST), but the available rate of flow will be reduced. The remaining injection systems draw
fluid from the CST and/or the pressure suppression pool (PSP). The inventory in each of these
systems is quite substantial and will generally not be of concern during an MSIV closure ATWS.
This is especially true of the PSP since all fluid exiting the RPV through the SRVs is returned to
the PSP.
Following MSIV closure, the vessel water level is expected to remain near the normal operating
level or to fall below this value to levels as low as the top of the active fuel when the operating
staff acts to reduce the level (and power). Consequently, an adequate representation of level
over this range of values is required. Both References VI.2-20 and VI.2-21 incorporate
nodalization schemes that will yield an appropriate level response. These models use eight- and
seven-node downcomers, respectively, and both have a three-volume upper plenum. The
nodalization of both References VI.2-20 and VI.2-21 adequately represents the separator region
through the use of separated volumes. Although this type of nodalization is appropriate for the
MSIV closure ATWS, this may not be the case in an ATWS initiated by an increase in coolant
inventory. In such an event, the vessel level may rise over the separated volumes and slip will
become the only mechanism that addresses the separation of vapor from liquid. Consequently, in
such an event, a separated volume that includes both the separators as well as a substantial region
above them may be called for.
In the MSIV closure ATWS, two-phase conditions are expected to occur in locations not
encountered during normal operation (in the downcomer, for instance). If countercurrent flow
occurs, dynamic slip is the only viable slip option. However, caution must be used when
exercising this option. For example, inappropriate automatic flow regime selection may occur in
the downcomer, resulting in an improper fluid density gradient in this region. Consequently, a
fixed flow regime chosen by the user (annular flow, for instance) may be called for in some
locations.
In mitigating an ATWS, the operating staff will initiate SLCS (boron) injection to reduce reactor
power and shut the system down. However, there is currently no method available to model this
effect through RETRAN-02 input when using the one- dimensional kinetics option. In some
cases, a conservative approximation may be appropriate. For example, after sufficient boron has
been injected to ensure that the system is shut down, the control rods may be inserted to simulate
the boron-induced shutdown.
The PSP temperature emergency operating procedures or technical specification limit may be in
question during an MSIV closure initiated ATWS. A conservative PSP temperature calculation
may be performed via control system logic by performing a mass and energy balance, which
considers all fluid exiting the PSP and assumes that all steam released through the SRVs is
condensed in the PSP. In addition, energy may be removed from the PSP via the RHR system.
The PSP liquid enthalpy and temperature may then be inferred.
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2.9

Steam Line Break

In the event of a main steam line break in a BWR, the system depressurizes rapidly as steam
removal grossly exceeds the steam production rate of the core. Shortly thereafter, the MSIVs
will close on either a high steam line flow signal or a low steam pressure signal (the location of
pressure measurement being plant specific). The location of the break, either inside or outside of
containment (and upstream or downstream of the MSIVs, respectively, on the faulted steam
line), is important. The main steam line break occurring outside of the containment provides an
upper bound to events that release radioactive materials to the environment. [VI.2-19] This is
true even though radiological releases (and fluid releases) are terminated upon closure of the
MSIVs. With the break inside of containment, the potential environmental radiological
consequences are less severe. However, the break flow cannot be stopped by closure of the
MSIVs. MSIV closure will reduce the break flow rate in this case though since it will stop the
flow of steam from the intact steam lines to the downstream end of the break.
The break is generally assumed to be an instantaneous and complete guillotine rupture since this
is the most limiting case. The guillotine rupture can be represented in the RETRAN model by a
three-valve combination. The first valve represents normal flow through the steam line and is
the only initially open valve of the three. The break is then simulated by closing this valve while
simultaneously opening a second and third valve upstream and downstream from the closing
valve. The second and third valves connect the steam line to the appropriate containment or
environment volumes. A critical flow option must be incorporated at the steam line break since
critical flow will occur. A contraction coefficient of 1.0 will maximize the release rates.
Conservative initial condition assumptions should be used to maximize the break releases. These
include operation at slightly elevated reactor power levels (102% of rated, for instance) and
steam line pressures slightly higher than would normally be encountered. Because only one
steam line is assumed to break, RETRAN modeling of the steam lines must distinguish between
the broken and unbroken steam lines.
Appropriate lumping of the intact steam lines into one group can provide an adequate
representation of flow leaving through the downstream portion of the break. The MSIVs must be
modeled since they affect release rates. They must include a critical flow model since flow will
choke at the MSIVs as they close (again, a contraction coefficient of 1.0 will maximize the break
flow rates). The steam line flow restrictors must also be modeled and must also incorporate a
critical flow model. The RETRAN model should include the steam line up to the turbine inlet
and to the bypass valves, especially in the case of a break outside of containment since this will
maximize the volume available for blowdown via the break. In addition, all headers connecting
the steam lines must be included.
The turbine can be modeled by incorporating a junction that vents to a sink volume and that has
specified flow and an unspecified junction loss coefficient. The turbine losses will then be
represented by the loss coefficient calculated by the code and assigned to this junction. By
incorporating a valve in this junction and closing it when the steam line break occurs, potential
blowdown through the break will be maximized.
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The rapid RPV depressurization associated with the steam line break will induce significant
flashing and a rise in the vessel mixture level. Nodalization must be chosen to accurately
simulate this phenomenon. One separated volume should be used to represent the region from
the bottom of the separators to the top of the RPV. In addition, a large bubble velocity (50
feet/second, for example) should be incorporated in this volume. This combination of features
will minimize the level swell and will maximize the duration of single-phase steam flow into the
steam line. The single-phase steam flow maximizes both the RPV depressurization rate and the
break energy release rate. Should the two-phase mixture swell to the steam line inlet, the
depressurization and energy release rates will both fall.
Shortly after the rupture occurs, the MSIVs are expected to close on either a high steam flow
signal or a low turbine inlet pressure (an additional reason for modeling the steam line to the
turbine inlet). Subsequently, the reactor will trip on a MSIV closure signal. This negates any
potential benefit in using the one-dimensional kinetics option. In the case of a steam line break
outside of containment, release from the RPV will cease following MSIV closure. This can be
expected approximately six seconds after the break but is plant specific. Subsequently, the
sequence of events and modeling recommendations of this case correspond to those presented in
the MSIV closure guidelines. In the case of a steam line break inside of containment, the system
will continue to vent fluid even after MSIV closure. Consequently, modeling guidelines
suggested after this point are discussed in the following section, which addresses loss-of-coolant
accidents.
2.10

Loss-of-Coolant Accident

A loss-of-coolant accident (LOCA) is a hypothetical accident that results from a loss of reactor
coolant at a rate in excess of the capability of the reactor coolant makeup system from breaks in
pipes in the reactor coolant pressure boundary up to and including a break equivalent in size to
the double-ended rupture of the largest pipe in the reactor coolant system. This description
covers a very broad spectrum of events, many of which may be inappropriate for analysis with
RETRAN-3D. For instance, many of the possible scenarios will result in significant core
uncovery, which may lead to partial of complete core dryout. Spray systems inject ECC fluid
above a highly voided core, which requires modeling of CCFL (countercurrent flooding limit) to
accurately predict liquid penetration and flow into the upper core region. Because of the
potential for the core to dryout, the heat transfer and conduction modeling may require following
a quench front as the core refills. This may require local 2-D heat conduction in the vicinity of
the quench front. Further, the penetration of subcooled ECC in the voided and superheated core
volumes requires a nonequilibrium model that provides for subcooled liquid in superheated
steam volumes. These phenomena are not modeled in RETRAN-3D.. Consequently, RETRAN3D analysis is not recommended for LOCA events where such conditions are expected. This
eliminates the large break LOCA from analysis consideration and includes the steam line break
inside of containment. Although it may be possible to appropriately model the initial portions of
such transients, results from later portions of the analysis may be in question. This is not
intended to imply that small break LOCA events may be easily modeled in a straightforward
manner. In general, all LOCA analyses should be performed with caution to ensure the
applicability of both input and numerical models.
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The modeling guidelines presented in the balance of this discussion focus on the small break
LOCA. However, many of the modeling suggestions presented may apply equally to early
portions of a large break LOCA event. Additionally, only the liquid small break LOCA is
discussed since modeling recommendations specific to the steam small break LOCA are
represented in Section VI.2.4.3. The distinction between a large break LOCA and a small break
LOCA is generally made relative to the effect of a single failure in the ECCS (which occurs in
conjunction with the LOCA initiating break). The large break LOCA covers the range of events
in which the most limiting single failure in the ECCS is one that results in minimum availability
of the low pressure ECCS (LPCS and/or LPCI). In contrast, the small break LOCA covers the
range of events in which the most limiting single failure in the ECCS is one that causes
minimum availability of the high pressure ECCS (HPCI or HPCS). Simply stated, this implies
that the system conditions are significantly affected by high pressure injection systems in the
event of a small break LOCA, while they are not significantly affected in the event of a large
break LOCA due to the extremely rapid blowdown.
When modeling LOCA events, a simultaneous loss of both normal ac power and feedwater flow
is assumed, [VI.2-19] with consequent reactor trip and recirculation pump trip. Because reactor
scram occurs very early in these events, use of the one-dimensional kinetics option is usually not
warranted. An additional assumption typically incorporated in small break LOCA analyses are
the failure of the high pressure ECCS (a large break LOCA analysis would assume low pressure
ECCS failure). Consequently, the coolant inventory will decrease as implied. This necessitates
detailed representation of vessel fluid levels. This is provided by the nodalization schemes
incorporated in References VI.2-20 and VI.2-21, which use eight- and seven-region
downcomers, respectively. A detailed upper plenum [VI.2-20 and VI.2-21] is also suggested.
Because two-phase conditions are expected in the downcomer, along with potential
countercurrent flow. As a result, either the algebraic slip model using the Chexal-Lellouche drift
flux correlation or the dynamic slip model with the Chexal-Lellouche correlation used for
interphase friction are viable slip options. The five-equation model may also be useful since
subcooled liquid will be added to the system via ECCS injection.
Because the high pressure ECCS is assumed inoperative, lost coolant cannot be replaced until the
system depressurizes sufficiently to allow low pressure ECCS injection. Consequently, manual
activation of the automatic depressurization system (ADS) is a viable alternative to accelerate the
RPV depressurization and enable the low pressure ECCS injection. The ADS function of the
SRVs must therefore be included in the RETRAN-3D model. Appropriately sized junctions
incorporating valves and connecting the steam line to a sink volume will provide an adequate
SRV model. Although the SRVs connect to the PSP, EOP or technical specification limits of the
PSP will probably not be in question and the PSP need not be modeled.
If the level falls sufficiently, the MSIVs will close. Thus, this feature should be included in the
RETRAN-3D model. With the assumed immediate loss of normal ac power, a turbine trip will
occur with rapid closure of the turbine stop valve. Further, the condenser will be unavailable
following the loss of power, effectively removing the condenser bypass valves from
consideration. Consequently, only a crude steam line representation need be incorporated, but it
should include the steam line volume up to the bypass valves and turbine stop valves.
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After sufficient depressurization, the low pressure ECCS will begin injection and the RPV water
level will begin to rise. At this point, the potential exists for subcooled ECCS injection into a
two-phase region with the attendant numerical problems displayed by the RETRAN-3D
calculation. Consequently, the subcooled injection model mentioned in Section VI.2.8 and given
in Reference VI.2-20 may be required. This will result in saturated fluid injection inside of the
core shroud instead of at the actual subcooled fluid injection. However, due to reactor scram
(early in the event), this is not expected to adversely affect the neutronics calculation.
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VII
CODE LIMITATIONS

RETRAN-3D contains some known and accepted limitations arising from the nature of the
approximations utilized in formulating the various models. The approximations have been
accepted in the interest of simplicity, as in the bubble rise model; or because of the absence of
better experimental data, as in the separator model; or because of the sequence of operations
constrained by programming, such as the processing of trips. The limitations associated with
various models are presented.
1.0

INTRODUCTION

This section describes some of the most commonly encountered and not so obvious limitations
and is not intended to present a complete list. The comments are consistent with the MOD004.7
version of the code.
1.1

Field Equations

The thermal-hydraulic conditions for two-phase flow are calculated assuming equilibrium
thermodynamics. In other words, all fluid within a fluid volume is in thermal equilibrium. This
prevents direct prediction of subcooled boiling and severely limits correctly predicting the effects
of subcooled fluid injection into a two-phase volume.
1.1.1

Three- Equation Model

Limitations associated with the three-equation of HEM model include equal phase velocities and
equal phase temperatures for two-phase flow situations. This model is adequate for single-phase
liquid and vapor flow, but these limitations can significantly affect results for two-phase
conditions.
The equal velocity assumption allows liquid to be swept along with vapor, which prevents it
from preferentially accumulating in the lower regions of a model. It also precludes
countercurrent flow, which allows liquid to fall through rising vapor. By not accounting for
these affects, the mass distribution, both at steady state and during a transient simulation may be
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misrepresented. Liquid injected into the upper regions of a two-phase vessel will accumulate
and only migrate downward if the mixture flow is downward of if the volume fills and the
attendant increase in pressure drives the liquid flow out of the volume.
A particularly noticeable limitation associated with the equilibrium thermodynamics assumption
is the extremely rapid pressure decrease observed when subcooled liquid is injected into a singlephase vapor or two-phase volume. The pressure drop is due to vapor condensation on the
subcooled liquid that effectively occurs as the injected fluid in instantaneously mixed with the
content of the volume. This can be implosive in nature and results in junction flows into the
volume accelerating. These accelerating flows can, refill the volume which may then water
pack, causing the pressure to increase drastically. Using smaller time-step sized may help
alleviate the pressure and flow oscillations but there is no guarantee.
1.1.2

Four-Equation Model

Two slip options are available in RETRAN-3D for modeling unequal vapor and liquid velocities.
They are the dynamic slip model and the algebraic slip model. Both options are activated on the
problem description data card.
Regardless of allowing for unequal phase velocities, either of the four-equation options is still
subject the equilibrium thermodynamic assumptions described above for the three-equation
model.
The dynamic and algebraic slip options have their own inherent set of limitations, which are
discussed separately in the following sections.
1.1.2.1

Dynamic Slip

Dynamic slip is a mechanistic model that solves a velocity difference equation obtained by
taking the difference of the phasic momentum equation. It supplements the mixture mass,
momentum, and energy equations. The velocity difference equation contains empirical models
for phasic wall friction, interphase friction, and added mass effects. Limitations associated with
these models are presented below.
The dynamic slip model relies on flow regime maps and flow field models to determine the wall
and interfacial friction required to close the balance equation. Thus, the flow regime maps must
first predict an accurate representation of the flow regime. The flow field friction models are
those used to compute the friction terms. Flow field friction models are available for the
dispersed bubble and droplet regimes, for the annular regime and for stratified flow regime.
However, for the slug and froth regimes, interpolation on void fraction is used between the
dispersed bubble and annular model values. As the flow pattern moves through the slug and
froth regimes toward the annular regime, the interfacial friction, which is generally the dominant
term, can decrease by several orders of magnitude. This can cause the slip velocities to become

VII-2
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

Code Limitations

large and they may oscillate from one time step to the next or from one steady-state iteration to
the next.
In RETRAN-3D, the slip velocity obtained from the dynamic slip model is usually well behaved.
In some instances the annular regime can give large velocities and changes from one time step to
the next. These can lead to code failures or unstable solution results.
An alternate method of determining the interphase friction is available as a user-specified model
option. It uses a drift flux based interphase friction model and either the Chexal-Lellouche or
Zolotar-Lellouche drift flux model. This model option for dynamic slip is referred to as the
"taugl" model. It eliminates the dependency of the friction terms in the dynamic slip model on
flow regime maps and flow field models. It relies on a drift flux model to determine the
interfacial friction term. It also includes the slip profile effects that are neglected in the original
dynamic slip equation (ISFLAG = 1). The "taugl" model retains the dynamic slip model’s
dependence on the pressure gradient, form losses, added mass and inertial effects because the
dynamic slip equation is solved.
The Chexal-Lellouche model is recommended for use with the “taugl” option, because it is a full
range correlation that covers a wide range of flow patterns and geometric configurations. The
Chexal-Lellouche model includes model dependencies on the flow pattern in addition to the
pressure and fluid properties. The Zolotar-Lellouche model is specific to a single geometry and
flow pattern and thus has a limited range of applicability. Note that the limitations of the
particular drift flux correlation selected apply to the “taugl” model option.
If the drift flux option for determining interphase friction is not used, a flow regime map is used
to select the appropriate friction relationships, which are base upon idealized models
representing the flow field. An inherent limitation in the dynamic slip formulation involves the
appropriateness of the flow regime selection as well as the constitutive models as applied to the
wide range of flow-path geometries and flow patterns (i.e., upflow, downflow, horizontal flow,
and countercurrent flows).
This limitation is not unique to RETRAN-3D and applies to all codes using flow regime models
for two-phase flow transient analysis. Flow regime selection is a particularly important model
and unfortunately is often difficult to predict accurately. The vertical flow regime map used to
select junction two-phase flow regimes is based on the experimental work of Bennett, which
were performed in relatively small (1/2-in) tubes for vertical upflow and over a specific range of
thermo-dynamic and hydraulic conditions.[VII.1-1] The horizontal flow regime map of
Govier[VII.1-2] is based on cocurrent air-water flows in tubes.
The flow regime map as used in RETRAN-3D is used to determine which friction flow field
models to use for two-phase flow. The flow regime defines the wall and interphase drag models
in the dynamic slip equation. The entire enterprise of defining flow regime boundaries from
experimental data is subjective and uncertain. Use of any map outside of its data range
introduces further uncertainty. The impact of these facts on model accuracy must be
acknowledged.
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An alternative to accepting the flow regime selections made by the flow regime map is for the
user to specify the desired regime. It is sometimes necessary to do this when the code's selection
is obviously inappropriate, e.g., standpipes, upper plenums, and large diameter piping. The
limitation associated with this option is that the flow regime remains fixed for the transient
duration and cannot change with flow conditions if it is user specified. It can however be
changed during a generalized restart.
1.1.2.2

Algebraic Slip

Algebraic slip is a phasic velocity difference model based on a steady state algebraic relation to
give the slip velocity as a function of drift flux parameters. As such, there is no time constant
that damps the change in slip velocity from one time step to the next. As such, it responds
instantaneously to changes in conditions that affect the drift velocity and bubble concentration
coefficient determined by the drift flux model. It is not driven by the pressure gradient or
difference across a junction.
For most Chapter 15 transients, the algebraic model has been demonstrated to work well. The
"taugl" model may have some advantages for rapid blowdown problems because of its
dependence on the pressure gradient and inertial effects.
The primary limitation of the algebraic slip model lies in the drift flux correlation that is selected.
Drift flux correlations are typically correlated to data for specific geometry, flow patterns, and/or
regimes. As an example, the Zolotar-Lellouche model was developed for cocurrent upflow in a
rod array typical of a BWR. It did not include data for downflow or countercurrent flow or for
other geometries. Cautiously review results if the model is used for geometries, flow patterns or
fluid conditions that are different than those found in the correlation database.
In contrast, the Chexal-Lellouche model is based on data for all flow patterns and a large variety
of geometries and thus provides the model with the widest range of applicability. For this reason
it is the recommended algebraic slip model. This is not to say that it will never lead to problems
with the solution. It will only produce reasonable results for the geometry, flow patterns and
fluid conditions covered by the database used in developing the model. Table VIII.1-1
summarizes the database used to develop the Chexal-Lellouche correlation. The heated and
unheated data were used collectively to determine the correlation constants. Note that the
correlation does not differentiate between heated and unheated conditions. Conditions outside
the range of this database can lead to anomalous results and should be evaluated.
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Table VII.1-1
Range of Data Used to Develop the
Chexal-Lellouche Drift Flux Model
Parameter
Number of Data
Void Fraction
Mass Flux
Pressure
Heat Flux
Subcooling
Geometry

Heated Steam-Water Data
Range
1427
0.01 - 0.95
0 - 1.59 Mlb/hr-ft2
14.5 - 2175 psia
0.0003 - 0.70 MBtu/hr-ft2
0 - 54oF
Bundle assemblies and tubes (0.03 < Dh < 0.15 ft)
Unheated Steam-Water Data
Range
521
0.01 - 0.99
0 - 1.92 Mlb/hr-ft2
14.5 - 2610 psia
Tube (0.015 < Dh < 2.1 ft)

Parameter
Number of Data
Void Fraction
Mass Flux
Pressure
Geometry

The Zolotar-Lellouche model was retained primarily to provide backward compatibility with
RETRAN-02. The data base used to develop the Chexal-Lellouche correlation contains the data
used for the Zolotar-Lellouche correlation development. Therefore, for BWR core applications,
the two drift flux models should produce similar results for the core region.
1.1.2.3

Possible Transient Problems

The dynamic and algebraic slip models are generally well behaved in RETRAN-3D, particularly
for forced flow conditions. If problems are encountered, they are typically for low flow natural
circulation where the hydrostatic head is the primary driving head for the flow. Advances in the
solution methods used with the models have improved their accuracy and reliability. The
possible problem areas discussed below are those that have historically been encountered.
The dynamic slip model (ISFLAG = 1) can give large slip velocities for the annular and froth to
annular transition flow regimes. This will result in a large energy convection due to the
increased slip velocity, which can lead to errors in the adjacent volume enthalpies. These may
result in subsequent errors in the pressure search solution. If this occurs, it may be necessary to
use one of the other slip models or use the generalized restart option and turn slip off in the
junction causing the problem during the restart by setting IFRJ = -99.
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Countercurrent flow can cause some anomalous superheating when small amounts of liquid are
present in a volume at the beginning of a time-step advancement. It can extract more liquid than
is present in the volume. The net effect is that some vapor is moved to the lower volume at the
liquid enthalpy. As a result, the remaining vapor mass will be at a higher enthalpy, leading to the
anomalous superheating. Mass and energy are conserved, but their distribution in the adjacent
region is in error. The superheating can have a secondary affect on heat transfer. The code user
will have to evaluate if the effects are significant with respect to the overall results. The
generalized restart feature can be used to deactivate slip in junction(s) causing the problem by
setting IFRJ = -99.
The transition between cocurrent and countercurrent flow in the Chexal-Lellouche model occurs
over a narrow region of void fraction. As a result, small changes in void fraction at low pressure
can result in slip changing from cocurrent to countercurrent flow or vice versa. Such changes
can be numerically challenging and can cause the time-step size to be reduced. While the
automatic time-step selection will reduce the time-step size in an attempt to keep the solution
progressing, sometimes it is advantageous to reduce the maximum time-step size. This can
improve the run efficiency for some difficult analyses that encounter the problem discussed.
1.1.2.4

RETRAN-3D Safety Evaluation Report Limitations for the Slip Models

The RETRAN-3D Safety Evaluation Report (SER) is included in the Theory and Numerics
Manual – Volume 1. A summary of limitations associated with the Chexal-Lellouche model are
found on page 13 of the SER. It states “In summary, overall the Chexal-Lellouche model is
accurate for most applications. However, due to its empirical nature, care must be taken to
avoid extrapolation. Also, for the cases noted, such as annular flow in large pipes, horizontal
flow, and CCFL, the model should not be used or an explanation should be provided for the
effect its use has on the calculation.”
While the Chexal-Lellouche model was developed to handle CCFL, it has not been validated for
this use in RETRAN-3D and it is recommended that it not be used for CCFL. RETRAN-3D
does not have a model for CCFL.
For large diameter vertical pipes or downcomers where the diameter is outside the range of the
data base used to develop the correlation (see above), it will be necessary to evaluate the results
to insure that the slip effects are reasonable. This would include an evaluation of the phasic
velocities and void behavior.
The primary concern with the horizontal flow regime is that the main term in the drift flux
approach is due to buoyancy, which is not appropriate for horizontal flow. However, the
horizontal form of the correlation was fit to horizontal flow data. It arguably has that same
limitation as the vertical models where they are fits to data that aren’t based on physical models.
For this reason, the horizontal model should be evaluated if the conditions and/or geometry are
outside the range of data used to develop the correlation.
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The RETRAN-3D SER identifies eight limitations on the condition-of-use for the slip models.
Many of these limitations were carried over from RETRAN-02 and have been resolved in
RETRAN-3D. Of the eight limitations on the conditions-of-use for the slip model, Number 15 is
resolved because the Beattie two-phase friction multiplier was removed and the Govier
horizontal flow regime map was added. However, the dynamic slip model that uses flow regime
maps may require additional assessment for either BWR or PWR applications. Of the seven
other conditions, two are key to defining what has been approved and what conditions on the
limitations-of-use still apply. They are Numbers 10 and 16. Number 10 states that the problems
related to neglecting profile effects and form losses has been resolved and that Condition 16
addresses the conditions on the limitations-of-use for the Chexal-Lellouche model. The five
other conditions refer to Conditions 10 and 16.
The net effect for all of the conditions is that for BWR or PWR applications, use of the ChexalLellouche drift flux with either the algebraic or dynamic slip models, is approved for use.
Condition 16 identifies areas where additional assessment may be required.
As noted in the RETRAN-3D SER, the Chexal-Lellouche model cannot be used for a
"RETRAN-02 Mode" analysis. Thus, either the dynamic slip (ISFLAG = 1) or ZolotarLellouche algebraic slip (ISFLAG = 2) must be used. If you do not have an approved RETRAN02 method, some additional assessment may be required. As a starting point, some validation
analyses of the dynamic slip equation are included in Volume 4. For BWR core conditions, the
Zolotar-Lellouche and Chexal-Lellouche model give similar results. A number of BWR utilities
have approved RETRAN-02 analysis methods that use the Zolotar-Lellouche model.
Each condition is listed below, along with the Staff position. Additional clarifying discussion
follows the Staff position.
8.

"Further justification is required for the use of the homogeneous slip options with
BWRs."

Staff position: RETRAN-3D has five slip equation options for the user to choose
from, three of which are retained from RETRAN-02 for compatibility. The
recommended model options are based on the Chexal-Lellouche drift flux
correlation. The first is the algebraic slip model, which is approved for use with
BWR bundle geometry as given in condition (9). The second is a form of the
dynamic slip model that uses the Chexal-Lellouche drift flux correlation to
evaluate the interfacial friction approved in condition (10). The user must justify
the use of any other slip options.
As a matter of clarification, two slip options were retained from RETRAN-02 rather than three as
indicated. They are the dynamic slip and Zolotar-Lellouche algebraic slip models. As indicated,
the "taugl" and algebraic slip options using the Chexal-Lellouche drift flux correlation have been
approved for use with BWRs, resolving this limitation for RETRAN-3D.
9.

"The drift flux correlation used was originally calibrated to BWR situations and
the qualification work for both this option and for the dynamic slip option only
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cover BWRs. The drift flux option can be approved for BWR bundle geometry if
the conditions of (16) are met."

Staff position: The Chexal-Lellouche drift flux model has been used in
comparisons with FRIGG-2 and FRIGG-4 void fraction data and is acceptable for
use in BWR bundle geometry.
This condition is resolved for RETRAN-3D when the Chexal-Lellouche model is used and the
conditions of limitation 16 are met. However, the Chexal-Lellouche model cannot be used for a
RETRAN-02 Mode analysis.
10.

"The profile effect on the interphase drag (among all the profile effects) is
neglected in the dynamic slip option. Form loss is also neglected for the slip
velocity. For the acceptability of these approximations refer to (17)."

Staff position: Form loss terms have been included in the RETRAN-3D dynamic
slip model. The Taugl form of the dynamic slip equation also includes profile
effects in the interphase drag model. These RETRAN-3D model improvements
adequately address the concerns and the model is approved for use when the
Chexal-Lellouche model is used to compute the interphase friction. Approval is
subject to the conditions given in (16) for the Chexal-Lellouche drift flux
correlation. Users must justify use of any other dynamic slip option.
This condition is resolved for RETRAN-3D when the "taugl" model is used with the ChexalLellouche model and the conditions of limitation 16 are met.
15.

"The Bennet flow map should only be used for vertical flow within the conditions
of the data base and the Beattie two-phase multiplier option requires qualification
work."

Staff position: The Beattie two-phase multiplier has been removed from
RETRAN-3D. The Govier horizontal flow map has been added to supplement the
Bennett map for vertical flow and is acceptable.
When the "taugl" model is used with the Chexal-Lellouche drift flux correlation, this limitation
is resolved. Additional assessment of the vertical flow regime selection may be necessary if the
original dynamic slip model (ISFLAG = 1) is used.
16.

"No separate effects comparison have been presented for the algebraic slip option
and it would be prudent to request comparisons with the FRIGG tests before the
approval of the algebraic slip option."

Staff position: The algebraic slip option has been modified to include the Chexal
Lellouche drift flux model. Use of the Chexal Lellouche drift flux model for
BWR and PWR applications within the range of conditions covered by the steam
water database used to develop and validate the model is approved. The model
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has been qualified with data from a number of steady state and two component
tests. While the small dimensions of the fuel assembly are covered, as noted
previously in this safety evaluation, the data for large pipe diameters, such as
reactor coolant system pipes, are not extensive and use of the Chexal-Lellouche
model will need justification. Assessment work indicates that the model tends to
underpredict the void profile in the range of 12 to 17 MPa. In addition, the
accuracy of the model in the range of 7.5 to 10 MPa, which covers BWR ATWS
conditions, has not been fully demonstrated. Results of analyses using the model
in these ranges must be carefully reviewed.
The Chexal-Lellouche correlation (ISFLAG = 3 or 5) cannot be used in situations
where CCFL is important unless validation for appropriate geometry and expected
flow conditions is provided.
The condition is resolved in RETRAN-3D for most BWR and PWR applications when the
Chexal-Lellouche model is used. Areas are identified where additional assessment will be
needed.
17.

"While FRIGG tests comparisons have been presented for the dynamic slip option
the issues concerning the Schrock-Grossman round tube data comparisons should
be resolved before the dynamic slip option is approved. Plant comparisons using
the option should also be required."

Staff position: Assessment analyses (Reference 4 from SER), have shown that
"the issues concerning the Schrock-Grossman round tube data comparisons"
(actually the Bennett round tube data) are due to early prediction of CHF, which
is nearly independent of the slip model used. Since the issue raised in the
limitation is not related to the dynamic slip model, the limitation is considered to
be resolved. The dynamic slip model is approved for use as given in condition
(10).
This condition is resolved in RETRAN -3D for all applications, both BWR and PWR.
30.

"Justification of the extrapolation of FRIGG data or other data to secondary-side
conditions for PWRs should be provided. Transient analysis of the secondary
side must be substantiated. For any transients in which two-phase flow is
encountered in the primary all the two-phase flow models must be justified."

Staff position: The Chexal-Lellouche correlation is approved for use with PWR
applications as stated in conditions (10) and (16). The user must justify choosing
any other two-phase flow correlation.
This condition is resolved in RETRAN-3D for the Chexal-Lellouche slip models (ISFLAG = 3
or 5) as described in Conditions 10 and 16. It specifically approves use for PWRs subject to the
limitations of Condition 16.
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41.

"The licensee must validate the chosen void model over the range of pressure,
channel inlet flow, and inlet subcooling encountered during the transient that are
outside the range of conditions for which assessment is available. Furthermore,
the licensee should validate the choice of steam separator model and evaluate its
use relative to steam separator performance data relevant to the conditions
present during the ATWS simulation. The licensee must also evaluate the
uncertainties in the modeling. See Condition (16) and the Staff Position for
related information."

This is a new condition for RETRAN-3D. It identifies where additional assessment will be
required. Either the Chexal-Lellouche algebraic or "taugl" slip models (ISFLAG = 3 or 5) have
been approved for use with BWR or PWR conditions. If the conditions are outside the range of
conditions for the assessment, additional assessment will be required. Table VIII.1-1
summarizes the range of data that was used to obtain the Chexal-Lellouche correlation.
RETRAN-02 Mode calculations are subject to using either the dynamic slip (ISFLAG = 1) or
Zolotar-Lellouche (ISFLAG = 2) models, which are subject to the RETRAN-02 SER limitations.
However, some organizations have models that have already been approved for use.
1.1.3

Five-Equation Model

The original purpose for adding the five-equation model to RETRAN-3D was to have a
mechanistic model for BWR cores. This included being able to model subcooled boiling and
void collapse associated with pressurization transients. The limitations and assumptions are:
•

For subcooled boiling, a reasonable assumption is that the vapor phase is at saturation
and the liquid phase can be subcooled or superheated. This assumption is used in the
solution of the pressure equation of state used with the five-equation model.

•

For situations with subcooled liquid injection, the assumption that the vapor remains at
the saturation temperature, limits application of the model to injection of subcooled liquid
into two-phase or subcooled liquid volumes. If the model is applied to a superheated
volume with subcooled liquid injection, the pressure decrease will be over predicted since
enough liquid will be instantaneously flashed to drop the vapor temperature to saturation.
This is similar to the limitation of the four-equation model.
However, the five-equation model will provide a more accurate prediction once the vapor
superheat is reduced to saturation.

•

Mass transfer accounts for vapor production (or loss) resulting from wall heat transfer
and mass transfer associated with bulk processes such as flashing or condensation.
Constitutive models are used to define the mass transfer rate for these processes. For
wall heat transfer, the heat transfer map identifies when the EPRI subcooled boiling
model is applied. When it is, part of the wall heat flux is used to boil liquid; thus,
defining the boiling mass transfer. For other boiling heat transfer modes or condensation,
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all of the wall heat flux is used to boil or condense vapor. In other words, the vapor will
not superheat due to heat transfer to or from heat conductors.
•

Flow regime maps are used to identify the flow regime for each control volume. The
flow regime then determines which interfacial area density and heat transfer coefficient
models are used. Once the area density and heat transfer coefficient are determined, the
bulk mass transfer is determined by the difference between the liquid and vapor
temperatures. The sign of the temperature difference determines whether the mass
transfer is due to flashing (positive) or condensation (negative).

•

When bubble rise volumes are used with the five-equation model, they are treated as
equilibrium volumes. If it is necessary to account for nonequilibrium effects in separated
volumes, the two-region nonequilibrium model (see Section III7.5) should be used rather
than the standard bubble rise model.

The five-equation model consists of one of the four-equation formulations, supplemented with a
vapor continuity equation. This allows the vapor mass inventory to be determined for two-phase
volumes. A different equations of state uses the vapor mass along with the total mass and total
internal energy to determine the pressure and phase temperatures. This equation of state solution
requires that the vapor phase must be saturated when present; however, the liquid temperature
can be subcooled, saturated, or superheated and is often referred to as a constrained
nonequilibrium model.
For most two-phase situations that will be encountered by RETRAN-3D, the assumption that the
vapor is saturated is reasonable. Situations that the constrained nonequilibrium model will not
handle are comprised of situations where superheated vapor is present and subcooled liquid is
injected. This might include large break LOCA events were ECCS fluid is injected into a core
that has experienced dryout. Another situation could include auxiliary feedwater injection into
the superheated region of a once through steam generator.
Under the conditions noted above, injection of subcooled liquid into a superheated steam
environment will lead to instantaneous mixing and a subsequent rapid decrease in pressure. The
symptoms are similar to those discussed for the three-equation model.
A large number of constitutive models are required for the five-equation model. They are used
to determine the vapor generation rate on the surface of heat conductors. Others are needed to
model the bulk mass exchange due to flashing and condensation.
The EPRI (Lellouche) subcooled boiling model partitions the wall heat flux between vapor
generation and liquid heating. All other two-phase correlations assume that the full wall heat
flux generates steam or condenses steam for condensation correlations. The EPRI model was
developed for BWR core conditions, but is also applied to the secondary side of multinode steam
generators. Assumption and limited data range for the correlation, may impact the vapor
generation rates and resulting control volume void fraction.
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The bulk process models are based on a flow regime map (more complete than that used for
dynamic slip). It is used to select regime dependent models that define the interphase area
density and heat transfer coefficient. As with dynamic slip, the flow regime selection can affect
the interphase model selection and thus the heat transfer, which relates directly to the mass
transfer. Careful scrutiny should be applied when examining results to ensure that the pressure
and phasic temperature behavior is consistent with expectation.
1.1.3.1

Possible Steady-State Initialization Problems

In some situations, the five-equation model may not converge during steady-state initialization.
When this occurs, it is usually caused by the mass transfer rate failing to converge in volumes
with void fractions that are slightly less than unity. Examine the void fraction and mass transfer
rate from one iteration to the next for the last two or three iterations to see if the mass fraction is
changing significantly. In these situations it may be necessary to use the four-equation model in
these volumes. Note that steady-state diagnostic edits are activated using the JSST input variable
on the problem description data Card 01000Y.
1.1.3.2

Possible Transient Problems

Should the five-equation model fail during the transient solution, examine the mass transfer rates
for both the bulk and wall components. The major edits contain the bulk and total mass transfer
rates, so the wall value is simply the total less the bulk value. Examine the flow regime,
interfacial area, and liquid temperature to determine if any are unrealistic. It may be useful to
obtain major edits every time-step advancement for a few time steps prior to the failure. This
can be done using the Detailed Edit Data Card 03002. Use the detailed edits to determine if one
(or several) of the variables identified above changes discontinuously. Discontinuous changes
can cause the solution scheme to fail. It may be possible to avoid failure by using a smaller timestep size in the vicinity of the failure. There is little users can change through input to eliminate
solution failures with the five-equation model. If failure occurs in volumes that have void
fractions that are only slightly less than unity, another possible solution is to use the fourequation solution for the volume causing the problem.
1.1.3.3

RETRAN-3D Safety Evaluation Report Limitations for the Five-Equation
Model

In the RETRAN-3D Safety Evaluation Report (SER), there is a limitation on the condition of use
for the five-equation model. This limitation is:
42.

"The RETRAN-3D five-equation, or nonequilibrium, model uses flow regime maps
and flow pattern dependent heat transfer and interfacial area models to simulate
the heat and mass transfer processes between phases. A licensee wishing to apply
the five-equation model will have to justify its use outside areas of operation
where assessment has been documented. This may include either separate effects
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or integral systems assessment that cover the range of conditions encountered by
the application of interest. An assessment of the uncertainties must also be
provided. The model is approved subject to these conditions."

Assessments for the five-equation model are found in Volume 4, Assessment Manual. A number
of void fraction separate effects tests were evaluated using the five-equation model. Results for
these tests are given in Chapter IV. A single system effects experiment for a PWR blowdown
was included in Chapter V. Chapter VI contains a number of comparisons with RETRAN-02
and RETRAN-3D four-equation results. While the results of these analyses are not compared
with data, they provide a qualitative measure of the differences that can be expected between
comparable four-equation and five-equation analyses. Some additional comparisons of fiveequation results with experimental data and four-equation results are given in Chapter VII. The
five-equation comparisons with data are summarized below.
•

Separate Effects Analyses
IV.4.1 - FRIGG-2 Void Fraction Data
IV.4.2 - FRIGG-4 Void Fraction Data
IV.4.5 - ORNL THTF Void Profile Test
IV.4.6 - Void Fraction Studies

•

System Effects Analysis
OMEGA Rod Bundle Test (PWR Blowdown)

•

Comparison of Systems Analyses: RETRAN-02 and RETRAN-3D
VI.4.1.1 - Oyster Creek Feedwater Controller Failure
VI.4.1.2 - Cofrentes Main Steam Isolation Valve Trip
VI.4.1.3 - Peach Bottom Turbine Trip
VI.4.2.1 - Trojan Loss of Feedwater ATWS
VI.4.2.2 - Prairie Island Steam Generator Tube Rupture

•

Systems Analyses: Comparisons with Experimental Data
VII.2.8 - BWR-5 One PLR Pump Trip
VII.2.9 - BWR-5 All MSIV Closure
VII.2.10 - BWR-5 Generator Load Rejection with Bypass
VII.2.11 - BWR-5 Single MSIV Closure

These assessments should help determine if an intended application of the five-equation model is
within the range of the documented assessments. Additional assessment may be required for
new five-equation applications.
1.1.4

Noncondensable Gas Flow Model

The noncondensible gas continuity equation can be used to supplement any of the model options
included above. It allows the noncondensible gas inventory to be determined, which is then used
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in a pressure equation of state the uses Dalton’s law of partial pressures to determine the total
pressure. This can have a significant effect on the resulting pressure.
The equation of state makes the assumption that the relative humidity is unity, which results in
the gaseous mixture having the maximum amount of vapor possible. This increases the partial
pressure of the water vapor component.
The noncondensible gas flow model can use a variety of non condensable gases or mixture on
gases. However, the gas composition is defined at tine zero and remains constant for the
duration of the simulation.
None of the choking models available in RETRAN-3D account for critical flow, so no critical
flow is computed for junctions that have noncondensible gas flowing through them.
The pressurizer model mass and energy equation do not account for noncondensible gas. Any
noncondensible gas flowing into a pressurizer volume will have no effect on the pressure.
1.2

Junction Property Models

The default junction enthalpy model in RETRAN-3D is based on a donor concept where the
junction enthalpy is equal to the upstream volume enthalpy. To improve accuracy, the code
contains several models (enthalpy transport, temperature transport, method –of –characteristic,
and bubble rise) that apply special treatment to the determination of fluid enthalpy at outlet
junctions. They are intended to be used in situations where the exit enthalpy will be clearly
different from the volume average. These models each contain limitations, which are
summarized below.
1.2.1

Enthalpy Transport

The enthalpy transport model accounts for the change of enthalpy through a volume that results
from heat transfer. It is appropriate to use in volume nodes containing heat transfer surfaces.
The enthalpy transport model is subject to the following limitations:



flow reversals violate the basic assumptions for the model and as a result values for the
enthalpy may be out of range.



countercurrent flow violates the basic assumptions for the model and may result in
anomalous results,



the model assumes that the wall heating rate is known and is independent of the node
temperature, and



large slip ratios may cause a calculation failure.
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The RETRAN-3D enthalpy transport model will automatically turn enthalpy transport off if a
flow reversal or countercurrent flow is encountered. If the option to neglect flow reversals and
countercurrent flow is active (allows approximation of RETRAN-02 behavior) the code may fail
with a junction enthalpy that is out of range.
For core volumes, the wall heating rate is a strong function of the core power. Consequently, it
does not change by large amounts from one time step to the next. This leads to well behaved
enthalpy values. In multimode steam generators, the heating rate can be a strong function of the
primary and secondary temperatures. This may lead to unstable solution results. Forcing smaller
time-step sizes may improve the solution. The tow-region enthalpy transport model may help
some of these situations.
While problems with large slip ratios may manifest themselves with enthalpy transport model,
they generally represent a problem with the slip model. This is a common problem when flow
regimes are used to determine the interfacial friction under annular or near annular flow
conditions.
The enthalpy transport model is not consistent with the five-equation model and is deactivated
when the five-equation model is used. This means that the junction enthalpy is donored from the
upstream volume.
1.2.2

Temperature Transport

The temperature transport model is intended to simulate the movement of a temperature front
through a single –phase liquid channel with little mixing such as in straight pipes.
Its limitations are that first, the spatial effects of multiple junctions are not accounted for; in
other words, the temperature front will reach all outlet junctions at the same time. Secondly, the
hydraulic time step cannot exceed the Courant limit (material transport time) of any of the mesh
intervals. Third, the model assumes that the fluid moves as a slug or piston. If used for plenum
regions where mixing occurs, the model results should be justified. Fourth, the model only
applies to single-phase liquid volumes, so it is deactivated when two-phase conditions appear.
Fifth, any heating or cooling is applied uniformly to each subnode.
The RETRAN-3D SER contains the following condition that relates to the discussion in Section
III7.12.
25.

The transport delay model should (be) restricted to situations with a dominant
flow direction.

Staff position: The basic model in RETRAN-3D is unchanged and, therefore, this
condition of use applies. The appropriate application of the model is for onedimensional flow. The user will have to justify use of this option in the absence
of a dominant flow direction.
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If there are multiple inlet and/or exit junctions in a control volume where the temperature
transport delay time model is used, users should carefully review the flows at these junctions and
then evaluate whether or not the junction enthalpies are reasonable given the volume average
enthalpy and those for adjacent volumes.
1.2.3

Bubble Rise Model

The bubble rise model provides a simple way to represent the behavior of a fluid region in which
complete separation between the liquid and vapor phases due to gravity or mechanical
separation. That is, a liquid region (and surface) exists below a vapor region within a single
control volume.
The following assumptions and limitations apply for standard bubble rise volumes, i.e., those
where a two-region nonequilibrium model is not used:
•

the vapor and mixture regions coexist at saturation temperature,

•

during pressurization, liquid will be flashed to maintain thermal equilibrium between
regions,

•

if subcooled liquid is added, vapor will be condensed until thermal equilibrium is
reached,

•

all liquid entering a bubble rise volume will be deposited directly in the mixture region,

•

heat addition to a bubble rise volume will go to flashing liquid,

•

the vapor region will not superheat until all mixture region liquid has flashed, in which
case the volume will be a single region volume, and

•

the vapor and mixture regions are initialized at saturation temperature.

A common misapplication of the bubble rise model is to attempt to simulate a two-phase density
gradient by vertical stacking of separated volumes. Such modeling can lead to pan caking where
several volumes in the vertical stack may have liquid and vapor regions. This will lead to
anomalous junction enthalpies since junctions residing in the domain of the vapor region will
have enthalpies equal to the saturated vapor value. This can lead to numerical solution problems.
A level model is available in RETRAN-3D that allows a stack of bubble rise volumes to be
defined where a single level will be tracked. The model only allows the bubble rise feature to be
active in one volume at a time and as the level falls or rises to a new volume, bubble rise is
deactivated in the previous volume and activated in the new volume. This model was designed
for use in situations where the level moves slowly. It further assumes that filling will be from
the bottom and the top of the stack removes steam and is not a source of liquid.
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A more general method for following a level through a vertical region is to use the slip model to
determine the vertical density distribution. This will require a finer nodalization to allow a better
approximation of the pressure, density and velocity gradients.
All liquid flowing into a bubble rise volume is automatically deposited into the liquid region.
There is no consideration of transport time between the junction and liquid region. This is not
the case for the two-region nonequilibrium volume.
The liquid and vapor regions within a bubble rise volume will always be at saturation. If the
vapor region is exposed to a hot wall where the surface temperature exceeds the saturation
temperature, it will effectively boil away liquid rather than superheating the vapor. Similarly, a
cold surface exposed to the liquid region will condense steam from the vapor region rather than
subcooling the liquid region. The two-region nonequilibrium model is closely related to the
bubble rise model, but is not subject to the equilibrium thermodynamic assumptions.
Another limitation of the bubble rise model is its inability to account for liquid entrainment in the
vapor space. This capability is included in the separator model.
1.2.3.1

Possible Transient Problems

Bubble rise volumes generally behave well during a transient. When problems related to use of
the BRM occur, they are generally related to draining or filling where the level passed through a
junction location. The volume overlap modeling technique described in Section III .7.3.10
generally mitigates the problems. If a bubble rise volume is causing problems, it will show up in
the Time Step Control Summary edit written to the output listing during a calculation.
1.2.3.2

RETRAN-3D Safety Evaluation Report Limitations for the Bubble Rise
Model

In the RETRAN-02 and RETRAN-3D Safety Evaluation Reports (SER), there is a limitation on
the condition of use for the BRM. This limitation is:
24.

"The bubble rise model assumes a linear void profile, a constant rise velocity (but
adjustable through the control system), a constant L/A, thermodynamic
equilibrium, and makes no attempt to mitigate layering effects. The bubble mass
equation assumes zero junction slip which is contrary to the dynamic and
algebraic slip model. The model has limited application and each application
must be separately justified."

Staff Position: The basic model in RETRAN-3D is unchanged and, therefore, this
condition of use applies. However, the layering effects encountered in
RETRAN-02 can be eliminated using the RETRAN-3D stack model. This
partially resolves the concern by resolving the layering limitation through use of
the stack model.
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This limitation has two implications. First, the BRM should be used only in regions where
complete separation of the phases is required. This is discussed in Section III.7.3.2. Second,
since this is a simple model to simulate complex phenomena, the choice of the BRM input
parameters must be justified.
As discussed in Sections III.7.3.4 and III.7.3.5, the bubble velocity and slope parameter should
be selected to ensure conservative transient results for most applications. For stagnant regions
such as the pressurizer, the Wilson bubble velocity correlation gives a reasonable value for
bubble velocity as described in Section III.7.3.4.
Specific issues raised in the above SER limitation for the BRM are discussed below.
1.2.3.2.1

BRM Assumes a Linear Void Profile

Homogeneous volumes have no void profile; it is uniform down the flow length. The optional
junction enthalpy models, of which the BRM is one, are used to determine void profiles. The
BRM assumes a linear quality distribution. Section III.7.3.5 presents guidance on its use.
1.2.3.3

BRM Assumes a Constant Bubble Rise Velocity

For many applications of the BRM, constant values of the bubble velocity, VBUB, are specified
that give conservative results. The control system can also be used to determine the bubble
velocity. RETRAN-3D also has an option to compute the bubble velocity using the Wilson
bubble velocity correlation. Section III.7.3.4 provides guidance in defining the bubble velocity.
1.2.3.4

BRM Assumes a Constant Inertia

For many applications of the BRM, such as tanks, upper downcomers, etc., a constant value for
the inertia is adequate and is input on the Junction Data Card 08XXXY. The inertia can vary
significantly for separator volumes. This can be a significant sensitivity for BWRs where the
separator response can affect the core power through void reactivity feedback. Conservative
constant values of the inertial are typically used for BWR transient analyses. A modeling option
is available where the inertia can be determined by the control system as discussed on the
Junction Data Card 08XXXY.
In PWR separator applications, constant inertia are generally used since there is no strong
reactivity feedback effect. Since most of the bundle region will generally be in nucleate boiling
heat transfer, small changes in recirculation flow would not have a significant effect on heat
transfer.
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1.2.3.5

BRM Assumes Thermodynamic Equilibrium

The BRM assumes that the vapor and liquid within the volume exist in thermodynamic
equilibrium. For, many applications, this assumption is adequate. As discussed in Section
III.7.3.4, an optional modeling feature is available that allows the liquid (mixture) and vapor
regions to exist at different temperatures. Also, the vapor region can be superheated or twophase. This two-region nonequilibrium model can be applied for situations where
nonequilibrium conditions can be important.
1.2.3.6

BRM Makes no Attempt to Mitigate Layering

Most applications of the BRM do not involve stacking bubble rise volumes, e.g., separators,
pressurizers, and upper downcomers. Only under special circumstances should bubble rise
volumes be stacked. When this is done, they can lead to layering or pancaking if the volumes are
two-phase. If stacked bubble rise volumes are used, users should carefully evaluate their results
to ensure that layering is not occurring. A level tracking model option is available that allows a
level to be followed through multiple stacked volumes is available in RETRAN-3D. It prevents
layering and is discussed in Section III.7.3.2.
1.2.3.7

BRM Assumes No Slip in Bubble Mass Equation

Contrary to the statement given in the SER, the convective terms in the RETRAN-3D bubble
mass integration do include slip affects, as shown in Volume 1, Eqs. III.2-68 and III.2-76. There
are some instances as discussed in Section III.7.3.7 where users may disable slip to improve
numerical stability.
The bubble rise model is based on the assumption that the partial density of vapor below the
mixture-vapor interface is a linear function of elevation. When using this model, the user
supplies several variables that affect initialization of the bubble rise volume conditions and
behavior during the subsequent transient. These variables are







bubble velocity (Vbub),
bubble gradient parameter,
initial mixture level,
flow split (if any), and
control volume horizontal area AH (AH = volume/height) and is not necessarily consistent
with the input volume flow area.

The bubble velocity Vbub, the partial density of the fluid at the mixture level interface and the
horizontal area determine the vapor flow from below the mixture level to the vapor region. The
vapor transfer rate is
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Ws  Vbubgb A H ,

(VII-1-1)

where
Ws
 gb

=
=

net steam flow out of the vapor region,
partial steam density at the interface, and,

AH

=

volume horizontal area.

To initialize properly, Ws must equal the steam flow out of the vapor region. Vbub is adjusted by
RETRAN-3D initialization to accomplish this. If Vbub is adjusted to be very small, the mixture
level may swell during the transient because the entrained vapor may not escape. If Vbub is large,
most or all the vapor will escape and the fluid below the mixture level will remain mostly liquid
during the transient. In addition, the amount of vapor entering the initially must be greater or
equal to the flow from the steam region.
For initialization, the initial fluid state conditions (pressure and mixture quality) may be defined
explicitly for this volume by specifying their values in the volume description input data, but it is
also possible the initial specification of other system volumes will implicitly constrain the bubble
rise volume state conditions. If the bubble rise constants are modified by RETRAN-3D during
initialization, they will remain at those changed values for the transient duration. It is strongly
recommended that the code user review the bubble rise constants after RETRAN-3D has
computed the initialization procedure. The revised constants will be edited under the heading
“BUBBLE RISE DATA ACTUALLY BEING USED”. If unrealistic values of these constants
result from the initialization procedure, the user must modify the input specifications to correct
the discrepancy. The definition of "unrealistic" will have to be made on a case-by-case basis. As
an example, a small bubble velocity may cause the mixture level to swell unrealistically during
the transient.
Some of the more common difficulties that can arise in bubble rise model initialization are





energy equation convergence problems,
bubble velocity (Vbub) too large or too small, and,
undesirable amount of vapor mass below the mixture level.

The initialization process in RETRAN-3D requires that 1) that energy be added at the same rate
it is removed and 2) that the steady-state continuity equation is satisfied.
The steady-state energy balance results in either defining the amount of vapor below the mixture
level (bubble mass) or a modification of the bubble gradient parameter. Figure VII.1-1
represents a typical application for separated volumes. For steady-state initialization, all junction
flows are known; Junction 1 enthalpy, hl, is defined by the donor volume enthalpy; and one
outlet junction enthalpy, h2, is that of saturated steam corresponding to the pressure of the
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Figure VII.1-1. Typical Separated Volume Configuration

separated volume. The remaining junction enthalpy, h3, results from steady-state energy balance
h3 

W1 h1  Q  W2 h 2
,
W3

(VII-1-2)

Because of the user-defined distribution of vapor below the mixture level (ALPH on the
060XXY data cards); Junction 3 quality is a function of elevation.
RETRAN-3D takes one of two approaches to obtain the quality of the fluid below the mixture
level, the “mixture quality”. If the volume enthalpy is input along with the mixture level,
volume pressure (computed or input) defines the amount of vapor mass below the mixture level.
RETRAN-3D will adjust the distribution of vapor below the mixture level via the bubble
gradient parameter to obtain the desired local quality, X3. Consequently, the bubble gradient
parameter (ALPH) is modified from the user input value. If the volume enthalpy is not input, the
input bubble rise parameters, mixture level, and X3 are used to compute the volume enthalpy
required by the system energy balance.
In either case, the calculation is constrained in that h3 be greater than saturated liquid enthalpy
and less than saturated vapor enthalpy. If hsu is computed to be outside these bounds,
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RETRAN-3D will fail to obtain an energy balance in the separated volume. Energy imbalance
problems in separated volumes generally can be attributed to h3 being outside the constraining
limits and can be corrected by adjusting input quantities that will, in turn, adjust the calculation
of h3 in the desired direction. The typical occurrence is the code tries to adjust h3 lower than
saturated liquid which indicates that the amount of steam flowing into the volume through
Junction 1 is less that that flowing out of Junction 2. So in this instance, modifications will need
to be made to increase the amount of steam entering the separated volume or W2 will need to be
reduced.
Once the mixture quality is determined by an energy balance, a steady-state continuity balance
must exist within the volume in that the vapor flow across the mixture level interface must equal
the net steam flow out of the vapor region. The bubble rise velocity is then computed as
Vbub 

Ws
.
 gb A

(VII-1-3)

The bubble velocity calculation is directly coupled to the energy balance performed since gb is
dependent on both the amount of vapor below the mixture level and its distribution through the
bubble gradient parameter.
Parameters to adjust or alter both the energy and continuity balance are flow splits W2 and W3,
plus any quantity that can influence the inlet enthalpy hl, such as Wl or heat sources prior to the
volume inlet.
RETRAN-3D users have basically three ways to supply bubble data





input constant gradient and bubble velocity,
control gradient and/or bubble velocity with two control blocks, and
use the Wilson bubble velocity correlation.

Supplied constants may be adjusted to meet steady-state initialization requirements and the
altered input data will be edited on the Bubble Rise Data Actually Being Used edits. However, if
the Wilson bubble velocity option is used or the control system options are used, the computed
steady-state gradient and bubble velocity are overridden by these models at the first time step.
This can create undesirable changes in level, exit junction, mass flow, and exit junction enthalpy
which allows the system initial condition to drift. This can be overcome if a control system
defines the bubble velocity and gradient by making sure the control block initial conditions are
consistent with the RETRAN computed values and then make the transition when the transient
begins.
Several different sets of bubble data may be needed in NSSS modeling. For fairly stagnant
regions such as PWR pressurizers and steam generators or BWR vessel upper downcomer
regions, ALPH=0.8 and VBUB=3.0 are routinely used. These data are suggested in Reference
III.9-1 as being appropriate for depressurization of large vertical vessels. To provide complete
separation as in steam generator and BWR vessel moisture separator equipment, a large (e.g., 10
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to 1,000) bubble velocity should be used. The bubble gradient term ALPH determines how the
vapor is distributed below the mixture level with ALPH = 0.0 being homogeneous and the vapor
collected at the mixture level for ALPH = 1.0. In reality, the distribution would be somewhere
between the two extremes.
1.2.4

Method-of-Characteristics

The method-of-characteristics (MOC) model is designed to mitigate the effects of numerical
diffusion in BWR cores and in doing so allows RETRAN-3D to perform stability analyses. The
MOC model only works with the five-equation model. It also keeps track of a particle
distribution that is effectively a subnode grid. This imposes a Courant time-step limit so a large
number of particles within a volume may require the use of a smaller maximum time-step size.
1.3

Two-Region Nonequilibrium Volume

Two different solution methods are available for the two-region nonequilibrium model in
RETRAN-3D. The explicit form is similar to the RETRAN-02 solution. An implicit solution is
also available and is the form recommend in the Safety Evaluation Report. The explicit form
still finds a lot of use. A significant limitation is due to the way the pressure in the momentum
equations for the surge line to pressurizer and spray junctions are treated. In effect the partial
derivatives of the pressure with respect to the vapor region mass and energy have to be neglected
since the vapor mass and energy are not solved for in the solution matrix. This assumption
works reasonable well as long as there is not significant flow through the volume or into the
vapor region. When these conditions aren’t met, the pressure convergence may attempt to
reduce the time-step size until the code fails with a time-step size that is below the minimum
allowed.
The implicit solution for the two-region model does not neglect the partial derivatives of pressure
with respect to vapor region mass and energy. As a result, the situation described above for the
explicit solution does not apply for the implicit method.
Specific limitations associated with application of the two-region nonequilibrium model to
steam separators and pressurizers are summarized in the following sections.
1.3.1

Steam Separator

The primary limitation of the steam separator model is that its performance is based on a rather
limited set of experimental data from a single separator (BWR/6 design) taken over a somewhat
narrow operating range. The model accuracy may be questioned if operated outside its operating
range or when applied to a different separator design.
The model contains the capability to employ different operating curves as input, if they are
known for the given application.
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1.3.2

Pressurizer

The original two-region nonequilibrium model accounted for two regions within a single
volume. One a primarily liquid region and the other a primarily vapor region. This form of the
model cannot account for thermal stratification within the liquid region, which can affect the
behavior of some pressurizer transients. A multi-volume pressurizer model option eliminates
this limitation.
Two-region nonequilibrium volumes must be specify a rainout velocity in order to allow liquid
that may accumulate in the vapor region to fall (separate) into the vapor volume. This velocity is
a constant that must be justified, although it has no effect for many situations. Similarly, the
bubble rise velocity allows vapor to move from a two-phase liquid region into the vapor region.
It can be a constant, defined by a control system or defined using the Wilson bubble rise
correlation. Constant or control system values need justification.
The Safety Evaluation Report issued by the NRC for RETRAN-3D[III.7-9] contained a
condition related to the RETRAN-3D pressurizer model. It follows.
18.

The nonequilibrium pressurizer model has no fluid boundary heat losses, cannot
treat thermal stratification in the liquid region and assumes instantaneous spray
effectiveness and a constant rainout velocity. A constant L/A is used and flow
detail within the component cannot be simulated. There will be a numerical drift
in energy due to the inconsistency between the two-region and the mixture energy
equations but it should be small. No comparisons were presented involving a full
or empty pressurizer. Specific application of this model should justify the lack of
fluid boundary heat transfer on a conservative basis.

Staff position: The concern raised in this limitation of use is partially resolved in
RETRAN-3D. Wall heat transfer can be included in the RETRAN-3D pressurizer
model. Including wall heat transfer resolves this concern.
While the model does not directly account for thermal stratification, its effects can
be included by use of normal nodes below the pressurizer volume. The user will
have to justify the lack of thermal stratification or the use of normal nodes below
the pressurizer should there be an indication that it would be important in the
analysis.
The mixture and two-region energy equations are consistent for the implicit
solution method where the mixture energy equation is used with the vapor-region
energy equation. This eliminates inconsistency between the two-region and
mixture energy equations and the concern regarding a potential drift in the region
energies.
The staff notes that when a pressurizer fills or drains, a single region exists for
which the normal pressure equation of state is used. Lack of numerical
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discontinuities in validation analyses of filling and draining pressurizers indicates
that the model is functioning properly. It is the responsibility of the code user to
justify any numerical discontinuity in the pressurizer during a filling or draining
event.
The pressurizer model has options that require user-supplied parameters. Users
must provide justification for these model parameters.
The NRC review of the pressurizer model identified that a number of user-specified constants
were required and that they would need to be justified. Recent development and this document
have addressed this concern and have provided new models and recommended constants with
justification for their use. Section III.7.5.1 discusses the new models, recommended values for
constants and provides references. Section III.12 of the Application Manual – Volume 4
provides validation for the pressurizer model using the recommended values for the pertinent
constants.
To address the user-supplied parameter issue, recommended values for the required usersupplied parameters are identified in Section III.7.5.1. The recommended bubble rise constants
are based on experimental data for conditions similar to those for a pressurizer. The default
interregion heat transfer correlation (combination of two different correlations) is the
recommended model option since it accounts for known phenomena using a well accepted
correlation.
A default rainout velocity was added to the MOD004.7 code version. It has no significant affect
on results when the special spray model is used, because liquid typically does not accumulate in
the vapor region except for the case where the pressurizer drains and then refills. For this case, it
helps re-establish the liquid region, but once the liquid region is re-established, the rainout
velocity has no affect on the behavior. The recommended model options and constants were
used for the validation analyses presented in Section III.12 of the Applications Manual –
Volume 4.
The original pressure (two-region nonequilibrium) model used a single volume with two separate
regions, each of which could be at a different temperature but the same pressure. This model
does not allow for thermal stratification effects to be modeled. The multimode pressurizer
stratification model option discussed in Section III.7.5.1.2, eliminates this limitation and should
resolve the Staff concern.
The multimode pressurizer solution method has not been reviewed by the NRC. Section
IV.1 of the RETRAN-3D Applications Manual, Volume 4,[III.7-12] includes comparisons of the
multiple volume solution results with those of the single volume model. Result for both
modeling approaches are compared with each other and with experimental data. For cases where
no thermal stratification is present, the results for the two methods are essentially identical, while
there are considerable differences when thermal stratification is present as shown by the
NEPTUNUS experiment data comparisons. These differences are explained by the effects of
thermal stratification and move the results toward the data. These results can be used to justify
use of the multiple volume pressurizer model.
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The Applications Manual – Volume 4 results referred to above also evaluated the differences
between the implicit and explicit solution schemes. Analysis results demonstrate that the two
solutions schemes give nearly identical results.
The pressurizer level is based on the liquid region mass inventory within the vessel which is
treated as a right circular cylinder.
The pressurizer validation analyses included in the Applications Manual can be used to justify
use of the multinode pressurizer model (accounts for thermal stratification) in submittals to the
NRC where the model is used.
1.4

Accumulator

The original RETRAN-3D accumulator model used a polytropic gas expansion model. It has
been replaced by a two-region nonequilibrium model that accounts for heat transfer to the vessel
wall and liquid region interface. It provides a more accurate representation of an accumulator
regardless of the duration of the ECCS discharge. During the NRC Staff review of RETRAN3D, the accumulator model was not reviewed due to a lack of validation analyses. Three LOFT
experiments (two large break LOCA and one small break LOCA) and one Semiscale large break
LOCA have been analyzed using the new accumulator model. Comparisons of the results with
the experimental data are excellent and are included in Section III.11.0 of the Application
Manual – Volume 4. They include short term (nearly isentropic) data and long longer term data
where heat transfer effects are significant. These validation analyses can be used to justify use of
the model in submittals to the NRC where the model is used.
1.5

Centrifugal Pump

The performance of centrifugal pumps is based on steady-state pump performance data for
single-phase conditions that is cast into homologous form. These performance curves are used to
determine the pump head as a function of flow and pump speed. They do not account for any
two-phase pump degradation, which isn’t an issue for most Chapter 15 transient analyses. In the
event that two-phase conditions are encountered, two-phase degradation curves are required.
Available data is from a Semiscale pump (See Volume 1 Section VI.1.1.2.1). Use of this and
any other two-phase degradation data will require evaluation and justification. Note that the
presence of noncondensible gas can lead to cavitation and degradation of the pump performance.
1.6

Jet Pump

The jet pump model is based on a simple two stream momentum mixing model for forward flow.
Strictly speaking, the model violates some assumptions made as part of the development when
one or both of the flow paths reverse. Even so, these flows are reasonable and agree with
data.[VII.1-3] It should be noted that the value of the reverse flow loss coefficient employed in
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the suction junctions has a significant effect on the calculated behavior during a flow reversal.
All of the irreversible losses associated with the flow turning around in the diffuser and nozzle
section of the pump become embodied in the reverse loss coefficient attached to the pump
suction. The flow pattern in this situation is extremely complex and the losses are undoubtedly
considerably larger than the ordinary expansion loss associated with this flow path.
Comparisons with experimental data [VII.1-3] indicate that the appropriate value of the suction
junction reverse flow loss coefficient should be on the order of 5.0.
1.7

Control Systems

The RETRAN-3D control system solution is independent of the input order since the governing
equations are solved as coupled set of equations. A Gauss-Seidel iterative solution is used to
solve the equations. If strong feedback loops are present in the model, the Gauss-Seidel method
may not converge. See Section III.7.10 for actions to mitigate this limitation.
RETRAN-3D also has an option to solve the control system using a method similar to the on
employed in RETRAN-02. The sequential nature of the solution impacts the way in which the
control systems function. Control blocks are processed in the order of their respective input card
numbers. To ensure that the calculations are internally consistent, those blocks that produce
signals used as input to other blocks should be processed before the blocks that use them.
Another precaution regarding controller specifications is that several of the blocks (DLY, INT,
LAG, LLG, STF, and VLM) require their initial conditions to be defined in the input. All other
blocks are capable of computing initial conditions from other input data; however, the input
initial conditions will be used for initial values of fills, valves, heat exchangers, etc., that are
controlled during steady-state initialization. Consequently, it is important that these values be
specified correctly.
1.8

Trips

Trip events are processed sequentially, in ascending order by input card number. This procedure
can affect the sequencing of indirect and coincidence trips since they accept other trips' input
variables. This means that the trip card numbers should be sequenced so that they are processed
after their respective input variables.
1.9

Generalized Transport

An upwind of donor method is used to define the convective quantities for first order numerical
solution scheme used for the generalized transport model. As a result, the model is subject to
numerical diffusion, which allows material (boron) to be transported faster than the fluid
velocity. Numerical diffusion also causes the amplitude to be damped.
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Two conditions related to use of the general transport model were included in the RETRAN-3D
SER. They are repeated below.
3.

A boron transport model is unavailable. User input models will have to be
reviewed on an individual basis.

Staff position: As noted previously in the report (RETRAN-3D SER), boron
transport is handled as a “contaminant” by the “general transport model”. This
model uses first order accurate upwind difference scheme with an implicit
temporal differencing. This approach is well known for being highly diffusive,
especially if the Courant limit is exceeded. Since RETRAN-3D has the same
model as RETRAN-02 MOD003 and subsequent versions that have been
approved for use, the RETRAN-3D model is also approved with the caveat that
the potential to produce misleading results with this scheme necessitates careful
review of the results for any case where boron transport/dilution is important.
34.

Transients where boron injection is important, such as steamline break will
require separate justification for the user-specified boron transport model.

Staff position: The generalized transport model was added to RETRAN-3D to
provide the capability to track materials such as boron. Specific application of the
model to steam line break transients must be justified by the user. The model is
approved for use as given in condition (3).
Recognizing the numerical diffusion is present; users must evaluate its effect or take actions to
mitigate its effect. One approach is to include conservative delays in the impurity (boron)
injection. Another approach would be to review the concentrations in the volumes/junctions in
the injection path to the core and determine if damping is significant and the front propagation is
too fast. If they are, it might be possible to change the time step during the injection phase so it
is approximately equal to 80% to 90% of the Courant value, which should minimize the
numerical diffusion effects. This minimizes the effects of numerical diffusion.
1.10

One-Dimensional Kinetics

For the one-dimensional kinetics model, control rods must move as a single bank. Relative
movement between control rod banks cannot be modeled.
The one-dimensional kinetics model can be applied only to a single-average channel. In other
words, feedback effects from parallel core channels (i.e., bypass or hot channel) cannot be
directly accounted for.
The cross-section model does not contain provisions to account for the presence of xenox or
boron. Generally, the presence of these poisons is modeled with the control system for the point
kinetics option by adding their reactivity worth to the calculation. However, with one-
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dimensional kinetics, their presence has to be accounted for through the cross sections and
currently cannot be done.
The final point that should be addressed is the shape function calculation. The one-dimensional
kinetics solution method allows the amplitude (power magnitude) function and the flux shape to
be computed at different intervals. The amplitude function is computed every time step,
however, the shape function may not require an update that often. Consequently, the user
defines how often the shape junction is to be computed on the time-step card. There is not an
algorithm to automatically determine when the flux shape should be updated. This requires
some guessing or prior experience on the user's part to select the update frequency. Increased
running time is the penalty paid for performing a flux shape calculation too often, but with faster
computers that continue to be produced, the penalty for using frequent (even every time step)
shape updates is negligible.
1.11

Metal-Water Reaction

The NRC Safety Evaluation Report (SER) issued for RETRAN-3D[III.9-5] raised a concern that
the metal water reaction model is for slab geometry. It is expected that most models would not
use the metal water reaction option or it they do, the reaction rates would be negligible.
5.

The metal-water heat generation model is for slab geometry. The reaction rate is
therefore underpredicted for cylindrical cladding. Justification will have to be
provided for specific analyses.

Staff position: The basic models in RETRAN-3D are unchanged and, therefore,
this condition of use applies. However, since RETRAN-3D is not being reviewed
for Loss of Coolant Accident analysis, where core uncovery and heatup are
significant, this condition does not occur in the transients for which application of
RETRAN-3D has been reviewed.
RETRAN-3D is not used for large break LOCA analyses where the metal-water reaction is
important. The Staff concern needs to be addressed if the metal-water reaction model is used
and it generates any significant reaction (heat).
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VIII
STATE-STEADY INITIALIZATION

RETRAN-3D includes a steady-state solver for the fluid flow balance equations that is similar to
the solver for the transient balance equations. Both solution methods are configured to solve the
particular set of balance equations specified by the user’s input model. The steady-state solver
provides accurate and consistent initial conditions for the problem. Using these initial
conditions, the transient equations can be solved and the solution will reproduce the steady-state
solution. If no forcing function is applied, the transient solution can be advanced for a few or
many time step advancements and the results will continue to reproduce the steady-state solution
(there may be some minor differences due to round-off and truncation error).
1.0

INTRODUCTION

The RETRAN-3D steady-state initialization procedure relies on the mixture continuity equation
to propagate flows around the system. This requires that only a few mass flow rates are
specified, particularly those that define flow splits at branches, allowing unknown flows to be
satisfied using the mass continuity equation for each volume. These flows remained constant for
the duration of the steady-state solution.
Additionally, the steady-state initialization procedure solves the steady-state momentum and
energy equations, plus any of the optional balance equation extensions such as slip (dynamic or
algebraic), vapor continuity and noncondensible gas continuity balance equations requested in
the input model description. The balance equations represent a coupled set of nonlinear balance
equations that are solved iteratively.
By solving for the steady-state initial conditions using the steady-state form of the governing
balance equations, the user is relieved of specifying a large amount of initial condition input data
that is required for codes that us the transient solution scheme to obtain steady-state, e.g.,
RELAP5. Required input is limited to a flow for any branch or loop, a single pressure for each
independent hydraulic network, and a single enthalpy for each hydraulic network. All other
flows, pressures and enthalpies are determined by the steady-state solver. If other balance
equations are activated, they don’t require any initial conditions to be specified, with the
exception of the noncondensible continuity equation which requires that the noncondensible
mass fraction be specified for one volume in each hydraulic network.
The remainder of this section is devoted to discussing the initialization procedure in general
terms and providing suggestions on using it. Details of the initialization procedure are presented
in the RETRAN-3D Theory and Numerics Manual - Volume 1.
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2.0

INPUT REQUIREMENTS AND PRECAUTIONS

As noted in the discussion above, RETRAN-3D is initialized employing the assumption that
initial mass flow rates are known. Since by definition mass continuity exists at steady state,
values for flow rates need to be specified at only a limited number of locations. The number
required depends on the number of branches in the system. A branch will be defined for the
purposes of this discussion as a control volume containing multiple junctions. At a branch
having N junctions, N-1 flow values must be defined by the user for the code to establish the
flow distribution. If there are no branches in the system, then the flow rate needs to be defined at
only one location.
If a model contains fill junctions, the fill junction flow rate initial conditions that may be
specified using either 08XXXY junction data cards or the 232XXX junction initial condition
data cards are ignored and the initial value of the fill flow is determined by the corresponding fill
model. To have a nonzero flow then requires that a trip activate the flow for time zero (steady
state) and the appropriate fill table or control system define the nonzero fill flow rate. Note that
some fills define the fill mass flux, which then requires that it be multiplied by the junction area
to obtain the mass flow rate. If the junction contains a valve, it also must be open (area > zero)
which may require a trip action for time zero.
Care must be taken to ensure that the fill flow rates are consistent with other flow specifications
in the model. Occasionally, the calculated fill flows will be different than specified flows in the
last few significant figures. These differences can lead to convergence errors if the differences
are large enough that they do not satisfy the mixture continuity equation convergence criteria. If
they fail, it may be necessary so adjust (add more significant figures) to the fill model
specification or to the specified flow initial conditions.
After using the mixture continuity equations to determine the junction flows, all unknown
pressures are approximated as being equal to the nearest defined pressure. Estimates of the heat
sources are then applied to the input enthalpy to estimate the volume enthalpies. Given the
estimates of the volume pressures and enthalpies, the pressure-enthalpy equation of state is called
to obtain estimates for the fluid properties for each volume. This provides an initial estimate of
the fluid conditions, and pressure and enthalpy that can be used as the zero iterate starting values
for the iterative solution scheme.
The coupled set of governing steady-state balance equations are solved iteratively. Volume
pressures are determined from the mixture momentum or flow equation and volume enthalpies
from the mixture energy equation. If slip is active, the slip equation is used to define the slip
velocity for two-phase junctions. The volume vapor mass fraction is determined from the vapor
continuity equation and the volume noncondensible mass fraction is determined from the
noncondensible continuity equation. The enthalpy and quality unknowns map directly to the
corresponding control volume for the continuity equation. The same is not true for the volume
pressure which is determined from the mixture momentum or flow equation, which contains both
the upstream and downstream pressures.
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While the momentum equations are generally used to determine one of the adjacent volume
pressures, there are special instances where it is used to determine a loss coefficient to balance
the pressure drop in a parallel flow path or loop. These junctions will be specified in the user’s
input model and the junction loss coefficient will be the unknown for the specified junction.
It is then necessary to determine which volume pressure will computed using a given junction
momentum or flow equation, if they have not been defined by input. To determine which
pressure is associated with a given junction, the code starts at the first junction for which an
adjacent volume pressure is defined, either as an initial condition or computed via another
momentum equation. Once a defined pressure is found and the adjacent volume pressure is
unknown, unknown pressure is associated with the junction momentum equation as its unknown.
By repetitively searching through all system junctions, the code makes unknown pressure
associations for unused junctions. During this searching process, a search path is terminated
when a junction with the loss coefficient assigned as the unknown is encountered.
Two potential input errors for steady-state initialization are associated with this process of
associating junction momentum equations with unknown pressures. One is under-specification
of the initial conditions used to define the initial state. This means that there are too few initial
conditions or the wrong combination of calculated form losses and pressure initial conditions.
Over-specification of the initial conditions is another related error. It means too many pressure
initial conditions have been specified in the input model. Typically this occurs because there is a
loop or parallel path where a loss coefficient needs to be calculated (user input).
Both under specification and over specification will be detected by the code during input
processing. If an under specification error is detected, the extra (unused) momentum equations
are indicated in an error message and the code continues to the steady-state solver. The unused
junction momentum equations are flagged so they will be neglected in the matrix solver. This
can lead to other errors where the momentum equation fails to converge. If an over specified
condition id detected, the code writes an error message indicating the error and then terminates
the steady-state solution.
The volume pressures and enthalpies are obtained by solving the system of coupled momentum
and energy equations. If other optional balance equations are activated in the input model, their
associated unknowns are also determined as part of the solution. The details of the solution
scheme are given in the Theory and Numerics Manual – Volume 1.
Volumes that are stagnant at time zero are treated separately even though they may be connected
to a flowing network. An enthalpy may be input for each stagnant volume. However, if an
enthalpy is not supplied, the enthalpy will be donated from one of the volumes to which it is
connected provided the area of the connecting junction is greater than zero.
The final step of the iteration procedure is to search for convergence of the mixture momentum
and mixture energy equations (and any other balance equations activated by the user’s input
model) by evaluating their time derivatives. For a true steady-state condition, they will all equal
zero. In practice they are taken to be zero once they become approximately zero as indicated by
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the user-supplied (or default) convergence criteria. Once this occurs, a steady-state solution is
assumed to have been achieved.
3.0

TROUBLESHOOTING INITIALIZATION FAILURES

The context of steady-state initialization failures provides clues as to the cause of the problem,
which helps to identify if the failure is related to the mass continuity equation and the flow initial
conditions; if it is related to the mixture momentum equation and the pressure initial conditions
(and calculated loss coefficients), or if it is related to the mixture energy and the specified
enthalpy initial conditions.
The JJST parameter on the 01000Y problem description data card can be used to activate a
steady-state debug output edit that contains computed primary output variables for both volumes
and junctions. By turning the debug edit on about 10 iterations prior to the final steady-state
iteration key information will be available to users that will aid them in identifying what is
changing from one iteration to the next. This may aid in diagnosing the problem.
3.1

Mass Flow Convergence Errors

These failures are the easiest to identify and result from the following conditions:




3.2

inconsistent flow specifications in the 08XXXY junction input data cards or 232XXX
junction initial condition data cards, and
incorrect fill flow rates. The fill tables may be specified in terms of mass or volumetric
fluxes, which mean that their values must be accurately reconciled with the junction flow
area to guarantee correct values of mass flow rate. This may also involve examining trip
and valve logic.
Momentum Equation Convergence Errors

Difficulties in the momentum balance can be more complex than with the mass balance. At least
there are more ways that it can fail. Some of the problems discussed below were mentioned in
the introductory section but will be repeated here for completeness.
3.2.1

Under-Specified System

A common user error encountered during steady-state initialization is under-specification of the
initial conditions used to define the volume pressure distribution. This means that there are too
few initial conditions or the wrong combination of calculated form losses and pressure initial
conditions. This error can be caused by having too many loss coefficients determined by steadystate (user requested), or there are not enough pressure initial conditions defined. One correction
might be to remove one or more of the computed loss coefficients, while another might be to
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specify additional pressure initial conditions. This requires the user to examine the associated
parallel flow paths and flow loops to evaluate the necessary change.
When the error is encountered, problem execution will terminate and an error message will be
printed indicating the location of the problem
3.2.2

Over-Specified System

An over-specification of initial conditions is another potential user error. It means too many
pressure initial conditions have been specified in the input model. Typically this occurs because
there is a loop or parallel path where a loss coefficient needs to be calculated (user request), but
it is not flagged as a junction where the loss coefficient is to be determined by steady-state
initialization. It is also possible that there are too many pressures specified, in which case one or
more can be removed to eliminate the over specification.
Over-specified initial condition errors are detected by the code and an error message is printed,
but the code continues with steady-state initialization. This may lead to an acceleration pressure
convergence error, which is discussed in the following section.
3.2.3

Acceleration Pressure Convergence Error

If an initial condition over-specification is present, steady-state initialization will run, but it may
not converge. The junction whose acceleration pressure fails to converge will identify the
segment where a loss coefficient needs to be computed. This will require that a junction be
identified where the loss coefficient is to be computed. The junction loss coefficient to be
computed is identified via the junction initial condition specification data card 232XXX or the
junction data card 08XXXY (obsolete option).
Failure of a momentum equation to converge is not always caused by improperly specified
momentum equation input. Nonconvergence in the energy equation can cause nonconvergent
acceleration pressures. Thus, if the energy balance fails to converge and there are also
nonconvergent acceleration pressures in the same region of the model as the energy equation
nonconvergence. The pressure nonconvergence may be due to the energy equation
nonconvergence and feedback to the momentum equation due to slight changes in density.
Correcting the energy equation convergence should resolve the pressure nonconvergence.
3.2.4

Negative Loss Coefficient Error

Negative loss coefficients are not allowed in RETRAN-3D since they imply a pressure source.
The centrifugal and jet pump models are the only pressure source terms allowed in the
momentum equation. When steady-state computes a negative loss coefficient, it is because
pressure drops around the loop containing the negative loss coefficients are greater than the
pump head. For such a situation, the contribution of pumps is also worthy of attention.
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Incorrectly specifying the initial or rated values of pump characteristics can lead to negative loss
coefficient if the pump head is not large enough to compensate for elevation and friction losses.
For this situation, it is necessary to evaluate whether the pump head is adequate or are the
friction losses too large. Friction losses include both viscous losses on the wall and form losses
due to geometry changes. It may be necessary to adjust the input to increase the pump head or
decrease the friction losses. It is also possible that an error in the geometry specification could
give an elevation head that is much too large, but this should be obvious when reviewing the
pressure losses.
Negative losses can also appear in parallel flow paths where one of the parallel segments has a
lower pressure drop than the segment where the loss coefficient is computed. In this case, it will
be necessary to increase the losses in the low loss segment or reduce the losses in the segment
containing the calculated loss coefficient. Friction losses are affected by L/Dhy and form losses
are affected by the forward (or reverse if appropriate) loss coefficients in the segment.
Another region where negative losses can occur is in the separator/upper downcomer region of a
PWR steam generator or BWR. A negative loss coefficient can indicate that the hydrostatic head
driving the flow is inadequate to overcome the losses (including the hydrostatic head) in the
steam generator bundle. This may require revising the circulation ratio or increasing the level;
however, both are generally target values so trade-offs must be evaluated when making
adjustments to the initial conditions. It is also possible that some wall friction or form losses are
too large and need to be reduced.
3.3

Energy Equation Convergence Errors

Energy equation convergence errors when the amount of energy entering the volume by
convection, heat transfer of direct energy deposition in the fluid is different from the amount of
energy leaving. These convergence problems can be the most difficult to resolve because there
are more ways that a failure can occur compared to the other balance equations.
One thing that is often confusing, especially to new users, is that when an imbalance occurs the
volume where the enthalpy initial condition is specified also has an imbalance. The reason is
fairly simple and is due to the fact that the enthalpy of the fluid leaving the volume will be set to
the specified initial condition value for the volume. However, the inlet enthalpy is in error
because of the enthalpy imbalance elsewhere, leading to the error in the initial condition volume.
The enthalpy error in this volume will generally be approximately equal to the sum of the errors
for other volumes in the hydraulic system, but opposite in sign.
Three of the most common sources of energy equation convergence errors include:






nonconvergence in bubble rise volumes,
slip model nonconvergence ,
heat transfer nonconvergence, and
imbalance in the overall system energy balance.
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Energy equation convergence errors associated with bubble rise volumes are common for both
BWR and PWR models. Bubble rise volumes that contain multiple junctions can cause
difficulty with the energy equation convergence since the inlet and outlet flows are constrained
by the mass balance and the energy balance is also constrained, especially by the fact that any
flow from the vapor space contains saturated vapor. Thus, the only degree of freedom in the
local energy balance is the enthalpy of fluid leaving from the mixture region. This enthalpy
cannot be less than the value of saturated liquid. Failure to achieve an energy balance for this
situation can be due to:




insufficient energy in the inlet flow, or
an incorrect flow split.

This error and the necessary corrective action are presented in Section III.7.12.
An energy equation imbalance can occur in a control volume where the slip equation for one of
the connecting junction is not converged. This can be due to the boiling boundary moving from
one volume to the next between consecutive steady-state iterations. This causes the junction
void fraction to be zero one iteration and nonzero the next. As a result, slip goes off and on from
one iteration to the next and the energy convection changes also. Slight changes to the enthalpy
initial condition (particularly if it is in the lower plenum) can help resolve the boiling boundary
movement.
If the dynamic slip model is used and the flow regime map is used to determine the interphase
friction, the slip velocity can exhibit large changes from one steady-state iteration to the next
because of the extreme sensitivity to void fraction at high voids (annular regime). When this
occurs, the iteration sequence may not converge. One approach that can be used to correct the
problem is to specify the flow regime in the affected volume using the IFRJ parameter on the
08XXXY junction data card.
Additional information related to steady-state initialization convergence problems related to the
slip model is given in Section VIII.3.3.1.
Steam generators are modeled using multiple heat conductors and associated primary-side
control volumes to represent the tubes. Additionally, multiple control volumes may provide the
thermal and fluid property boundary conditions for the secondary side of the steam generator. In
some instances, the tube wall heat fluxes may change for one steady-state iteration to the next
and never converge. This can be caused by changes in the heat transfer regime (or mode), from
one iteration to the next. Changing initial conditions on the secondary side, or other
modifications to prevent the regime changes may help the model converge. In some situations,
post CHF heat transfer regimes may be predicted for the secondary side which can cause the heat
transfer regimes to switch and result in energy equation nonconvergence errors. A solution to
this problem is to use the IMCR parameter on the 15XXXY heat conductor data cards to force
pre-CHF heat transfer regimes to be used.
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An overall energy balance must exist between the primary and secondary sides of steam
generators and feedwater heaters. They must also remove a given amount of power. For
example, a steam generator must remove a given fraction of the total power added to the coolant
in the primary. This includes the core power, pump power and any other power added. To
insure that the correct total power is removed, the 230XXY steady-state power removal data
cards and/or the 240XXY feedwater heater data cards are used. Note that the corresponding heat
conductors for a given steam generator must be identified using the IHTXQ parameter on the
15XXXY head conductor data cards. If these overall energy balance data cards are not used, an
overall energy balance will not be attained and there may also be convergence errors. For
additional related discussion, see Section VIII.4.3.
Makeup and letdown flows effectively remove power from the RCS. If they are present,
adjustment may be required for the overall energy balance using the 230XXY steady-state power
removal data cards, specifying them as an open flow system. This may require a manual
iterative process where the makeup/letdown power removal is successively estimated because
the power removal faction must be input but it is dependent upon the letdown enthalpy.
3.3.1

Slip Related Convergence Errors

Slip related problems can occur in heated volumes where a small void fraction is computed in an
iteration, but vanishes the next. This represents the boiling boundary moving from one volume
to the next. Such boiling boundary changes can cause the slip and/or momentum and energy
equations to not converge to a steady-state solution. This will appear as nonconverged
•
•
•

slip equation acceleration,
momentum equation acceleration pressure, or
energy equation

for junctions or volumes in the vicinity of the boiling boundary.
Boiling boundary related convergence problems can occur in BWR cores with a large number of
axial nodes or in PWR steam generator bundle volume. It is less likely to occur in steam
generators because they typically use courser nodding which tends to mitigate boiling boundary
changes. The problem can be identified by activating the steady-state debug output edits by
using the JSST flag on the Problem Control and Description Data Cards 01000Y. Examine the
void fractions and slip velocities in the vicinity of the nonconverged junctions to see if the
boiling boundary is moving from one volume to the next, e.g., the void fraction is changing from
a small value to zero from one iteration to the next. If the problem is related to the boiling
boundary moving, it might be possible to slightly adjust the inlet subcooling. This problem can
occur with any of the slip models, but may occur more frequently with the algebraic models
because they predict positive slip velocities at very low void fractions and this tends to
compound the nonconvergence problem.
At high void fractions associated with froth and annular flow regimes, the dynamic slip model
(ISFLAG = 1) can have difficulty converging to a steady-state solution. This is due to the fact
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that the annular friction model (and the froth interpolation to annular) gives small values for the
interfacial friction. When this occurs, the dynamic slip equation has very little damping,
resulting in large, rapid changes in the slip velocity. As a result, the slip velocity may oscillate
from one iteration to the next. The steady-state debug edits can be used to identify this situation.
It may be necessary to set the flow regime for the offending junction(s) to the bubbly regime
using the IFRJ flag on the Junction Data Card 08XXXY.
Another common place where a slip modeling problem may lead to the steady-state solution
failing to converge, is in exit junctions for separated or bubble rise volumes. If slip is active and
the energy equation fails to converge in the bubble rise volume, it may be necessary to turn slip
off in them using the IFRJ = -99 flag on the Junction Data Card 08XXXY.
4.0

POST-INITIALIZATION REVIEW

After an initialization has been achieved, the code calculated steady-state conditions should be
reviewed to ascertain that reasonable values have been obtained.
A visual check of the initial conditions frequently identifies erroneous input. The "Data Actually
Being Used" edits and the "Time Zero" major edit provides most of the information required for
the review. Several components and models have one or more parameters computed in the
initialization process. All computed or adjusted information is included in the "Data Actually
Being Used" edits. The parameters computed and/or adjusted are described below.
For the other models, the user input is used and is not adjusted. For the most part, if the input for
these models is incorrect, it will be flagged as an error or will cause unreasonable values for
some of the computed parameters. However, Section VIII.4.7 identifies areas that may not show
up as obvious problems in the initialization but will be manifested later in the transient.
4.1

Volume Data

Pressures, enthalpies, and void fractions (for two-phase volumes) should be examined for all
volumes. It is unlikely that an initialization will be achieved with unrealistic values of these
variables. However, unreasonable values could be produced if incorrect values were used for
some input parameters, as for example, a junction loss coefficient. The void fraction is affected
by the slip model if it is active. Consequently, a poor or anomalous void distribution is likely
due to the slip model.
Phasic temperatures should also be examined when the five-equation model is active. The vapor
temperature will always be the saturation temperature for two-phase conditions (without
noncondensible gas present), but the liquid can be subcooled, saturated or superheated. This
temperature will affect the bulk mass transfer which will also have an effect on the void fraction.
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4.2

Junction Data

Junction pressure drops and their components presented in the time zero major edit should be
examined and any unusual results reconciled. Computed loss coefficients should also be
inspected to determine that the initialization has produced reasonable values. They should be
approximate to the geometric value if all the other associated friction and form losses are correct.
Distortions in the value of junction coefficient can be produced by errors in the junction area
specification, for example. Other junction parameters that will be calculated by the code if the
default options are chosen are junction diameter and junction inertia. The values of these
parameters should be inspected.
4.3

Conductor Data

The steady-state conduction equations are used in conjunction with the heat transfer coefficient
to provide the source term source term (Q) for the energy equation. However, for steady state
the source terms are known for core conductors and the total energy transfer rates across steam
generator conductors, but not the individual values for each steam generator conductor. They are
given by the heat transfer calculations. Consequently, the code adjusts the heat transfer surface
area A to satisfy the requirements of the relationship Q=hAΔT where Q is a known boundary
condition for steady state. The heat transfer coefficient h is computed from one of several heat
transfer coefficient correlations. The particular heat transfer coefficient correlation selection is
made using local fluid properties and wall surface temperature. The heat transfer correlations are
only approximate for a variety of reasons, including such factors as channel geometry and
entrance effects. These uncertainties/inaccuracies are accounted for in area adjustments that are
part of the overall energy balance scheme that is part of the steady-state initialization feature. It
is not unreasonable to expect area adjustments as large as 20% to 30%, although the majority of
the cases amount to 10% or less.
Core conductor heat transfer areas are adjusted individually since the internal heat source is input
for each. However, steam generators or heat exchanges are generally modeled using multiple
heat conductors bounded by primary and secondary fluid volumes. For such a modeling method,
the total power transferred from the primary-to-secondary fluid volumes is known, but the actual
distribution among the conductors is not known. In this case, an adjustment factor is computed
by ratioing the total energy transfer rate to the known (desired) energy transfer rate. This
adjustment factor is applied to all heat conductor surface areas in the steam generator.
If the heat transfer area adjustment is unacceptable and the input surface areas are correct, the
user has three options. First, the thermodynamic conditions of the adjacent fluid volumes can be
altered to either increase or decrease the ΔT. Secondly, after a review of the heat transfer
correlation used for the initialization, thermal-hydraulic or geometric parameters used in the
correlations can be changed to increase or decrease the heat transfer coefficient. Finally, it may
be possible to force a different correlation to be selected for one or more conductors by altering
thermal-hydraulic conditions or by using the free convection heat transfer correlation package
option.
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RETRAN-3D has several different options that allow the secondary-side temperature to be
adjusted to eliminate the area change. They are particularly useful for low power initialization
cases where the area adjustments may be of the order of 50% or more. These options adjust the
secondary-side pressure and thus the saturation temperature, which drives the heat transfer to the
secondary side for U-tube steam generators. These options are available with the low power
steam generator initialization option specified using JSST on the 01000Y problem description
data card and the associated 2350XY low power steam generator steady-state initialization data
card, and the off-rated power initialization procedure activated using the 23600Y general options
and primary-side parameter data card.
As alluded to earlier, the selection of the heat transfer regime (heat transfer correlation) is done
by the code based on local fluid properties and wall temperatures without any direct user control.
The user can influence the selection by altering thermodynamic, hydraulic, geometric input, or
by allowing the code to select from a set of optional free convection correlations. The details of
the selection process are in the Theory and Numerics Manual – Volume 1. The heat transfer
correlations are empirical and were developed from steady-state experimental data. In some
instances, the correlations may be applied to situations outside the geometric or hydraulic range
from which they were developed due to lack of better information. Review of the correlations
selected by RETRAN-3D has to be done on a case-by-case basis and at best is highly
judgmental. If another heat transfer correlation, other than what is selected or available in
RETRAN is desired, the control system can be used to specify a surface heat transfer coefficient.
4.4

Core Heat Source Data

When one-dimensional kinetics is used, the core axial power distribution is a dependent variable
of the initialization. The outcome of the power distribution cannot be manipulated by changes in
input data, other than the cross-sections used by the one-dimensional model. The core conductor
data actually being used are only edited if the one-dimensional kinetics option is used.
4.5

Bubble Rise Data

The bubble density gradient and bubble rise velocity can be adjusted by the initialization process
to satisfy the local continuity and energy balances for the model.
The two most common bubble rise volume steady-state initialization problems are; 1) failure to
obtain a volume energy balance and 2) the bubble rise velocity adjustment is unacceptable. Both
also apply to two-region nonequilibrium volume. These problems are discussed separately
below. The computed bubble velocity values determined by the code should be examined.
4.5.1

Steady-State Volume Energy Balance Failure

A BRM energy balance problem will manifest itself by the steady-state solution for the energy
equation being unable to reach convergence. The method used to obtain a volume energy
balance is to solve for the enthalpy of the junctions exiting below the mixture level. As long as
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the predicted junction enthalpy value is above that of saturated liquid, there should be no
problems with steady-state initialization. However, if the predicted junction enthalpy is below
that for saturated liquid, the junction enthalpy is limited to the saturated liquid value. This
causes an energy imbalance to occur. The junction enthalpy is limited since no subcooled liquid
exists in separated bubble rise volume. Remember that it is assumed that both liquid and vapor
exist at saturation temperature. This is also true even if a two-region nonequilibrium volume is
used since it will be initialized to equilibrium conditions for steady state.
Another way to view this is that the vapor flow into the volume must be greater than or equal to
the steam flow from the vapor region. If not, an energy imbalance will occur. To solve an
energy imbalance in a volume using the BRM, either the steam flow out must be reduced by
redistributing the flows out of the volume, or the enthalpy in the region leading to the bubble rise
volume must be increased to increase the steam flow in. One way to increase the inlet enthalpy
is to increase the reference enthalpy. Another is to increase the heat addition, but this may not be
an option for some situations, leaving the flow adjustment as the remaining alternative.
4.5.2

Unacceptable Bubble Velocity Adjustment

The bubble velocity can be adjusted by steady-state initialization to a larger or smaller value than
is desired. If the computed bubble velocity is too large, then the mixture quality must be
increased to decrease the value. If the bubble velocity is too small, the mixture quality must be
decreased. There are two options to adjust the mixture quality. First, alter the flow distribution
from the bubble rise volume. An increased flow from the steam region will decrease mixture
quality, or vice versa. The second option is to increase the vapor flow into the volume, which
will increase the mixture quality. Decreasing the vapor flow into the volume will decrease the
mixture quality. The specified enthalpy in the region leading to the bubble rise volume can be
adjusted either up or down to alter the steam flow in.
4.6

Fill Enthalpy Bias

Fill enthalpies will be adjusted or biased if the fill is defined on cards 230XXY as part of an
energy removal system. A fill enthalpy that is biased is usually a feedwater junction and is done
in order to guarantee the overall heat balance. These adjustments should be examined to
determine that the magnitude of the adjustment was reasonable. The amount of the heat can be
altered by changing feedwater and steam line flow rates or the amount of energy transferred to
the system (core and pump power are the major contributors).
4.7

Slip

The most noticeable effect that using the slip option instead of the default HEM equation set has
on steady-state initialization can be seen in the volume void fraction distributions and the
consequent liquid inventory. As the slip velocity increases, the void fraction decreases. A
dominant term in determining the magnitude of the slip velocity is the liquid-vapor interphase
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friction term. This term changes significantly with void fraction and flow regime for dynamic
slip. The algebraic slip option is not dependent on flow regime selection like the base dynamic
slip model is. A flow regime is edited for each junction but it is not used for the algebraic or
“taugl” form of the dynamic slip model. Refer to Section VI.1.1.2 for discussion of the slip
model options and associated limitations.
4.8

Miscellaneous Items Not Evaluated During Steady-State Processing

During steady-state initialization, the following features are not evaluated as indicated. The
results of the initialization should be reviewed by the user to assure that the model is constructed
and performing as intended:



Trips
Trips that are activated by any variable other than time will not be processed during
steady-state initialization. The computed results should be reviewed to assure that all
trips are in their proper state at the end of initialization.



Control Systems
Control blocks are not evaluated as part of the steady-state initialization iterative
procedure. For any steady-state iteration, the output of a control block is simply the
specified initial value provide as part of the control block description. Remember to
consider the following:

5.0

-

Initial values utilized during steady-state initialization for controlled components
such as fills, valves, nonconducting heat exchangers, etc., are obtained from the
initial condition of the control block controlling the component.

-

Initial conditions are required for some control blocks such as DLY, INT, LAG,
LLG, STF, and VLM.

NULL TRANSIENT

A null transient run is obtained by executing the transient modules of the code without
introducing a boundary condition change or other forcing function that would cause the state of
the system to change. Null transient execution will verify whether or not the steady-state
initialization is well established. It will also identify problem areas in the model, if any exist at
this stage of development.
It is useful to proceed in steps as follow:
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Execute the problem for 50 to 100 time steps. Compare all state data between time zero
and the end of the null transient to determine whether any significant changes occur.
Flows will typically remain the same out to at least the last significant figure.



If the above run holds the null transient, it is ready for transient analysis.



If a null transient is not maintained, change the problem to run 10 or 20 time steps and
activate the steady-state debug output. Note that steady-state debug edits are activated
using the JSST input variable on the problem description data Card 01000Y.



Compare the time zero results with the first time step results and subsequent time steps as
needed to identify when changes occur. Pay particular attention to the acceleration
pressures as they will indicate were a forcing function is appearing first. Also look at the
power to make sure it remains constant, at least until the changing flows cause it to also
drift.



If the power isn’t the driver, look at control system and trip output to make sure they are
not introducing the forcing function.



If the cause is still unknown, identify things that can cause the initiation of the drift
observed. Next, try to determine what is causing the initiating parameter to drift.

After confirming that a null transient has been obtained, the transient scenario can be imitated by
changing boundary conditions via trips, control systems or other modeling features.
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APPENDIX A
ENTHALPY TRANSPORT STUDY

A.1

INTRODUCTION

The objective of this analysis is to determine the effect the enthalpy transport model (ETM) has
on (steam generator) heat transfer. The ETM is an optional junction enthalpy model that relates
the difference in volume center to volume exit enthalpy due to heat addition, flow and slip
velocities. This ETM option has been typically chosen for junctions in heated regions. The
alternative or default junction enthalpy model sets the junction enthalpy to the upstream volume
enthalpy. Thus the volume center and volume exit enthalpy us the same.
The ETM has been in the RETRAN codes since their inception. When computer time was
expensive and it could cost several thousand dollars for a single run, RETRAN input models
were simplified by using courser nodalization to minimize cost. The ETM was used to
compensate for large heated volume nodes.
The RETRAN user community is generally familiar with the limitations and problems
encountered with the ETM that has caused code failures and anomalies in the enthalpy
distribution. The ETM was developed assuming a dominant flow direction. Over the years
several problems have been identified.



The ETM is based on an energy balance on the downstream half fluid volume that that
extends from the normal volume center to the junction. Since the volume center flow
(which convects energy into the half volume) is approximated, an energy balance cannot
be assured. Therefore, the solution for junction enthalpy can sometimes be larger or
smaller than the two volumes it connects. Occasionally the junction enthalpy can become
outside the water property range and cause code failure.



Frequent flow reversals can cause code failure as describe in 1 above.



The model was not developed to accommodate counter current flow situations and code
failure will occur.



Because of 1, 2 and 3, volume nodes are occasionally seen to subcool or superheat
inappropriately.
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In situations, where the remaining liquid boils dry within a volume and the volume center
is still two-phase fluid, an inappropriate heat transfer regime (selected at volume center)
is applied to the enthalpy transport “half volume” causing too much energy transfer and
inappropriately superheating the outlet junction enthalpy. This has been discussed in
RETRAN User Group Meetings and is generally referred to as the “steam generator super
heat problem”. There is a trouble report regarding this issue.

Many hours have been spent by the RETRAN users and the code developers to try and solve or
work around these problems. Several options have been put into RETRAN deactivate the ETM
as the transient progresses. Also logic has been incorporated to force the junction enthalpy back
into a reasonable range instead of making the calculation fail. However, these things are
“patches” that do not fix the ETM limitations; they just allow the RETRAN code to run past
ETM problem areas.
It should be noted that for single-phase liquid conditions such as typically encountered in
primary side for most PWR Chapter 15 transients, the ETM has caused few problems. However,
two-phase conditions where the steam generator secondary fluid depletes or primary-side small
breaks with reactor coolant pumps lost, the ETM can become a problem.
Since the ETM was originally needed and developed for course nodalization, this report
addresses the question: “Is the ETM is needed when more detailed nodalization is used?”
Certainly in the limit with extremely small volumes in heated regions, the ETM would not be
needed.
So what kind of detailed nodalization would be required to eliminate the need for the ETM
model and there problems encountered with the ETM?
In an effort to address this question, three studies were performed:
The first study is an effort to recreate the “Superheat Problem” (Item 5 above) and determine if
the ETM is needed using nodalization studies.
The second study uses a loss-of-load transient for a PWR U-tube steam generator to evaluate the
ETM and steam generator nodalization.
The third study is similar to the second, except the loss-of load transient is evaluated for a PWR
with once through steam generators (OTSGs).
A.2

DETAILS OF ANALYSIS

A.2.1 Superheat Study

In situations where the volume is heated and the transition from two-phase conditions to singlephase vapor occurs between the volume center and the outlet junction, the ETM can cause the

A-2
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

Appendix A

excess superheating at the junction outlet. This Study demonstrates this behavior, looks at the
effects of not using ETM and steam generator tube bundle nodalization.
Model Description

A model of a stand-alone U-tube steam generator was used to conduct the study. The model is
shown in Figure A.2-1. The steam generator steam dome and upper down comer are modeled as
a single volume (494). The steam generator transition cone, and the lower downcomer are each
modeled as single volumes (495 and 496 respectively). The primary-side steam generator inlet
and outlet are also modeled as a single volume (499, 497). Two regions define the steam
generator tubes and bundle. They are unnumbered on the figure because they are renumbered for
each case. The lower region consists of a single bundle volume and two tube volumes. For the
different cases each region is subdivided into equally sized portions. For example, the base
model is a 3.1 model where region 1 is equally divided into three volumes. Region 2 is a single
volume hence the name of the case 3.1. There were five separate cases for this study. The base
case is the 3.1 case; the 6.1 case has six equally divided volumes in region 1 and one in region 2;
the 12.2 case has twelve equally divided volumes in region 1 and two volumes in region 2; the
18.3 case has eighteen equally divided volumes in region 1 and three volumes in region 2; the
final case, 24.4, has twenty-four equally divided volumes in region 1 and four volumes in region
2.
The ETM assumes that half the energy addition is added linearly from the volume center to the
junction. This energy addition is based on the heat flux determined by heat transfer correlation
chosen for the volume center fluid conditions. If the transition to single-phase vapor is made
between the volume center and the junction, the assumption of a linear heat addition is
inappropriate since the heat flux would drop significantly past the transition point. Also the
vapor temperature would rise decreasing the primary-to-secondary temperature difference. For
this situation, the junction enthalpy will superheat excessively. An example of this is shown in
Figure A.2-2 that displays a steam generator junction enthalpy distribution during a time slice of
a loss-of-feedwater transient. It should be noted that this may occur at different bundle locations
and times as the steam generator coolant inventory decreases.
With The reason for this excess superheating is a problem with the heat transfer assumptions
rather than volume fluid is two-phase. When enthalpy transport is used, a model limitation
causes the superheat in the junction leaving the last two-phase volume to exceed the primary
inlet temperature. As a result, the upper nodes transfer heat from
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Figure A.2-1. Steam Generator Diagram for the Superheat Study
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the secondary back to the primary. The purpose of the study is to determine if the correct super
heating can be obtained without use of the enthalpy transport model by increasing the number of
nodes.
Model Description

A model of a stand-alone U-tube steam generator was used to conduct the study. The model is
shown in Figure A.2-1. The steam generator steam dome and upper down comer are modeled as
a single volume (494). The steam generator transition cone and the lower downcomer are each
modeled as single volumes (495 and 496 respectively). The primary-side steam generator inlet
and outlet are also modeled as a single volume (499, 497). Two regions define the steam
generator tubes and bundle. They are unnumbered on the figure because they are renumbered for
each case. The lower region consists of a single bundle volume and two tube volumes. For the
different cases each region is subdivided into equally sized portions. For example, the base
model is a 3.1 model where region 1 is equally divided into three volumes. Region 2 is a single
volume hence the name of the case 3.1. There were five separate cases for this study. The base
case is the 3.1 case; the 6.1 case has six equally divided volumes in Region 1 and one in Region
2; the 12.2 case has 12 equally divided volumes in Region 1 and two volumes in Region 2; the
18.3 case has 18 equally divided volumes in Region 1 and three volumes in Region 2; the final
case, 24.4, has 24 equally divided volumes in Region 1 and four volumes in Region 2.
Study Procedure

The five cases mentioned above are used to analyze the same transients. The transient simulated
is a rapid loss of feedwater. The feed flow is the boundary condition for the transient. The feed
flow is modeled by a fill controlled by a control system. Junction 450 is the fill for the feed
flow. Three different feed flows are used in each of the cases. The initial feed flow is at 1037.24
lbm/sec. At 100 seconds the feed flow is changed to 100, 200, or 800 lbm/sec. Two major cases
were used for the study. Each model had the transients run with and without enthalpy transport
to determine the effect enthalpy transport has the on the results.
Results

The junction enthalpies of the elevations 70.7, 64.5, 54.3, and 44.1 feet are used for comparison
between the different cases. These elevations are chosen for the study because they are the exit
elevations in the original model. Table A.2-1 through Table A.2-3 show the results for the
different flows. Case 24.4 is the converged solution. The 24.4 case is converged because of the
small changes in the results at the upper elevations. Figure A.2-2 through Figure A.2-4
illustrates the enthalpies verses elevation for the three feed flows. These enthalpies are taken at
550 seconds into the case. The figures show that by increasing the number of nodes it is possible
the correct super heating can be obtained without the use of enthalpy transport.
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Table A.2-1
Tube Bundle Enthalpy Distribution with the
Feedwater Flow Reduced to 100 lbm/sec
Elevation
(ft)
36.8
30.6
20.4
10.2

Case 3.1
(Btu/lbm)
1325.9
1318.9
1284.7
1187.2

Case 6.1 Case 12.2 Case 18.3 Case 24.4
(Btu/lbm) (Btu/lbm) (Btu/lbm) (Btu/lbm)
1332.9
1335.3
1335.2
1335.7
1330.2
1333.4
1333.5
1334.4
1312.3
1320.3
1320.9
1324.0
1254.2
1273.5
1273.6
1284.1

Table A.2-2
Tube Bundle Enthalpy Distribution with the
Feedwater Flow Reduced to 200 lbm/sec
Elevation
(ft)
36.8
30.6
20.4
10.2

Case 3.1
(Btu/lbm)
1312.3
1306.0
1276.7
1201.7

Case 6.1 Case 12.2 Case 18.3 Case 24.4
(Btu/lbm) (Btu/lbm) (Btu/lbm) (Btu/lbm)
1318.0
1320.1
1320.4
1320.5
1315.0
1318.0
1318.4
1318.6
1297.2
1304.5
1305.5
1305.8
1248.7
1264.3
1266.1
1266.3

Table A.2-3
Tube Bundle Enthalpy Distribution with the
Feedwater Flow Reduced to 800 lbm/sec
Elevation
(ft)

Case 3.1
(Btu/lbm)

36.8
30.6
20.4
10.2

1261.2
1253.8
1223.8
1162.1

Case 6.1 Case 12.2 Case 18.3 Case 24.4
(Btu/lbm) (Btu/lbm) (Btu/lbm) (Btu/lbm)
1263.9
1257.9
1228.0
1108.0

1265.0
1259.3
1228.3
1047.3

1266.5
1261.5
1235.4
1053.7

1266.6
1261.5
1234.2
1056.9
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Figure A.2-2. Enthalpy Versus Elevation with Feedwater Flow Dropped to 8.5% Nominal
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Figure A.2-3. Enthalpy Versus Elevation with Feedwater Flow Dropped to 17.0% Nominal
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Figure A.2-4. Enthalpy Versus Elevation with Feedwater Flow Dropped to 68.2% Nominal

Figure A.2-5 illustrates the enthalpies verses elevation for the feed flow of 800 lbm/sec condition
for all cases with and without enthalpy transport on. The enthalpies are taken at 550 seconds into
the case. The figure shows that by using enthalpy transport on the primary side only, results in
lower enthalpies on the secondary side as opposed to the enthalpy that results without enthalpy
transport.
The important understanding obtained through this study is that it is possible to obtain the correct
superheated steam calculation without the use of enthalpy transport if the number of nodes used
for a model is increased.
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Figure A.2-5. Enthalpy Versus Elevation at 550 Seconds with
Feedwater Flow at 800 lbm/sec
A.2.2 U-Tube Steam Generator Study

The objective of this study is to determine if using or not using the ETM modifies the results of a
simulated loss-of-load (LOL) turbine trip RCS over-pressurization transient using a typical PWR
model. The LOL transient was chosen because it most severe RCS over-pressurization transient
and it purely a primary-to-secondary heat transfer driven event. The PWR input model chosen
for this study has multinode steam generators to better simulate the changing heat transfer as the
steam generator mass inventory depletes.
Since almost all the problems caused by the ETM are in two-phase regions, this study only looks
at using or not using the ETM on the secondary side. However, any conclusions drawn are also
probably applicable to the primary regions where the ETM is used.
It was speculated that the use of smaller nodes would make the use of the ETM less necessary.
Therefore, another aspect of this study is steam generator bundle nodalization.
Model Description

The model is a typical two-loop PWR model as shown in Figure A.2-6. . The steam generator
secondary has a lower downcomer volume, five volumes in the heated bundle region, a
combined separator/upper downcomer volume and a steam dome volume. The steam generator
tubes are divided into five volumes up and five volumes down to correspond to the five volume
bundle region. The four cases presented here are:
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Case Name
Base

Description
The ETM deactivated on the secondary side of the steam generator tubes
and the steam generator nodalization is as shown in Figure A.2-6
Same as Base with the ETM activated on the secondary side.
The Base model number of secondary bundle region and tube nodes are
doubled No ETM on the secondary side
Same as Double-Base with the ETM activated on the secondary side

Base-ETM On
Double-Base
Double-ETM On
Study Procedure

This LOL event is a complete loss-of-steam load and turbine trip initiated from full power
without a direct reactor trip, resulting in a primary fluid temperature rise and a corresponding
pressure increase in the primary system. The primary system response is driven by the steam
generator heat transfer. The LOL is initiated by decreasing both the steam flow and feedwater
flow to zero immediately after a manual turbine trip.
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Figure A.2-6. Nodalization Diagram for a Typical PWR Plant Model
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No credit is taken for automatic RCS pressure control is assumed, pressurizer sprays or PORVs,
or auxiliary feedwater.
Key initial conditions are changed from Case Base when steam generator nodalization is
changed or the ETM model is activated because of heat transfer and liquid mass inventory
changes. These key parameters are:





the initial steam generator mass,
the initial steam generator level, and
the steam generator tube heat transfer area adjustment.

Care must be taken to ensure these parameters start at the same values to determine the effect of
the ETM and/or nodalization changes have on the computed results.
To keep the calculated heat transfer areas the same, the specified steam generator pressure of the
steam generators was adjusted.
To maintain the same steam generator mass, the specified downcomer enthalpy of the
downcomer was adjusted.
The gain on the control block defining steam generator level was adjusted to get an initial value
of 44%.
Table A.2-4 displays the initial steam generator mass and level along with the specified steam
generator downcomer enthalpy and dome pressure
Table A.2-4
Steam Generator Initial Conditions

Case
Base
Base-Enth On
Double-base
Double-Enth On

Steam Generator
Mass (lbm)
9.32417E+04
9.32490E+04
9.32466E+04
9.32398E+04

Steam
Steam
Generator
Generator Press
Enthalpy
(psi)
(Btu/lbm)
844.5
499.3
844.5
504.2
844.5
500.58
844.5
503.57

Steam
Generator
Level
44%
44%
44%
44%
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Results

Key primary and secondary-side parameters used are shown in Figure A.2-7 through Figure
A.2-12. Of key interest in the LOL transient is the peak RCS pressure. As can be seen in Figure
A.2-7, the RCS pressure response is essentially identical for all four cases as is the case for the
other plotted parameters.
There are two conclusions that can be inferred from this study for U-tube steam generator
modeling.
1) When starting from the same initial conditions, use of the ETM appears to make no
difference in predicting key parameters. Therefore, the use of the ETM model on the
secondary side (and probably primary side) is not needed. This conclusion is specific to a
steam generator model that has five or more nodes in the steam generator bundle region.
2) Doubling the number of heated steam generator nodes make little difference in this case
therefore demonstrating that the Base model steam generator nodalization is adequate.
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Figure A.2-7. RCS Pressure
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Figure A.2-8. Reactor Power
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Figure A.2-9. Lower Plenum Temperature
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Figure A.2-10. Pressurizer Pressure
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Figure A.2-11. Pressurizer Water Volume
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Figure A.2-12. Steam Generator Pressure
A.2.3 OTSGs Study

The objective of this study is to determine the effect enthalpy transport has on the results of a
simulated LOL transient using a PWR model with OTSGs.
Model Description

The second model that was used for this study is a two-loop plant with OTSGs. The steam
generator heat transfer is the focus of this study. The base case for this study consists of OTSGs
that are modeled with ten volumes on the primary side and eleven volumes on the secondary
side. Figure A.2-12 shows the two-loop plant with the OTSGs. The effect enthalpy transport
has on the results are compared to the base case.
There were six cases overall for this study. The six cases are:
1.
2.
3.
4.
5.
6.

The base case with enthalpy transport on for both sides.
The base case without enthalpy transport
Double the number of nodes with enthalpy on for both sides.
Double the number of nodes without enthalpy transport.
Quadruple the number of nodes with enthalpy transport.
Quadruple the number of nodes without enthalpy transport.
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Figure A.2-13. Typical OTSG Nodalization
Study Procedure

The LOL transient was simulated for the OTSG cases. Initiating this transient was very similar
to the LOL transient from the U-tube case.
As in the U-tube case, case specific initiation was required, so key parameters are the same for
each case. These key parameters are:




calculated heat transfer areas and
steam generator mass.

Obtaining these parameters required more manipulation than the U-tube case. Along with steam
generator pressure, aspirator flow, and downcomer level had to be altered to obtain the same
values for the key parameters. The aspirator is junction 134 or 234 on OTSG. It is a
recirculation line. Table A.2-5 shows the key steam generator parameters for each case.
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Table A.2-5
Steam Generator Initial Conditions

BASE
Double-on
Double-off
Quadruple-on
Quadruple-off

Steam
Generator
Pressure (psi)
938.00
917.50
882.50
916.20
898.50

Waspirator (lbm/s)
241.3301
223.50
192.0
236.50
205.3301

Steam
Generator Mass
(lbm)
4.08260E+04
4.08551E+04
4.08997E+04
4.08415E+04
4.08464E+04

Steam
Generator Level
(ft)
22.8301
22.63
24.8
30.84
24.65

During the course of the study it became evident that the base case with enthalpy transport off
could not be used in the study. The reason for this is because with enthalpy transport the key
parameters for the steam generator could not be obtained. This is because of the orientation of
the OTSG and the nodes are too spread out to obtain the correct heat transfer without the use of
enthalpy transport.
Results

The results from these runs show that enthalpy transport and the number of volumes in a OTSG
has an effect. One effect is that the peak pressures calculated are higher than the base case. The
peak pressure of the base case is 2540 psi and the peak pressure with the other cases is 2563 psi.
Figure A.2-14 through Figure A.2-19 show all the results of the cases overlaid on the graphs.
The reason these peak pressures are different is because of the way steam generator heat transfer
is affected in the superheated region of the OTSG.
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Figure A.2-14. Reactor Power

590
Base Case, With Entran
Double SG Nodes, With Entran
Double SG Nodes, No Entran
Quadruple SG Nodes, No Entran
Quadruple SG Nodes, With Entran

Lower Plenum Temperature (Degrees F)

585
580
575
570
565
560
555
550
0

5

10

15

20

SYSTEM ELAPSED TIME

25

30

35

(SEC)

Figure A.2-15. Lower Plenum Temperature
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Figure A.2-16. RCS Pressure
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Figure A.2-17. Pressurizer Pressure

A-19
____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

40

____________________________________________________________________________
PROPRIETARY
INFORMATION - WITHHOLD UNDER 10 CFR 2.390

Appendix A
1200
Base Case, With Entran
Double SG Nodes, With Entran
Double SG Node, No Entran
Quadruple SG Nodes, No Entran
Quadruple SG Nodes, With Entran

1150

Pressurizer Liquid Volume (FT^3)

1100
1050
1000
950
900
850
800
750
700
0

5

10

15

20

SYSTEM ELAPSED TIME

25

30

35

40

(SEC)

Figure A.2-18. Pressurizer Water Volume
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Figure A.2-19. Steam Generator Pressure
A.3

SUMMARY

This study has produced some interesting results. For the superheated steam calculation, it is
observed that the correct superheated steam calculation can be reach without enthalpy transport
if the number of nodes is increased. For the five-node UTSG, the results are similar with and
without enthalpy transport. The results also don’t change significantly for increased
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nodalization. For the OTSG model, enthalpy transport required for less nodalization shows that
heat transfer is sensitive to the node size based on the temperature and pressure calculations.
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