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ABSTRACT

A direct steady-state inttialization (DSS!) method hias been developed and implemented in the RELAPS
hydrodynamic analysis program. It provides a means for users to specify a small set of initial conditions
which are then propagated through the remainder of the system The DSSI| scheme utilizes the steady-
state form of the RELAPS balance equations for nonequilibrium two-phase flow. It also employs the
RELAPS component models and constitutive model packages for wall-to-phase and interphase
momentum and heat exchange. A fully implicit solution of the linearized hydrodynamic equations is
implemented. An implicit coupling scheme is used to augment the standard steady-state heat conduction
solution for steam generator use It solves the primary-side tube region energy equations, heat
conduction equations, wall heat flux boundary conditions, and overall energy balance equation as a
coupled system of equations and improves convergence. The DSSI method for initializing RELAPS
probiems to steady-state conditions has been compared with the transient solution scheme using a suite
of test problems including; adiabatic single-phase liquid and vapor flow through channels with and without
heating and area changes, a heated two-phase test bundle representative of BWR core conditions; and a
single-loop PWR model.
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1 SUMMARY

This report documents the research and development work that has been completed as a Phase Il
SBIR project funded by the USNRC. The work has focused on developing and implementing a fully
implicit steady-state solution method for the RELAPS MOD3.1 computer code (Ref. 1). The solution
method is based on experience gained from the RELAPS testbed code that was written as part of
the Phase | SBIR development fur RELAPS (Ref. 2), and similar work for the RETRAN code (Refs. 3,
4, & 5).

Phase | of the SBIR demonstrated the feasibility of developing & steady-state initial condition solver
for single-phase conditions. A near!y implicit approach to solving two-phase situations was
proposed; however, initial attempts at implementing the nearly implicit scheme during the Phase |l
effort were not successful, and it was abandoned in favor of a fully implicit solution similar to the
method used in RETRAN-03 (Refs. 4 and 5).

The usefulness of the fully implicit solution as a general purpose steady-state initialization tool has
been demonstrated by using the Phase | test case suite and a single-phase vapor test case, an
adiabatic two-phase flow case, a model of the FRIGG experimental facility (Ref. 7), and a
demonstration PWR model. The Phase | test suite covers a range of single-phase conditions
including adiabatic and diabatic flow, and abrupt expansions and contractions. The single-phase
liquid cases demonstrate that the solution algorithms approach to the correct limit, i.e., the vapor
continuity and energy equations are not solved. Similarly, the single-phase vapor test case
demonstrates that the solution algorithms degenerate correctly, i.e., the vapor continuity and liquid
energy equations are not solved. The adiabatic two-phase flow mode! verifies the full six-equation
solution algorithms.

The FRIGG test case covers a range of conditions from subcooled liquid at the inlet to two phase at
the exit, and is typical of BWR conditions. The PWR demonstration includes both single phase and
two-phase conditions and a steam generator which utilizes a special heat transfer coupling scheme
to ensure an overall system energy balance and accelerate convergence.

The results obtained from the test case suite demonstrate that steady-state initial conditions can be
obtained rapicly. The steady-state solver has the potential of saving computer time, and more
importantly, improving the productivity of RELAPS analysts. It will allow users to initialize a mode!
and perform a transient calcuiation in a single run rather than running a null transient to obtain initial
conditions and then restarting the problem to supply transient-specific input.

The design for steady-state initialization is such that it is a separate module that has a minimum
impact on the existing coding and input models. Many of the existing RELAPS subroutines are used
in the steady-state solution without modification. Those that required modification required only
minor changes. The design presented here minimizes the impact of incorporating the steady-state
coding in RELAPS and also incorporates the steady-state solution as an option. Code users can rur
RELAPS with existing input models and options and little additional input is required to use the
steady-state initialization option.
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The work documented herein represents the compietion of Phase Il of a NRC SBIR project to
examine improved steady-state initialization algorithms for computer codes. In particular, this work
has focused on the RELAPS code. The steady-state field equations and the solution method are
presented. The constitutive, component and special process models are reviewed with respect to
any special treatment required for steady-state initialization. Special consideration for other modeis
such as control systems, trip systems, and reactor kinetics is also discussed. Finally, the
implementation of the solution scheme and the results of the demonstration analyses are presented.

The DSSI solution scheme provides a sound basis for developing a commercial software product.
However, 8 number of comparatively minor extensions and modifications will be required to produce
a viable commercial product. This additional development will be performed as a Phase l1|
commercialization effort using private funding sources. The extent of the additional development
will be dictated by the market place.
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2 STEADY-STATE INITIALIZATION

The RELAPS computer code has broad acceptance as a too! for analyzing the transient behavior of
hydrodynamic systems, particularly for applications relating to the licensing of nuclear power plants.,
An important consideration for transient analysis is the initial state from which a transient is
initiated. For most applications the initial state corresponds to a steady-state condition. While
RELAPS provides a means of specifying initial conditions, a steady-state solution consistent with the
transient solution is not available.

Many LWR transient simulations are initiated from steady-state conditions by introducing small
perturbations. It is important that these simulations begin from a true steady state so that initial
deviations from a steady-state condition do not mask the true dynamic behavior. For severe
transients like large break LOCAs, the inability to accurately specify a steady-state condition has
less of an impact on the transient response, provided the initial mass and energy inventories are
approximately correct.

The existing approach used to obtain steady-state initia! conditions for RELAPS analyses is to solve
the transient fluid flow equations, simulating a transient until a steady-state solution is obtained
(Ref. 1). This requires that long transierts be run 1o obtain steady-state conditions and special user-
defined control systems are required to drive the solution to the desired initial conditions. These
control systems are complicated and may have complex interactions with the hydrodynamic
solution. Once a steady condition is reached, the user must restart the problem, and these restarts
may require revising the nodalization and eliminating the steady-state controllers.
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3 HYDRODYNAMIC MODEL

The steady-state balance equations, initial conditions, and the methods used to solve the equations
are presented in this section. A review of the EOS, the constitutive models, the component models,
and the special process models summarizing the modifications required to implement the DSSI
solution are presented.

The RELAPS hydrodynamic model is a transient, one-dimensional, two-fiuid model for flow of some
two-phase steam-water mixtures. Two-fluid equations of motion form the basis of the
hydrodynamic model presented by Carison, et al. (Ref. 1).

The RELAPS hydrodynamic model is used as the basis of the steady-state initialization. Two
different hydrodynamic models are given in Reference 1, one model for the semi-implicit solution
method and another for the nearly implicit method. An artificial viscosity term is included in the
semi-implicit model, but not in the mode! used for the nearly implicit method. The work presented
herein uses the nearly implicit form of the model and does not include the artificial viscosity term.
This form is consistent with the nearly implicit transient solution method and ensures consistency
between the steady-state and nearly implicit transient solutions. A truly consistent approach will
allow the transient equations to be advanced in time from the initial conditions without changing the
initial conditions, provided no forcing functions are imposed on the system. This is referred to as a
null transient and is the measure of a truly consistent steady-state solution.

The following sections present the steady-state field equations that are used in the DSSI solution,
the initial condition specifications, and the fully implicit solution method.

3.1 Steady-State Field Equations

The steady-state field equations provide the basis for the DSSI solution. They are obtained from the
time-dependent field equations by setting the time derivative components to zero. When
noncondensable gases are considered, seven governing field equations are used; they are comprised
of two phasic continuity equations, two phasic energy equations, two phasic momentum equations,
and a noncondensable gas continuity equation. The primary dependent variables are the pressure
(P), the phasic specific internal energies (“n' u¢), vapor void fraction (ag), phasic velocities (vg, Vg,
and the noncondensable quality (x,). The independent variable for the one-dimensional spacial
coordinate is given by z. Incorporation of the noncondensable governing equation into the steady-
state soiution has been deferred until the Phase Il effort.

The steady-state vapor continuity equation is

1 8 ,
re @gPeVA| = g # T (3-1)
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and the steady-state liquid continuity equation is

1 9
A R a2
where
A = flow area, m?
z = spatial coordinate, m
ag = gas volume fraction (void)
Py = gas density, kg/m>
Vg = gas velocity, m/s
o, = liquid volume fraction, 1 - a,
o - liquid density, kg/m®
vy = liquid velocity, m/s
e = vapor generation rate, kg/m>-s
fe = noncondensable generation rate, kg/m°-s
M = solute generation rate, kg/m°-s

The vapor generation rate is

H -T\+ H -T
roe. 2y M :) ‘d’ T, (3-3)
h' - h'

The steady-state vapor energy equation is

- -
1 9 P ¢ h' [ hg
A oz [rgPgugveh] * A 22 [gveh] = - T HoTe - Ty)- ~ Hy Ty - Ty
he h, ho hy
1+ ¢ 1-¢
*[( 2 )h“+( 3 )hu}rw00w+7‘+rmﬂm (3-4)

and the steady-state liquid energy equation is

1 ¢ P 3 h, ‘ h
: ; P'O'U’V'A]Q ; ; IG'V'AJ = ———h‘ - H‘ ff. . To)" !;'.._.!__‘ H" (T.. T')
l.h' Lg'hv
.l1;¢]hmo{1;¢]hu}r‘+oﬂ+ T4 TH, (3-5)

5 NUREG/CR-6325



g = gas specific internal energy, J/kg

P = pressure, kg/m-s?

h* = phasic liquid enthalpy, J/kg

he = phasic gas enthalpy, J/kg

M-‘g = gas interphase heat transfer coefficient, w/m3-k
T. = saturation temperature, k

Tg = gas temperature, k

g = fluid interphase heat transfer coefficient, w/m>-k
T = fluid temperature, k

€ = enthalpy weighing coefficient

h” = gas enthalpy at saturation, J/kg

hyg = liquid enthalpy at saturation, J/kg

. = vapor generation at wall, kg/m3—s

Q,, = wall heat addition to gas, w/m>

A = wall dissipation to gas, w/m?

. . = enthalpy of noncondensables, J/kg

Uy = liquid-specific internal energy, J/kg

Q. = wall heat addition to hquid, w/m?

2 = wall dissipation to liquid, w/m?

H, = enthalpy of solute, J/kg

The enthalpy weighing coefficient is defined as follows
e= 1, >0 (3-6a)
e=-10,<0 (3-6b)

and the vapor and liquid dissipation are respectively given by

2

g " aopn'w"o (3-7a)
ER I (3-7b)
where

1“ = gas wall friction factor, s’

i = liquid wall friction factor, s

The details associated with the mass and energy transfer source terms are given by Carlson, et al.
(Ref.1).

NUREG/CR-6325 6



The form of the momentum equations used by RELAPS depends on the transient solution option
selected. An artificial viscosity term is inciuded in the model used with the semi-implicit solution. It
is included to improve the method's numerical stability. The nearly implicit solution method is uced
for the steady-state solution and the artificial viscosity terms are not included. This is consistent
with the model used for the nearly implicit transient solution,

The steady-state vapor momentum equation s

oA g A —+ apBA - opAlv, + TA N - V)

' "p#”m €vg - Covy) - agpAHgY,
- TovA + fLagopf Av, - fLaapf Ay, (3-8)

and the steady-state liquid momentum equation is

- B
v,

1 P
ZapA —L=-ah v apBA - apAly - TA N, - Y

2 az
- aPAf Covi- Cove)- apAHv, - TVA + fa apf Av, - foaapf Av, (3-9)

where

B, = body forces, m/s?

v, = interfacial velocity, m/s
fo = interphase friction, s’

c, = drift flux parameter

Co = drift flux profile parameter
Hyg = gas loss coafficient, s’

f, = wall friction coetficient

H 4 = liquid loss coefficient, s’

As defined below, the interphase velocity is defined t be equal to the appropriate phase velocity.
v =vfor >0 (3-10a)
vEveforfo<0 (3-10b)

3.2 Initial Condition Specification

The steady-state field equations are solved, using appropriate initial conditions, to obtain the steady
initial state. In order to achieve a steady-state balance, one dependent variable must be used to
balance each of the steady-state field equations. Therefore, users cannot completely specify all the

7 NUREG/CR-6325



volume state properties and system flow distribution as currently required. In fact, in the large
majority of instances, users do not know or w)uld find it difficult to accurately specify all initial
condition information. The DSSI method allovs users to pick the type and location of thermal-
hydraulic input that will remain fixed during steady-state initialization. Users can then specify the
information thet is best known and let the DESI module compute the remaining information.

For steady-state initialization, only @ minimal set of thermodynamic input and flow rates is required
when using the DSSI option. The remaining unknown values for volume pressure, phasic internal
energies, and junction flow rates are obtained by solving the appropriate steady-state balance
equations. The form of the governing balance equations that are solved and the required initial
conditions are interrelated. In fact, the desired initial condition specification will influence the form
of the balance equations that are used. Two approaches relative to the momentum equation
solution are viable. One allows the mass flow rate (or phasic velocities) to be computed from a
specified pressure drop. The other allows the mass tlow rate values to be specified and the pressure
drop to be balanced by adjusting form losses.

For most applications, the mass flow rate is the desired initial condition specification. Consequently
the RETRAN computer codes (Ref. 3, 4 and 5) and the new RELAP5 DSSI package use flow initial
conditions. It would be possible to also allow the flow to be computed from the pressure drop, but
this feature was not part of the Phase || work scope. The mass flow initial condition gives rise to
the use of the sum continuity equation rather than the liquid continuity eguation.

3.2.1 Junction Flow Rates

The sum continuity equation is used to ensure that a mass flow balance exists in the system.
Currently RELAPS users must input the mass flow rates throughout the system. This is also allowed
in the DSSI scheme; however, the sum continuity equation is evaluated for each volume to detect
any initial flow imbalances that may exist prior to continuing the steady-state solution. Optionally,
users are able to specify a minimal number of mass flow rates and then allow the code to propagate
those flow rates around the rest of the system. In this instance, only a single flow rate needs to be
input in a pipe component and the sum continuity equation is used to propagatc it through the rest
of the pipe. The flow rates at all flow splits must be input. In all cases, if a flow imbalance is
found, an error message is written and the run is terminated.

As a minimum, the sum continuity equation will be used to propagate unspecified junction flow
rates and check the continuity balance in each fluid volume. The input requirement will be minimal
in that only one junction flow rate is required for each simple pipe geometry and flow rates at
branches must be defined (such as tees, manifolds or other complex geometries). Since the
continuity equation is used only to propagate input flow values through the system, it can be solved
separately from the other equations.

3.2.2 Volume Pressure and Junction Loss Coefficients

The steady-state sum momentum balance is obtained by summing Equations 2-8 and 3-9. Itis
satisfied by computing either the upstream or downstream volume pressure or the junction form

NUREG/CR-6325 8



loss coefficient. Users seiect the junctions where loss coefficients are computed, and the control
volumes where pressures are supplied as initial conditions through input data. Based on this input,
the steady-state logic will determine whether the sum momentum equation is used to solve a
junction loss coefficient, or upstream or downstream volume pressure.

Logic is included in the initial condition processing routine to determine the unknown parameter
associated with each sum momentum equation. The logic also insures that the initial condition
specifications adequately specify a unique steady-state condition. Both the sum and difference
momentum equations are written in general form that is vald for any of the three possible
unknowns.

3.2.3 Phasic Internal Energy

The steady-state phasic energy equations are used to solve for the liquid and gas internal energy.
Users specify the internal energy in any single-phase volume within a flow network and the phasic
energy equations are used to compute the fluid internal energy distribution in the fluid volumes
around the rest of the flow network. In some situations such as simple pipe flow, an inlet flow
boundary conditions will determine the fluid energy initial condition.

3.2.4 Vapor Void Fraction

I two-phase volumes, the vapor void fraction is required to define the initial thermodynamic state.
The phasic internal energies determine the extent of any temperature differences between the
phases. All three parameters (uy, Ug: and Gn) must be supplied where a user wants to define a
two-phase initial state.

3.2.5 Initial Volume State Properties With Noncondensables

For normal LWR operating conditions, noncondensable gases should not be flowing through the
system. Noncondensables will exist in isolated stagnant areas such as the accumulator or other
volumes that will not be an integral part of the initialization process. Therefore, it is not necessary
to consider noncondensable gases in the steady-state initialization process for most problems and
they have not been considered in the Phase || work,

3.2.6 Required User Input

RELAPS users must now input the thermodynamic conditions for all components along with the
geometric description information input deck. These conditions are also required for the DSSI for
three reasons. First, it is necessary that the steady-state initialization option use existing input
models without major revisions. Second, the current input thermodynamic condition specifications
provide initial estimates of the thermodynamic states that are used to start the steady-state iteration
scheme. These initial guesses need not be very accurate and users can easily provide these initial
estimates. Third, if the existing input requirements were revised, a significant effort to revise the
input coding would be required. Given that the base RELAPS input requirements remain unchanged,
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only a small amount of additional input data is required. This additional data is used to specify
initial conditions for the DSSI option.

The pressure distribution around the system is determined from the steady-state solution of the sum
momentum equaticn. Users have the choice of using a mix of volume pressure initial conditions.
There i a unigue number of initial conditions that must be specified since one unknown parameter
must be available to balance each sum momentum equation. |f insufficient initial conaitions are
specified, the system of equations is under specified and if too many initial conditions are supplied,
the system is over specified. As an example of the type of input required, consider a RELAPS
model of a straight pipe made up of several consecutive volumes and junctions. At one extreme, a
user can specify the pressure in all the fluid volumes and have the code compute the form loss
coefficients for all junctions. At the other extreme, only one volume pressure is specified, all but
one junction loss coefficient is fixed and the remaining volume pressures are computed. The user
can specify a mix of volume pressures and loss coefficients as long as there is a fixed loss
coefficient for each unknown pressure or vice versa. This simple example illustrates how the user
can choose to specify the best known initial conditions and allow the DSSI module to compute the
rest.

The system energy distribution is determined from the solution of the phasic energy equations.
Users must specify the internal energy in a given volume within a flow network. The internal
energies for the remainder of the fluid volumes are obtained from the solution of the erergy
equations. As an example, consider a RELAP5S model of a PWR. To initialize the primary side 7luid
volumes, the internal energy must be specified in & single volume such as a hot leg volume, a cold
leg volume, lower pienum, or any primary volume. Since the primary and secondary sides are not
connected by flow paths, the secondary cannot be initialized unless the internal energy in a single
volume is also fixed. In addition, the internal energy must be supplied for any stagnant branches
(no initial flow) off of the flowing networks. A typical PWR systern mode! will require a volume
internal energy specification on the primary loop, the seconcary side and in any stagnant nodes.

3.3 Implicit Solution Method

Experience obtained while developing steady-state solution schemes for other transient thermal-
hydraulic analysis codes (Refs. 3, 4, and 5), indicates that implicit techniques have much better
convergence characteristics than explicit techniques. This finding was also confirmed during the
initial phase of this work. The companion Phase | work (Ref. 2) utilized a two-step procedure where
the sum and difference momentum equations comprised a coupled system of equations written in
terms of the node pressure and junction vapor velocities. The phasic energy and continuity
equations were solved in a manner that was similar to the nearly implicit transient solution (Ref. 1).
Each of the separate system equations for the continuity and energy equations were written in terms
of the new iterate velocities. These velocities were obtained from the solution of the momentum
equations and mixture continuity equation. These separate systems of equations were not coupled
to each other, resulting in several smaller systems of equations to solve.

The two-step iteration scheme used in Phase | was patterned after the nearly implicit transient
scheme. It made use of the simplifications that increase numerical efficiency and reduce
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computaticnal effort. The nearly implicit solution method solves the sum and difference momentum
equations as a coupled system of 2n equations (n = number of junctions). However, the giobal
system of equations initially contains 2n+m unknowns {(m = number of control volumes). A locally
coupled set of continuity and energy equations was written for each control volume. The
intermediate solution for these equation sets gives a relationship for the control volume pressure in
terms of the associated phasic velocities. These relationships were substituted into the 2n coupled
equations to eliminate the pressure dependency. Once this was accomplished, the velocities were
obtained by using a direct solution method.

The next step evaluated the pressures and the intermediate or "tilde" level values for the phasic
energies and densities. They were then used to evaluate "tilde” level mass and energy transfer rate
source terms that were used in the final evaluation of the mass and energy eqguations.

In the final step, the mass and energy equations for each phase were cast in separate, but similar,
systems of equations. The coefficient matrices for the mass and energy eguations were identical
but the solution vectors and right-hand sides were different. Thus, only one matrix of order m
needed to be inverted for each phase. After the inverse was obtained, it was used to obtain the
solution for both the mass and energy equations. This significantly reduced the CPU time since only
two order m matrices were inverted rather than one order 5m matrix.

The Phase | work was for single-phase conditions and the two-step method converged rapidly.
However, as the method was applied to two-phase conditions during the early stage of the Phase ||
work, it was found to be nonconvergent. The problem was related to the lack of coupling between
the vapor continuity equation and the other governing equations. To assure a successful outcome
for the Phase |l work, the nearly implicit method was abandoned in favor of a fully implicit solution
scheme.

A fully implicit solution method accounts for the coupiing that exists between the momentum,
continuity and energy equations. As a result, the fully implicit solution utilizes a large coupled
system of equations that are solved iteratively. The complete system of governing equations is
comprised of 2n + 4m coupled equations. It can be reduced to a system of 2n + 3m equations by
substituting the sum (or mixture) continuity equation into the other equations.

The steady-state solution employs an iterative procedure, where the iterative loop is analogous to
the time advancement loop in the transient solution. The starting point (or zeroth iterate) for the
iterative solution is given by the initial condition specifications that are supplied with the base
RELAPS mode!.

Each of the governing steady-state fiuid flow equations is given below. The method used to solve

the coupled system of equations is then presented. The sum momentum equation is obtained by
adding Equations 3-8 and 3-9 and dividing by the area. The resulting equation is
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E avy ap aP

9 t
AP, =~ * = QA =~ F = O, -, — + & pB + apB, -apf v
2 0 5 2 "' & ® 3z ' az e et e

~aPlv - T Vg - vy -agpH v, - apH v, - Fac¥e = T3¥y (3-11)
The difference momentum equation is obtained by subtracting Equation 3-9 from Equation 3-8 after

dividing the vapor momentum Equation 3-8 by ap, . and the fluid momentum Equation 3-8 by ap,.
The resulting equation is

2 2 \
a.p v a ov 1
i __9__!] b, R (.ﬁ} s, A (_1_ L LA [(1 - ) * aof,p -;;glp,)]fm‘v‘l
2 ap,) 9z 2 |ap) Az Py Py) o2
. Pl v - vy
[0 - )¢ afi 1 - ofpg] Ty - BF, Byvg - Covy) + ——2—=
| LR
' P, r.v rv
> S_QE_! HQVO + [_'_E’.l H,v, - e, PO (3-12)
%gPy oy APy APy
where the reiationships
sagpfo = apfy (3-13a)
and
=1=F (3-13b)

have been substituted.

The spatial noding and integration of the field equations are discussed by Carison, et al. (Ref. 1).
They note that the equations are developed for slowly changing areas (stream tube approach).
However, special models are included to compensate for the effects of abrupt area changes,
choking, and special flow patterns. The mass and energy equations are integrated from 2102,
defining volume boundaries. The momentum equations are integrated from volume (node) center to
volume center. Figure 3-1 illustrates the spatial noding and integration regions for the balance
equations.
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Figure 3.1 Mass, energy, and momentum cell noding

The same spatial integration is used to obtain the steady-state balance equations. The gradient of
the phasic velocity squared terms is integrated from the center of the upstream node to the center of
the downstream node. The general form is

2
1 2, WV, LB @ 2
= ks B W -V (3-14)
2 Ja, az 2 Maw - Vax]

where the a subscript can be replaced with the vapor and liquid designations g and f, respectively.
The K and L subscripts indicate that the velocities are volume average quantities located at the

volume node centers, or momentum node boundaries.

The integral form for the steady-state sum momentum equation is

Fam = [05P5), T A%, + BgPg) Mgy * Thx; ¢ Toclx| vy, + ';' BoPs), Vot - Vo

+ [(u,p,), f‘” Ax, + p,p,), H._' . I"oAx, + I"Ax,] Ve

1 2 2
¢ > @ Py) ["u : Vf.K] “Pu-P )t eBAX; =0 (3-16)

13 NUREG/CR-6325



The integral form for the difference momentum equation is

[ r.ax, |
de - [(1 i 'l’ o ah x (‘ p,lp° ]fMJAX + (-a—'—?l] e - ijs;CoAx) . p‘rfoJ‘ "l *J v
\ P/, Fapoafpv)J f“fpf)‘

o] ap
" ';' [_ﬁ] [Vvi g VtzK]' [(’ )+ agf (- pglp,)] Bx, + (_&_g__g] Hei
j

. o
r Ax r Ax | a.p, P, - P
*D‘F”CAX S p]ﬁolb + ncd i vgl,l _..?_p.!) :L'V:K]*[_L"'-'] PL.PK):O
BgPgBPy)  (OgPg) 2 (agpy), PgPr
(3-16)
where
fy = a weighing constant, 0 < f, < 1

which is determined by the form of the friction model. The over dot indicates volume donor values
for junction properties as opposed to average values.

The integral form for the sum continuity equation is
Foo = Fz‘:o[(agpgng)l * prA) | = 0 (3-17)

it is used to propagate flow initial conditions and to ensure that an overall continuity balance exists
as described in Section 8.3.

The integral forms for the vapor continuity and energy baiance equations are

Fre = 3 @gPVeA), + MgV = 0 (3-18)
jer 0

and

an5{500(0909+1.}i o l}+VL[Q +Q +I’h +|'h * T =0 (3-19)

where the summation indicates a summatinn over the junctions flowing into volume L less those
flowing out of volume L. Similarly, the integral liquid energy equation is

F,. z:o{ia, (p,u + P)} Vi ’}4» V fQ . Q . F,,h, I h T, }: 0 (3-20)
jer
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The interphase heat transfer source terms showr: in the above equations are defined as

Q= He (- Ty~ ('L;iJ Fu bhg - bf)

and

1%8

Q= H, T, -Ty- ( ) M g - b

where

heo=h

and

h: = un K .P.
pﬂ

15

(3-21a)

(3-21b)

(3-22a)

(3-22b)

(3-23a)

(3-23b)

(3-23c¢)

(3-23d)
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The following equation, obtained from the definition of the mass flow rate, is used to eliminate the
liquid velocity from Equations 3-15 through 3-20. The junction liquid velocity is given by

W - (agPgVA)
)

v, = (3-24)

which uses the mass flow rate initial condition w).

The revised balance equations, with the liquid velocity eliminated, follow. The sum momentum
equation is

[Papa) fwg 8% + pnpo it Thx+ rncbx]

p
[F‘vp: wBX + By Hy, - robx +FAx][ 0,0,] ]v

1 2 2 1 L2 2]
o Loy, i - vl L o b v P P 0B

=0 (3-25)

w,
[vav) fu AX, + @Ry Hy, - Thx + TAx ]| -
U lapA 3
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Similarly, the difference momentum equation with the liquid velocity eliminated is
P a.p

Fam = = {01 - 1) * ag/f, [1 . -9-] fug /B + [-—L!] He,
p' pg

oF can ¢ BN, fut
Py ngea,p,)’ (G,Dn) I

+ 110 - 1) * af, [ -EL)J fw X, + ‘a—'&) He,

+ pF Cobx, + p'rﬁA)EL + Lo [agpg) v
dh @gPga0) ey (o) |

. % {M] Vet - vk [ ] Vo - "!""

ap,
o il ] o)
ud PP+ |1 - 1)+ af, 1'— fu X + 0]
PePr ), o il %P
r r.A w
+ pF Cohx, + oL, DX =0 (3-26)

gP@P) Py | (OPA)

The liquid energy equation written in terms of the mass flow rate and vapor velocity is

D
a, pu, + P a, (pu, + P —9-—] v
E[v(Pv )Lp,p,} ,;.;)[ Yy }L(a,p, (7]
’VLIQM’Qn’rJ" L ]‘0 (3-27)

Equations 3-18, 3-19, 3-25, 3-26, and 3-27 provide a set of 2n + 3m balance equations where the
mixture momentum egquations are used to obtain the volume pressures. The vapor velocities are
obtained from the difference momentum equations. The vapor void fractions, vapor internal
energies, and liquid internal energies are computed from the vapor continuity and energy equations
and the liquid energy equations, respectively. Generally there will be more junctions than control
volumes. Since there will be one momentum equation for each juncticn and one pressure for each
control volume, there will be fewer unknown pressures than equations. Another complication is that
some of the volume pressures will be supplied as initial conditions.

The unknown pressures are supplemented by form loss terms, which are aiso unknown, at key
locations. These additional unknowns balance the pressure drops, and the number of unknowns
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and

oF
;;'—"'— = 2 [(G,p"h Cou¥y, * 040) C,.v”} if Fiyns is @n unknown (3-32¢)
Jurt

If the particular parameter is input as an initial condition (not an unknown), the corresponding
derivative is zero. The phasic densities are dependent on the system pressure, but the dependency
is weak and can be neglected for the current work. For very low pressure situations this assumption

may need to be reconsidered.

The partial derivatives of the sum momentum equation with respect to the vapor velocity are

oF ., )
i [Popol, fwpiBX; * BgPg) Hey + Thx, + Tobx)|
0
a0,

- [B@y) L BX + @p) Hy - Tdx + rax] | &2 (3-33a)
) ) | 0P,

These derivatives will contribute to the off diagonal elements. Additional derivatives with respect to
the junction vapor velocity arise from the momentum convection terms and also contribute to the off
diagonal terms. They are

oF o [ & v, | av av
2 gL K Ny 1K _
” F,p')! t‘/‘l —_av° Vo x :\%J + FP')) t"u v, Vik -c'N_: } (3-33b)
where the volume average velocit«s are given by
; 1
Yom ® R L (aopfv‘), DD EgPAV) ZA;. (3-342)
g LB el €0 S -
1 .
i 1T moan s TA ¢ oo - T (3300
Ry Lie e 60 'oeo J
and
Ri=An Y (00A) (3-34¢)
©0
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The subscript "m" indicates either the "from " volume K or the "to" volume L, and the “a" subscript
indicates the vapor or liquid phases "g" or "f", respectively. Equation 3-24 is used to eliminate the
liquid velocity from Equation 3-34b, giving

I

gwl i § (agp‘f«v,,’} ' ZAJ ¢ [,‘f‘; W - 'czo(agpcAvoJ, | ’Z“;Al} (3-35)

jei

Yim = 'L
o R'

The partial derivatives of the volume average vapor velocities with respect to the junction vapor
velocities are

av 1
[ EL - __‘a pﬁ. zA (3-36a)
- L B
C‘VD R° " )Cl -
and
v 1
82« — (@ p A (3-36b)
vy R, % 'A}" § J

for junctions n which are respectively inlets or outlets to volume m. Similarly, the derivatives of the
volume average liquid velocities are

Ny m -1

st B e DA A {3-37a)
and

EN!m -1

— (P A A (3-37b)
avo R' ( ] )n % i

All wall friction, form loss, interphase friction, and momentum convection terms are functions of the
phasic void fractions. The transient solution scheme neglects this dependence and it is also
neglected here. The interphase friction can be a relatively strong function of the void fraction and is
treated implicitly in the RETRAN-0O3 computer code solution scheme (Ref. 4). Rather than including
the detailed coding that would be required to linearize the model, a relaxation scheme will be used.
Only the body force term is linearized in terms of the void fraction and is

3 { Py BA (3-38)
= pg. ,) x‘ .
¢
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The phasic densities are functions of the corresponding phasic internal energies. These
dependencies are also neglected. The interphase vapor generation rate is linearized in terms of the
pressure and phasic internal energies for the transient solution scheme. Pressure dependencies have
been neglected, while the internal energy dependencies have been retained in the steady-state

solution. They are

oF a w sl
Hesl1- °p’} Vg, - ! Ax, e} (3-39a)
g a.p, (a,pﬁ)l auy
and
F o ap woo| el
=11 . 28 Vg, - —~|ax, —2 (3-39b)
ou, Py ' (GPA}‘ auy

Using Equation 3-3, the partial derivatives of the interphase mass transfer are obtained from

QU
-

al H

e 8 T“g' (3-40a)
&Jo h; N h,‘ dug

and

ar H éT

] [T O A (3-40b)

y h; . h: duy

Again, the dependence on pressure has been neglected. The wail vapor generation rate has also
been assumed to be independent of the dependent variables for the steady-state hydrodynamic
balance equations, consistent with the transient solution.

Applying the same assumptions and simplifications as used with the sum momentum equation, the
necessary partial derivatives for the difference momentum equations are obtained.

aF P; -~ P
N |22 if P is unknown {(3-41a)
apk pgp'

aF (p,- P
-l L] '] it P__is unknown (3-41b)
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aF a a
=2 [ (—-'2!] C“vm + [_,p,] C,'v,‘, if F'm, is unknown (3-41¢)

APg &Py

The principal component of the Jacobian diagonal element for the difference momentum equation is

[
fug AX; + ] Hgi

ODO

= . (l—f)+a',f.(1- J

A%, TubX,
XTI

Py
] ﬂ(’ M [1 ; Po], il 3 [a.o.] M

ordx | Tx
QPP BPy)

,F“C Ax +

+ pF Cobx, + [ °°°J (3-42a)

a

with additional terms arising from momentum convection are

aF ap,’ av av
am _ [ 9Py vy Ly, K
™, | ap, v, ™ o,
A2y, Ter ., T (3-42b)
G'p' C W' ‘ avg

where the derivatives of the volume average velocities are as defined by Equations 3-34 and 3-35.
Equation 3-24 is used to eliminate the fluid velocity in Equation 3-26. Examination of Equation 3-24
leads to the conclusion that the liquid velocity is dependent on the vapor void fraction. This
dependence leads to the following partial derivetive of the difference momentum equation with
respect to the donor volume void fraction

aF
—tt . [ f)+a,,f;(1~-—] ,Axo(gfl] Hm
‘4 X 2) rapn [ 52
+ PF Chx + ofetn , A% 2y (3-43)
B P Py) Bey) | 0@
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where the necessary partial derivative of the fluid velocity is obtained from Equation 3-24 as

N |
My . _12_ (ﬂ ; pgvgJ (3-43b)
aaﬂ G'D' A I

Finally, the partial derivatives of the difference momentum equations with respect to the phasic
energies are given by

OF om - D,AxJ ar

= v, - v, —2 (3-44a)
dug  @PEP) v aug
and
oF - ar
om _ " PAX, V. - v) i (3-44b)

) .
Ju a du

f P 191)‘ t
The components of the Jacobian matrix for the vapor continuity equation convective terms are given
below. The vapor velocity derivatives are

oF,. ( anpgA‘) for inlet junctions
s ) -4
av, - (agpgA)’ for outlet junctions -
and the derivatives with respect to the junction donor volume void fractions are
aFVC

= pgAvg)’ (3-45b)

Below are the derivatives of the vapor continuity equation source term or generation rate with
respect to the phasic internal energies

aF N

—S =y - (3-46a)
au9 8u°

and

oF ar

—S sy i (3-46b)
au, au
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The vapor energy €quation parual derivatives are presented below,

Fo a, [P0, + P)’ A, for inlet junctions
g a, (pgug + P), A, for outiet junctions
#, (pgu, * P)’ VoA, for inlet junctions
da, | [P0+ P), VoA for outlet junctions
and

oF . ; aPVe A for inlet ;uﬁctnoras
o0, PV A for outlet junctions

For the convective terms

(3-47a)

(3-47b)

(3-48)

Additional terms arise due to the functional dependencies of the source terms. As before, the wall
related heat and mass transfer terms are ireated as constants, but the interphase terms are
linearized. The dissipation terms are also assumed constant. Jacobian terms related to the

interphase mass and energy exchange are

]
oF 2Q ar ah Y

"=VL '°+n9'_ﬂ+r —-——'?
dug dug dug v dug |
aF ar
ol th; —
du, ou,
where

ar

‘nm = . H.° =4 |
auo au°

25

(3-49a)

(3-49b)

(3-50a)

(3-50b)
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ar aT ah,”
- Y P My = ¢ Ty = (3-50c)
v, h° ~ h: ou, au,

are obtained directly by differentiating Equations 3-21 and 3-22. Equations 3-23 are differentiated
to obtain

an* 1 #r_<o

— = : 9 (3-51a)
2, lo #r 20
and

(3-61b)

- 2

ah, - 1T frg20
du, 0 ifr g * 0
The elements of the Jacobian matrix arising from the liquid energy equation are similar in form to

those for the vapor energy. Again, Equation 3-24 is used to eliminate the liquid velocity when the
derivatives are evaluated. The pertinent derivatives are

; a.p
- a, (pp, + p); A -&!—!] for iniet junctions
Fu _ b ;p, (3-52a)
Ny a, (pp,+P) A | 22 for outlet junctions
) a0,
oF,, - (P, + P), AV A, for iniet junctions e
— =
da, (pgu, + P), Av A for outlet junctions
and
oF apy, A for inlet junctions
T { OPMA g (3-52¢)
au, |- 9PMA for outlet junction
Finally, the derivatives due to the source terms are
aF ar
—_—l . vV, h," e (3-53a)

3\19 Gue
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oF,, 5Q, a, ah,

— V| et h,' et rq peics {3-53b)
AUy Uy ou, du,

where

Q,

- - g (3'54)
au, ouy,

This completes development of the terms that are currently inciuded in the Jacobian matrix.
Examining Equation 3-32a, it is apparent that both the function velues and elements of the Jacobian
matrix are evaluated at the previous iteration values. Rearranging Equation 3-32a, the changes in
the dependent variables needed to drive the system of equations to zero are obtained as

k1
ﬂ’_] (% (3-585)
ay

This system of coupled algebraic equations is then solved using the sparse matrix solution developed
by Curtis and Reid (Ref. 7). The sparse matrix solver is also used in the RELAPS transient scheme,
but for a smaller system of equations.

Once the solution vector is obtained, the dependent variables are updated using

prl = pk 4 AP (3-56a)
Pt ® Py + OF (3-56b)
Vo = vg 4 Ay (3-56¢)
a;” = c: + Au';'1 (3-56d)
=g+ Buy” (3-56e)
and

u = out e A (3-56f)

The state properties are evaluated for each control volume using the new pressures and phasic
interval energies with the transient solution EOS where
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o =0y P ") (3-57a)

p:ﬂ = D' P..1' u:lﬂ) (3-57b)
ket K+t ket

Tg = Tg P ) uo ) (3'57C)

and

T,.M .7, P.M' u'k”') (3-57d)

After the volume state properties are updated, the junction properties are computed using the
transient junction property subroutine. The liquid velocities are then updated using Equation 3-24
which gives

\ k1

. w a .
v'le L. [ ’pﬂ) vy (3-58)
prf):l A] G'O,

J

This completes the implicit steady-state solution scheme.

3.4 EOS Relationships

The EOS relationship used in the RELAPS code utilizes the dependent variables (P, ug, uy, @), which
are obtained from the solution of the hydrodynamic balance equations. Details of the EOS are given
in Reference 1 and will not be repeated here. The steady-state solver uses the transient sclution
scheme EOS unchanged.

3.5 Constitutive Models

Constitutive models are required for closure of the momentum and energy equations. These include
flow regime maps and models for interphase friction, wall friction, wall heat transfer and interphase

mass transfer. A discussion of each of these constitutive models and any special treatment required
for steady-state initialization is presented.

3.5.1 Flow Regime Maps

Four flow regime maps are used in RELAPS, a vertical flow regime map, a horizontal flow regime
map, a high mixing volume flow regime map and an ECC mixer map. The vertical flow regime map
is the most detailed with nine distinct flow regimes and several transition regimes modeled. The
horizontal flow regime map has pre-CHF regimes plus a stratified flow regime. The criteria for
selecting and defining transition between flow regimes in the vertical and horizontal flow maps are
based on several empirical correlations. Flow regime selection in the high mixing flow regime map
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is based simply on void fraction. The existing flow regime selection logic for the vertical, horizontal
and high mixing flow regime maps was not modified for the steady-state initialization package.

The ECC mixer volume flow regime map is used in the interfacial heat transfer calculation for
condensation. The flow regime seiection logic used for this map should be valid for steady-state
initialization; however, there should not be any situations in which this map is required for initial
conditions in a8 LWR and no special treatment was implemented.

3.5.2 Interphase Friction

The RELAPS interphase drag models utilize either dritt flux relationships or correlations for
interphase area and friction factors. In both of these approaches, the relationships are algebraic and
no special treatment was required for steady-state initialization.

Smoothing is used in the RELAPS solution to minimize the effects of discontinuous changes in the
drag models during flow regime transitions. This smoothing takes the form of time-dependent
exponential smoothing in many cases. In these instances, the time smoothing was replaced with a
relaxation scheme.

3.5.3 Coefficient of Virtual Mass

The coefficient of virtual mass is based on the junction flow regime and is smoothed via junction
void fraction between flow regimes. Since this term is associated with the velocity time derivative
which is zero for steady state, this model was not modified for steady-state initialization.

3.5.4 Wall Friction

The wall friction calculation requires that the wall surface area wetted by each phase and the
appropriate friction factor be determined. The wall surface area wetted by each phase is
determined for the particular flow regime selected from the flow regime map. As with the
interphase drag term, there are no specific wall area and friction factor models for the transition
flow regimes. In these instances, a time-dependent exponential smoothing is used between the end
flow regimes. The time-dependent smoothing is replaced with a relaxation scheme for steady-state
initialization.

3.5.5 Wall Heat Transfer

A large number of heat transfer coefficient correlations are available for use in RELAPS. The logic
to select these correlations is based on several factors such as pressure, wall temperature, presence
of noncondensable gas, vapor void fraction and CHF. The heat transfer coefficient selection logic
does not require modification for steady-state initialization. Also, the energy partitioning logic used
to determine the heat source terms for the phasic energy equations was not modified for the
steady-state initialization, A steady-state form of the conduction solution is used to obtain the
initial conductor temperature distribution and wall heat flux and is described in Section 4.
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3.5.6 Interphase Heat Transfer

The expressions used for interfacial area and heat transfer coefficients are selected based on the
fluid volume flow regime. As with the interphase drag term, time smoothing is utilized between
correlations in the transition flow regimes. The time smoothing was replaced with a relaxation
method for steady-state initialization.

3.6 Special Process Models

Several special process models are present in RELAPS to simulate processes that cannot be
simulated directly by the balance equations and default constitutive models. In many cases, the
phenomena modeled by these special purpose models are encountered only in transient situations
and need not be considered during steady-state initialization. These models are summarized below.

3.6.1 Choked Flow

The choked flow model serves as a junction flow boundary condition at the point the flow becomes
independent of the downstream conditions. Choked flow would be expected to occur at breaks in
the system or at open safety or relief valves. When choked flow is predicted during a transient
simulation, an additional equation is solved in conjunction with the upstream momentum equation,
therefore, the matrix solution is modified.

If choking is aliowed during the steady-state iterations, logic would have to he added to detect
choking and modify the coefficient matrix accordingly. However, since choked flow should not
exist in any LWR during normal steady-state operation (excluding turbines), choking is not
considered in the steady-state solution. Additionally, choked flow is not consistent with the flow
initial conditions that are used in the DSSI implementation.

32.6.2 Horizontal Stratification and Entrainment

When horizontal stratification occurs, the junction void fraction may be different than that of the
donor volume depending on the junction elevation relative to the stratified level. The horizontal
stratification and entrainment model simulates the effects of stratification and vapor or liquid pull
through on junction void fraction. As with the choked flow model, the conditions for which this
model is activated would not be expected during steady-state operation. Therefore, the horizontal
stratification and entrainment model i1s not considered in the steady-state solution,

3.6.3 Abrupt Area Change

Momentum effects of abrupt area changes, from contractions, expansions or orifices are not
modeled explicitly by the momentum equations. Therefore, an abrupt area change model is
formulated to include these effects. This model did not require any modifications for steady-state
initialization and is included directly in the solution scheme.
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3.6.4 Crossflow Junction

Since the momentum equations are based on one-dimensional flow, special process models are used
to approximate an improved physical response to a multi-dimensional situation. The momentum flux
terms are specially formulated and wall friction is modified for crossflow junctions. The special
treatment of these junctions does not require modification for steady-state initialization and is
included as part of the normal steady-state iteration process.

3.6.5 Water Packing Mitigation

This special model is required only for the transient solution and the logic for this model is bypassed
in steady-state initialization.

3.6.6 Countercurrent Flow Limitation

This phenomena will not be encountered during normal steady-state operation, therefore, the logic
dealing with this model is bypassed in steady-state solution.

3.7 Component Models

Several subsystem models are required for complete modeling of LWRs. These include branches,
separators, jet mixers, pumps, turbines, vaives, and accumulators. This section contains a brief
summary of the component models in the steady-state initialization logic.

3.7.1 Branch

The branch component is merely a user convenience to input a series of single volume and junction
components. Once past the input processing, the volumes and junctions in a branch are treated in
the same manner as other volumes and junctions in the system model. The branch component does
not require any modification for steady-state solution.

3.7.2 Separator

The separator model allows the outlet junction void fractions to be a function of the separator void
fraction rather than the default model that simply donors the volume void to the junction, The
relationships specifying how the outlet junction void fractions vary with the volume void fraction,
are supplied by the user. One junction void fraction function is required for each of the two outlet
junctions, but they need not be related in any manner. Both the steam outlet junction vapor void
fraction and the liquid fall back junction liquid void fractions are in general approximately equal to
unity.

Even though the junction void fractions are defined from the model, the junction phasic velocities

are computed in the standard manner from the phasic momentum equations. Therefore, no
modifications to the momentum equation solutions are required.
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The separator model was modified to ensure a steady-state vapor mass balance for the separator
volume. During steady-state conditions, the vapor convection rate into @ volume must equal the
convection rate out of the volume. Since in the current formulation, the void fraction of the two
outlet junctions are based on user supplied functions, the vapor mass balance can be violated
unless appropriate adjustments are made.

In order to ensure that the separator volume steady-state vapor continuity equations are balanced,
the steady-state initialization process was modified to adjust one of the outlet junction void
fractions. An arbitrary decision was made to adjust the void fraction of the liquid fall back junction.
The user-supplied void fraction function for the vapor outlet junction is unchanged and the separator
fall back function is adjusted to achieve the liquid fall back junction void fraction required to satisty
the vapor contitiuity equation.

The steam separator mode! requires the use of three junctions. One is the iniet where two-phase
fluid flows into the separator. Another is the steam flow path that is primarily steam, and the other
is the liquid fall back (or recirculation) junction which is primarily liquid. The vapor continuity
equation for the separator can then be written as

Frchey = ([@ePV), = (OgPVA), - BgPVA) + Ty =0 (3-59)

Note that the recirculation and steam flow path void fractions do not have the over dot, indicating
that they are not strictly donor values (under normal flow pattern). Rather, they are obtained from a
model where

a
e 58 if cg Vo
%, = Vowr (3-60a)
0 if Oc 2 Vo
and
a, if &2 Vger
a ’
a, = f Oy < Ve (3-60b)
Vinger
where v, .. and v ... are user-supplied model parameters. Assuming that a_and v, . are

specified as initial conditions, it is possible to satisfy the vapor continuity equation by computing
ag (OF Vnager)- This is accomplished by using Equation 3-59 and the following partial derivatives in
place of the normal formulation given above. The derivatives for the inlet are unchanged. Those
for the steam and recirculation flow paths are

aF,c,w

da,

= (- povnA)' (3-61a)
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aF
“heo , (agPeA), (3-61b)

'S
-
hep . 0 (3-61¢)
da,
and
aF,c)”
3-61d
ave, = [P, ( )

Based upon the above derivatives, the volume downstream of the steam flow junction is not
coupled to Equation 3-59, but the volume downstream of the liquid fall back junction is.

The source term derivatives are as defined previously. Using this formulation, the unknown void
fraction is the recirculation path vapor void fraction rather than the separator volume void fraction.
However, the volume void fraction is temporarily updated (to simplify logic) and the recirculation
path vapor void fraction is then

ay = ag + kg - ag) (3-62)

After the above is evaluated, the volume void fraction is reset to the input value and the

recirculation path model parameter is evaluated using

R R
= _(.__!2_ (3-63)

f-agf”

The model is limited to vapor void fractions in the range 0 € o s < 1. This model ensures a vapor
mass balance in separator volumes.

Vunder

3.7.3 Jet Mixer

Momentum exchange between two fluid streams entering 3 control volume at different velocities is
not modeled by the standard RELAPS momentum equations. Fluid stream momentum exchange is
required to model BWR jet pumps and may be needed at ECC injection points. The jet mixer model
simulates stream mixing by computing anothe: ditferential pressure term for the momentum
equations of the mixing streams (junctions).

The logic for this optionally activated mode! is already part of the momentum equation formulation
and does not require modification for steady-state initialization.
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3.7.4 Centrifugal Pump Model

The pump model is 8 component model requiring a single hydraulic volume and two junctions. The
pump mode! provides a head term that is equally distributed between the inlet and outlet junction
momentum equations and a dissipation term that is included as a source term in the energy
equations for pump volumes. The pump head and energy dissipation terms are functions of pump
speed, pump volume volumetric flow and volume density.

The energy dissipation term is included in the steady-state initialization scheme through the phasic
energy eguations and in the overall energy balance. The two parameters that could require special
consideration during steady-state initialization are the pump head and initial pump speed.

The pump head is included in the inlet and outlet junction momentum equations as part of the
existing RELAPS solution. The developed pump head must balance the pressure losses around the
system. There are two optional methods that could be implemented to ensure the head balance.
The first option is to have steady-state initialization adjust the pump speed to balance the system
pressure drop. The second option is to have the initialization process adjust a junction loss
coetficient in the loop (preferably at the pump outlet) to make up for the pressure imbalance. This
option has been used for over 15 years in the RETRAN-02 code (Ref. 3) and has been found to be
satisfactory by users. Consequently, & similar approach is used in the RELAPS steady-state
initialization package. An option to adjust the pump speed or rated head can be added during the
Phase Il effort if interest warrants.

The rated pump motor torque is adjusted to balance the net hydraulic and frictional torque. This
ensures a torque imbalance will not lead to a change in the pump speed when the transient solution
is advanced.

3.7.5 Turbine Model

The turbine model modifies the form of the momentum equations and energy equations. This model
is currently neglected. If the model is included in steady-state initialization, a normalization
procedure to ensure the turbine removes the correct amount of initial energy will be required.

3.7.6 Valves

Several valve model options are available for use; however, they all serve the same purpose to
detine the junction flow area. The valve model can define flow areas for opening and closing using
tables, instantaneous open and close trips and from the control system. As far as steady-state
initialization is concerned, the junction flow area is assumed to be fixed during the iteration process
and the area used in the steady-state initialization calculation must be consistent with that defined
by the control system or area tables.

The initial junction area used for steady-state initialization must be obtained from the valve models
rather than relying o, (he area input on the junction data cards. Therefore, the valve models are
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evaluated prior to any steady-state itaration to ensure the junction area used will be consistent with
that used when the transition to the transient module is made.

3.7.7 Accumulator

The accumulator is isolated from the rest of the system during normal operation. It is only during
transient conditions that the accumulator influences the system response. Therefore, it is assumed
that users will provide all necessary initial conditions and no special treatment for the accumulator is
required during steady-staic initialization.

3.7.8 ECC Mixer Model
The ECC mixer model generally becomes active during a trarsient, once ECCs injection begins.

Since no ECC injection would be expected during normal steady-state operation, this model is
neglected for the steady-state initialization logic.
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4 HEAT STRUCTURES

Heat is transferred from solids such as fuel rods, steam generator tubes, piping, vessel walls, and
internal structures to hydrodynamic volumes via heat structures. The location of heat structures
and the material composition of heat structures is specified by the user. The structures can have an
internal heat source (core conductors) and can transfer energy to or between volumes. A steady-
state solution of the one-dimensional heat conduction is a requirement for the steady-state
initialization feature, It provides the initial temperature distribution and surface heat flux.

There are several heat structure configurations that can be modeled and, therefore, must be
considered for proper heat structure initialization. For all configurations, the internai node
temperature must be adjusted to achieve the desired initial conditions. These configurations and
the pertinent considerations are

transfer rate through the conductor surface(s),

* for passive (nonpowered) heat structures that have & fluid volume on one side and are
insulated on the other side, the initial heat transfer rate must be zero, and

. for passive heat structures with fluid volumes on both sides or a fluid volume on one side
and a boundary condition on the other side, the initial heat transfer rate in one side of the
conductor must equal the heat transfer rate out the other side

A subroutine in RELAPS provides the initial heat structure node temperatures by solving the steady-
state conduction equations and satisfying the above constraints. In the base RELAPS code, this
subroutine is called only during initialization to provide an initial guess for conductor temperatures.
After the initial call, the transient conduction equations are solved while running a transient to
obtain steady-state conditions.

The steady-state heat conduction subroutine, "ht1sst", is used in the steady-state solution scheme
to provide conductor temperature distributions and wall heat fluxes. These steady-state heat fluxes

|
|
. for all powered heat structures, the internal heat generation rate must equal the heat
define source terms for the energy equation.

4.1 Steady-State Heat Conduction Equation and Solution

The heat conduction equation, its finite differencing, and transient and steady-state solution
methods are discussed in Reference 1. The equations are briefly reviewed in order to relate them to
the steady-state solution. The RELAPS code solves the one-dimensional heat conduction equation in
integral form given by

fc,(T.x) EI;—:—'—) dv = fk(T.x) vT(xt)-dS + fS(x,t)dV (4-1)
v s v
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where

volumetric heat capacity, J/m3-K

e, =
T = temperature, K

v = conductor volume, m®

K = thermal conductivity, w/m-K
s = conductor surface area, m?
Sixt) = volumetric heat source, w/m®

with boundary conditions given by the expression

A(T)T() + B(T) "—:% = D(TM)

or

8Tl _ AT - D(T)

éan B(T)
where
AlT) = heat transfer coefficient, w/m?-K
B(T) = conductivity, w/m-K
DM = heat flux boundary condition, w/m?

(4-2a)

(4-2b)

The steady-state form of Equation 4-1 is obtained by setting the left-hand side (time derivative) to

Zero.

The treatment of material boundaries, spacial nodalization, material properties, and various one-
dimensional geometries is given in detail in Reference 1. Equation 4-3 gives the difference equation

for the m-th interval node.

a,To'+b TM sc Thi=gd

m-1 m' m m 'med m

where
Ng$
a, = kc,al,,
n n

bm".m'cm

Cm = - K, 8,
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4-3)

(4-4a)

(4-4b)

(4-4c¢)
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and

d, =pPp™ Pl..b:.. + Q’mo"m) (4-4d)
where

Py = power fraction

P = power, w

The subscripts on the thermal conductivity, geometry surface weights, 8°, volume weights, 8", and
spacial power fraction, Q, indicate the location where the guantities are evaluated.

For the left boundary (m = 1), the difference equation is

b1T1n01 + C1T;01 - d., (4.5)

‘w~here

b, = k 5, i (4-6a)
LI B1

G ® - k"a:‘ (4-6b)

and

Ty
1 1

A AT"-D
d, = kr'af‘ B_‘ T, -k 8" {_‘_‘___‘}+ PP™Q, 5, (4-6c¢)

The difference equation for the right boundary node (m =M) is

n+1

8Ty *+ BTy =d, (4-7)
where
M = . k‘“b:. (4"8‘)
A
by = k, 8, E-'i - 8, (4-8b)
M
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A AT - D
dy = kB, = T - K B, [———=(+ PP™Q, 8] (4-8c)
By ’ [ Bu

For a given geometry with m mesh points (M-1 regions), an M x M tridiagonal matrix in the
coefficients a,, b, ¢, is generated as well as a vector in d,,. The solution cof the equations is then
obtained by Gaussian elimination, giving the following equations for the temperature distribution.

c1
E1 B (4-9a)
b,
d1
F1 = _6. (4'9b)
k
c,
E, = (4-9¢)
b -aE,,
b for = 2,3, M-1
d-aF
£, & mbandals (4-9d)
b - 8,
1t o In - BuFu (4-9e)
g by - 8Ews
and
T =BT 4 F  forj=M-1M-2,.2.1 (4-9f)

J P i

Convective boundary conditions can be used on either the left or right surfaces, or both. In RELAPS,
the convective boundary conditions in Equations 4-6c and 4-8c are explicit since they are evaluated
at the old iterate values for the surface temperatures (T, and T,| and the boundary fiuid volume
temperatures. This explicit treatment is adequate for most applications, but a more implicit
treatment is necessary for steam generators where adjacent fluid volume energy equations are
coupled through heat structures used to model the tube bundle. An implicit treatment of the flux
boundary conditions for steam generator tubes is developed in the next section.
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4.2 Implicit Convective Boundary Conditions

It has been demonstrated that an explicit treatment of the convective boundary conditions for steam
generator tubes, leads to poorly or nonconvergenced steady-state solutions (Ref. 5). In order to
ensure a convergent steady-state solution scheme for PWR applications, an implicit heat conduction
solution is necessary for the steam generator tubes, where the boundary fluid volume and conductor
temperatures, both surface and internal, are obtained simultaneously and for the new iterate level.

The explicit convective boundary conditions used in Equations 4-6c and 4-8c¢ are replaced by implicit
convective boundary conditions by setting

A = A, =0

D, = qrn”

net

D, = q,

These changes yield

d, = 859" (4-10a)
and
dy = Opa, {4-10b)

Equations 4-10a and 4-10b are simplified by also making the assumption that there is no internal
heat generation in steam generator tube walls.

The left-hand side of the resulting set of coupled equations is unchanged. On the right-hand side the
dl terms are zero, resulting in the F,s in Equation 4-9d also being zero. New terms appear for the
twe flux boundary conditions. They appear as & coefficient matrix of surface area weights times a
vector containing the unknown flux boundary conditions. Only two nonzero eiements appear in the
surface area weight coefficient matrix, the first diagonal element which contains the left surface
value and the last diagonal element containing the right area weight. Similarly, the wall heat flux
vector is comprised of the left wall heat flux in the first element, the right wall heat flux in the last,
and all others are zero.
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Gaussian elimination is also used to solve this new system of coupled equations. The new terms
that appear as the result of the unknown fiux boundary condition are

8,
G1 = -b— (4-11a)
1
and
-8B, ‘
G = ——Lf— for j=23.M (4-11b)
b, - uJE,,,

The temperature for any node in the heat structure is then

.1 *1 1
T‘n - Yﬂg: " Z,Q,T {4-12a)
where
Yy = Gy (4-12b)
b
2. — N (8-120)
bM d .MEM-1
Y, = G, B E‘Y,,1 (4-12d)
z, = . EF'.1 fOf h = 1,2.“.,M (4-120)

An equation is obtained for the left wall heat flux in terms of the left and right surface temperatures
(=1 and j=M) by writing Equation 4-12a for j=M and then solving it for the right wall heat fiux.
The resulting equation is substituted into Equation 4-12a written for j=1. After rearranging, the left
wall heat flux is

Qe':,d " 017:" it 0273“ =1
where
Z
= i e (4-13b)
Y2y - YuZ,
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.Z1
By B e (4-13¢)
Y1ZM ‘ YMZ1

A similar procedure can be used to obtain an expression for the right wall heat flux. It is

. = BT + BTy (4-14a)
where
Y
B, o — (4-14b)
YiZu - YiZ,
and
Y1
By o et (4-14c)
YiZw = Yndy

The implicit form of the convective boundary conditions for the left and right wall heat flux are

a. = h - T (4-15a)
and

net n+1 n+1
Q. =h Ry -Tg) (4-15b,

Equations 4-13a. 4-144a, 4-15a, and 4-15b give four independent equations in terms of the four
unknowns, q%.' q . T, and Ty These equations are used in the implicit steam generator solution
that is developed in Section 8.

4.3 Steady-State Procedure

From necessity, the procedure for the solution of the steady-state conduction equation, when using
convective fluid dependent flux boundary conditions is very similar to the transient solution.
However, for steady state, the field equations must be brought into balance without advancing time
and with temporal derivatives equal to zero. The conduction equations at steady state are much
simpler than the transient form, free of time constants, and should converge much more quickly.
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For the steady-state solution, the RELAPS subroutine "ht1sst” is used with out modification. For
calls to "ht1sst”, the initial values of the source term ( | , SdV of Equation 4-1) are available as
initial conditions. For situations where the source integrals are nonzero, e.g., electrical heaters or
nuclear cores, flux boundary conditions are used. However, for convective boundary conditions,
the surface flux is a variant in terms of the fluid conditions and the conduction solution becomes an
iterative procedure with the hydrodynamics and fluid state equations.
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5 CONTROL AND TRIP SYSTEM MODELS

The control system models in RELAPS aliow users to simulate typical plant control systems such as
feedwater control and turbine valve modulation in models used to simulated transients. The control
system models can also be used to evaluate any arbitrary algorithm using RELAP5S computed
guantities as inputs. The output of these control systems can be monitored by trips, edited, or used
to define characteristics of componens within the system such as valve area, pump speed, or
junction flow.

The trip mode! is used to monitor signal or parameter values and set a logical flag if a threshold
value is reached. Trips are used to initiate actions once a desired condition has been satisfied.
Typical uses include opening and/or closing valves on high or low pressure, turning pumps on or
otf, and scramming a reactor.

5.1 Control Systems

The control system models currently available in RELAPS have two type of uses. The first is the
"standard" use, in which the user constructs a control system by interconnecting the centrol blocks
in a logical manner to define some plant controller or to perform an auxiliary calculation. The
second use is through a generic set of controllers, called "self-initialization” controllers, used to
force the transient solution to maintain the input value of a few parameters (such as cold leg
temperature, loop flow, pump speed and secondary flow or pressure). The self-initialization
controllers are not used or required for the DSSI method. The DSSI method solves the steady-state
hydrodynamic balance equations. In doing so, the control system parameters are treated as fixed
initial conditions. The control system can be included in the steady-state solution during Phase lll.

5.2 Trip System

Oniy elapsed time trip signals (those that trip at time zero with no delay) are allowed during the
steady-state solution. This is done to prevent nonconvergent oscillations that may be introduced by
pressure and temperature trips being activated by early and possibly poor initial estimates of the trip
signal parameters.
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6 REACTOR KINETICS

A point kinetics model is available as an option in RELAPS to define the normalized reactor power.
The powar distribution is defined by the user initially and remains constant throughout the transient.
Reactivity feedback can be modeled through a series of tables of reactivity versus moderator
density and/or fuel temperature. In addition, reactivity can be contributed by any arbitrary function
through the control system. A scram table can also be supplied to model control rod movement.

By definition, during steady-state operation, the net reactivity must be zero and the power should
be time invariant. Currently, RELAPS is run with null reactivity feedback quantities to maintain
constant initial power in order to achieve steady-state conditions. Once the desired steady-state
results are obtained by running the transient solution, the user must restart and supply the actual
reactivity feedback tables along with the change cards to initiate the transient.

The initial power must also remain constant during the DSSI solution. The power shape and
amplitude are provided as initial conditions and the point kinetics equations are not evaluated during
the iteration process. However, after a converged set of steady-state initial thermal-hydraulic
conaitions are obtained, the initial reactivity is evaluated. This initial reactivity (both from fecdback
terms and explicit reactivity) is used to bias the reactivity at each time stcp in the transient so the
net reactivity is measured as a change from time zero. In order to evaluate the initial bias reactivity,
the reactivity initialization subroutine is called from the steady-state initialization driver after the
thermal-hydraulic conditions have converged, thus, ensuring consistency between the steady-state
thermal- hydraulic conditions and the reference feedback reactivities. Section 8 discusses the
reactivity initialization procedure, relative to the DSSI solution scheme,
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7 OVERALL SYSTEM ENERGY BALANCE

available in the RELAPS code to model energy addition or removal from contro

typical sources of energy are nuclear or electrically heated cores. They are modeled

of heat structur th rnal power generation. Centrifugal pumps are also sources of
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one side and secondary-sige volumes on the ¢ ' BWRs » energy 1s removed by an
open flow systen it consists of boundary conditions for feedwater inlet and steam outlet flows
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The maijor 1y of the energy added to reacior coolar oved by the steam generator

amount of energy may also be removed from t : t /Jironmental heat l0ss or

letdown and makeup systems. The net systern
+ \‘
re— - “

where the sum 1S IN( te that all related source terms within the svstem are included ir

net heat rate
The individual terms are defined below

nuclear heat generation, J/s
electrical or specified heating (cooling
pump dissipation, J/s
environmental heat losses
VISCOUS dissipation, J/s
makeup flow rate, kg/s
makeup enthalpy, J/kg
letdown flow rate, kg/s
own enthalpy, J/kg
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net system power is small eno
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Figure 7.1 Typical PWR primary system schematic

primary flow conditions. Due to the coupling between the heat loss and system temperature, this
temperature dependence needs to be accounted for in the overall energy balance. An implicit
scheme consistent with the solution of the system governing balance equations is presented below.

7.2.1 Environmental Heat Losses

Heat losses from a thermal hydraulic system to the environment are simulated using the heat
structure model. Using this anproach, one of the bounding temperatures is specified as a constant
or time-dependent temperature history (the environment), while the bounding temperature for the
other surtace is determined by the thermodynamic conditions within a hydrodynamic system.
These loss: ' are referred to as environmental heat losses and can include heat losses from the
vessel and piping (if modeled).

A simplified illustration of a heat structure, modeling environmental heat losses, is shown in Figure
7.2. The hydraulic system is shown on the left surface, and the environment is on the right. The
magnitude of the heat loss is determined by the temperature gradient between the system and
environment. While the environmental boundary temperature is fixed at steady state, the
correspording system temperature can change, depending on the modeling detail, initial conditions,
and variations frorm one iteration to the next.
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Figure 7.2 Typical environmental loss heat structure

The environmental losses can be written as

q = h,‘ (l'w' - T,'J+ h, (T*' - Tv,) (7-3)

which defines the wall heat flux on the left surface. The corresponding wall heat flux on the right
surface is

q = hr (rw, - Tr) (7-4)

The environmental heat losses can be written as

Q. =AQ =A T, - AT, +nT] (7-5a)
where
h, = h" + hv’ (7-5b)

These losses are written at the new steady-state iteration level by using a first-order Taylor series
expansion in terms of the dependent variables as follows:
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ook cT BT, 6T q
. = — e Py e - h — AP =
i m" " Y oap
aT, arﬂ . o,
¢h ——-h —|Bu, #|h —-h —-—lAu, (7-6)
du, ' ou, du, au,J

where the partial derivatives of the phasic temperatures with respect to pressure and phasic energy
are obtained from the EOS. The wall temperature derivatives are developed below.

General expressions for the left and right wall heat fluxes were developed for the 1-D conductor
solution in Section 4. The left wall heat flux is given by

g =a,T, +a, 7 + a, (7-7)

where a, and o, are functions of the geometry and conductivity and a, is due to internal heat
generation {generally zero). They are defined by Equations 4-13a and 4-13b.

The right wall heat flux is given by
Q = BT, + BT, +8, (7-8)

where B, and B, are also functions of geometry and conductivity and B, is due to internal heat
generation. They are defined by Equations 4-14b and 4-14c.

Equation 7-7 is substituted into Equation 7-3 and then rearranged to give an expression for the left
wall surface temperature as a function of the right wall surface temperature and the left boundary
temperature. A similar combination of Equations 7-8 and 7-4 produces an expression for the right
wall surface temperature as a function of the left wall temperature and right boundary temperatures.
These equations are then combined and rearranged to give expressions for the left wall surface
temperature as functions of the boundary volume fluid temperatures. The left temperature is given
by

TW, o bl lr'f'Tll + hV'TV') N V[h(Tv] (7‘98)
where
B, - h
5 = ‘ﬁ? /) (7-9b)
(@ By B
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and

a,

f:-h)

This allows the left wali surface temperature to be evaluated from the liquid and vapor temperatures
for the left boundary volume, since the temperature and heat transfer coefficient for the
environment are known from user specifications. Assuming that approximate values of the wall to
liquid and vapor heat transfer coefficients are known, the partial derivatives of the left wall surface
temperature with respect to the pressure and phasic internal energies are obtained from Equation 7-
9a. The necessary derivatives are given by

Y‘ » (7'9(:)

ar,, aT, aT,

_‘.}.;‘. = 0, h,, .é.’_; + hv‘ .a_’;.. (7-10a)
av,, aT,

.~ Bh, —- (7-10b)
au, ' ouy

and

aT aT

— . 5h, s (7-10¢)
au' ' auv

Given Equations 7-6 and 7-10, the environmental heat loss terms can be treated implicitly in the
evaluation of the net system heating rate. They have not been included in the Phase Il work, but
will be considered during Phase Il

7.2.2 Steam Generators

Steam generators are used to transfer energy from the RCS to a secondary system where steam is
produced for the turbine generator. A steam generator is modeled in RELAPS by using two surface
heat conductors between adjacent hydrodynamic systems, e.g., the RCS and secondary sides.
Generally, a number of two-surface heat conductors and associated fluid volumes comprise &
RELAPS steam generator model. As a result of the flexibility that this modeling approach provides,
both U-tube and once-through steam generators can be modeled. Figures 7.3 and 7.4 are simple
schemstics of U-tube and once-through steam generators as they might be modeled with RELAPS.
!t is also possible to model rmultiple steam generators.

The net system heat rate given by Equation 7-1 must be removed by the steam generators included

in @ model, whether there is one or four. For a given steam generator, the required heat removal
rate is then
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Q, =P, Q,, (7-11a)
where
Y p=1 {(7-11b)

Four governing equations define the heat transfer and conduction through a two-surface conductor.
By limiting the primary side to single-phase liquid flow, the first equation is given by the convective
heat transfer on the left surface

Q =h, (r,' - T,') (7-12)
For the right surface, the convective boundary condition is written as
= hT p,T +h, T (7-13a)

When subcooled boiling is predicted, the liquid portion of Equation 7-13 is actually comprised of a
macroscopic heat transfer component times the liquid temperature and a microscopic component
times the saturation temperature. The heat conduction and energy balance equations,

Equations 7-7 and 7-8, provide the necessary information to close the equation set, assuming that
the temperatures in the bounding fluid volumes are known. In reality, the temperatures are not
known and they are dependent on the heat transfer in neighboring nodes within a steam generator.

The base steady-state (and transient) hydrodynamic solution schemes assume that the primary and
secondary systems are independent. This is used to reduce the computer time and storage
requirements needed to solve a complete system model by solving several smaller problems. Upon
examination of the energy equations, Equaticns 3-18 and 3-19, it is apparent that the two systems
should be coupled through the wail heat fiux values that appear in the energy equation source
terms,

The transient solution scheme treats the wall heat flux explicitly by evaluating it using old time level
values. This is acceptable for the transient solution since the temperatures do not change rapidly in
most transients of interest. It has been demonstrated that this coupling is very important in steady-
state initialization schemes (Ref. 5). A steam generator initialization scheme has been implemented
in the RETRAN-03 computer code that couples the thermal-hydraulic balance equations for the
primary and secondary system through implicit wall heat flux boundary conditions, the hegt
conduction equation, and an energy balance equations. If a similar scheme wers implemented for
RELAPS, there would be 16 coupled equations to solve for each heat conductor if each conductor
was connected to a unique volume on both the primary and secondary sides, such as a once-
through steam generator. The number of equations is reduced somewhat for U-tube steam
generators since a single secondary volume can be connected to several conductors. By assuming
that the primary is single-phzse liquid only, the number of equations per conductor is reduced to 13.
A solution based on this full system of coupled equations would provide the most versatile and
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robust scheme, but it is beyond the scope of the current work. Consequently, a simplified scheme
has been developed that still accounts for the coupling between the primary and secondary.

The heat removal from the steam generator is specified by Equation 7-11. A simple energy balance
gives the enthalpy at the outlet of the primary side as

(e by + Piey), VA, * PRy (7-14)
u), = :
("1"«A)m‘ﬂ

Given this, the primary system can be initialized, except for the nodes within the steam generator.
Without some additionai information, there is not a unique solution for the steam generator
temperature (or energy) distribution.

This additional information is provided by coupling the heat transfer and conduction governing
equations with the fluid flow equations. A scheme that provides some limited coupling between the
primary and secondary systems is used as an intermediate or coupling step. Estimates of the fluid
and wall temperatures, and resulting heat flux values obtained from the coupling step are used in
the explicit evaluation of the flux boundary conditions for the separate uncoupled solutions.

The primary side of a steam generator is assumed to be single-phase liquid at steady state. For
these conditions, the vapor continuity and energy equations, and the difference momentum
equations are omitted. The sum continuity equation is satisfied through the flow specification.
Pressure changes due to temperature fluctuations will be negligible. Consequently, the sum
momentum equation can be neglected on the primary side. The liquid energy equation is the only
balance equation that is necessary. Equation 3-19 gives the steady-state form of the liquid energy
equation. For the coupling scheme, the liquid energy equation is written in terms of the liquid
temperature by substituting ¢ T, for (u, + P/p ), substituting unity for the liquid void fraction, and
dropping the mass transfer terms to give

Y we, T, +Ag =0 (7-18)
inout

This provides one liquid energy equation for each primary-side node that resides in the steam
generator. The resuiting set of coupled liquid energy equations provides the basis for determining
the liquid temperature for each node, where Equation 7-12 defines the wall heat flux in terms of the
left wali surface temperature and liquid temperature.

Equation 7-9 was developed for heat conductors that are used to model environmental heat losses
where the boundary temperature is known. A similar equation can be developed for two-sided
conductors were both boundary temperatures are unknown. The main difference is due to a
different, although equivalent, way o' ting the wall heat flux. This is accomplished by using
Equations 7-12 and 7-13 rather t*  [quations 7-3 and 7-4. The result is simplified for use in the
coupling scheme, since the primar, system is limited to single-phase liquid flow. This allows the
vapor terms to be dropped, giving the following equation for the left wall surface temperature
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T, = 8, Ty - vhaTyl (7-16)

Substituting Equation 7-16 into Equation 7-12 gives an equation for the left wall heat flux as a
tunction of the left surface boundary node liquid temperature and the secondary side temperature
Tgr. Note that a single secondary-side heat transfer coefficient hg is used. The rational used to
determine their values is discussed below. The left wall heat flux is

& = h [n, - 1) T, - ByngTe (7-17)

The secondary side of a steam generator will in general be two phase. A rigorous solution scheme
would utilize the full six-equation set of balance equations and compute the void, pressure, vapor
velocity, and liquid and vapor temperatures in addition to the primary temperatures for each node.

A less rigorous solution has been implemented. In fact, the fluid flow balance equations are not
used in the coupling step. An assumption is made that a single reference temperature can be used
for the secondary side. The following discussion justifies this argument.

The six-equation solution provides both liquid and vapor temperatures that drive the wall and
interfacial heat trans‘er processes. Although the separate liquid and vapor temperatures wiil not be
in complete thermal equilibrium, the intertacial heat transfer process drives both temperatures
toward the saturation temperature. As a result, the saturation temperature should provide, a
reasonable reference temperature for two-pnase situations that will be encountered for U-tube
steam generators.

The saturation temperature will nut be a reasonable reference temperature for OTSGs where the
inlet to the secondary side is subcooled, the exit is superheated, and only the middle region is two
phase. A single-phase temperature, say the inlet liquid temperature, will be a better reference
temperature. The secondary-side reference temperature and its use is discussed in more detail
latter, but the overall system energy balance must be discussed first.

An overall balance equation for the steam generator heat removal rate is written by summing the
right surface wall heat transfer rates and recognizing that the sum must equal the designated steam
generator power. This is written as

)
Y Ag,-PQ,, =0 (7-18)

An equation for the right wall temperature in terms of the primary-side liquid and secondary-side
reference temperatures is obtained by using & procedure similar to the one used to obtain
Equation 7-16. Itis

T..= 05, thnTi - haTg) {7-19a)

r
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where

- h
= i Tl (7-19b)
o,-h)B,- h,)- a,b,
and
Y, = _ﬁ__ (7-19¢)
@ h)

Substituting Equations 7-19a into Equation 7-13a gives an equation for the right surface wall heat
flux as a function of left surface boundary volume temperature and the secondary temperature. It is

q = hByhT, -hg B, + 1) Ty . (7-20)

It is necessary to define the reference heat transfer coefficient, hg, and reference temperature, Tg.
The wall heat flux is defined by Equation 7-13. For the steady-state steam generator coupling
scheme, this flux component is written as

a, = he (T, - Tg) (7-21)

The reference heat transfer coefficient, hy is then
hg & e (7-22a)

if the pressure is adjusted as a means of satisfying the overall energy balance.

For the option where the inlet liquid internal energy is adjusted as a means of satistying the overall
energy balance, the assumption is made that a uniform change in the energy convection occurs
through out the flow path. This mocel is recommended for use with OTSG models. The change in
inlet enthalpy will affect the temperatures in the single-phase (liquid and vapor) volumes. It is
assumed that the two-phase volumes are at the saturation temperature which is not dependent on
the inlet enthalpy.

Changing the inlet enthalpy may cause the boundaries between single-phase and two-phase regions
to move, but this effect will only be accounted for through the explicit solution where the heat
transfer coefficients are updated.

The reference heat transfer coefficients for the subcooled liquid and superheated regions are given
by
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B iamiaoniis 7-22b)
h‘ Tw x T' (
and
q,
T, SR 7-22¢)
o W ¥ :

respectively. In all cases hg is obtained from the explicit heat transfer evaluation.

The reference temperature, Tp, used in Equation 7-21 will be either the local saturation temperature
or the single-phase liquid or vapor temperatures as specified by user input.

As the wall heat fluxes are defined, they are functions of the local reference boundary volume
temperature on the right side. This means that there is effectively one unknown temperature for
each secondary volume, but there is only one balance equation, Equation 7-18. This disparity
between the number of equations and unknowns is eliminated by assuming that the new value of
the reference temperature can be obtained by using a first-order Taylor series expansion in terms of
the reference temperature and then applying the change in the reference temperature to obtain an
overall energy balance, e.g.. pressure or inlet enthalpy. Any change in the reference pressure will
be observed nearly uniformly by all volumes. Similarly, a change in the liquid enthalpy will be
propagated through all volumes as a uniform change to the internal energy flow product. This
assumption reduces the number of unknowns to a single value of either pressure or internal energy
change.

Equations 7-15, 7-17, 7-18, and 7-20 represent 3n+ 1 equations in terms of n unknown left
boundary volume liquid temperatures, n left and right surface heat fluxes, and one reference
temperature change. These simplified balance equations provide the basis for the semi-implicit
coupling scheme. Direct substitution of the appropriate wall heat flux equations into Equations 7-15
and 7-18 reduces the number of unknowns and equations to n+ 1.

If F is considered the system of n+ 1 equations, a new iterate or coupling step estimate of the

primary-side liquid temperatures and reference parameter change are determined from a first-order
Taylor series expansion

Fud.F“"iAY 7-
pe (7-23)

where F is comprised of the n primary liquid temperature equations and the single overall energy
balance equation
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ral, (7-24)

The vector of dependent variables, Y, is
T
Y= [T,", T,’. S i T,h, R (7-25)

and contains the n primary liquid temperatures and the single reference balance parameter R.

The individual primary liquid temperature eguations and overall balance equation in functional form

are

4 s f"cn)_, L C”n.), T+ AR =0 (7-26a)
and

Fo = i AQ, -PQ,, =0 (7-26b)

The components of the Jacobian matrix 8F/8Y are given by

oF
et 4 e ifT (7-27a)
ar' p')“ ""

oF o

—Tu. e, ¢ A, ", (7-27b)
a, { T, '

oF 2q, aT

ol PPN, R (7-27¢)
aR T, R

oF

ok FPY. (7-274)
aT, aT,
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and

e A N M

(7-27e
oR "8T, R '

Equation 7-17 is used to obtain the necessary partial derivatives of the left wall heat flux. They are

Y
;-T-:' = h, (ho, - 1) (7-28a)
and
- h By e (7-28b)
ﬂl

The necessary partial derivatives of the right wall heat flux are obtained, as follows, from
Equation 7-22

—— = hOyh, (7-29a)

f.q-'.-.hl(hfb

 * 1) (7-29b)

The partial derivative of Ty with respect to the reference balance parameter R depends on the
balance scheme specified through user input. For the pressure adjustment scheme where R = P
and Tg is the local saturation temperature, thus

Ty o7 (P)
aR P

(7-30)

If the inlet liquid enthalpy is adjusted, R = (hy), . The assumption regarding the uniform enthalpy
convection implies

whh = w_ {ahg (7-31a)
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which gives

The "in" subscript was dropped for simplification. The necessary partial derivative of the reference

temperature with respect 1o the inlet enthalpy

The temperature derivatives shown in Equations 7-29 and 7-31 are obtained from the EOS

A Gaussian elimination scheme is used to soive the system of equations for primary-side liquid
temperatures and the reference parameter change The reference temperatures are then obtained

from the foilowing

adjustment is used, the secondary phasic temperatures are estimated as
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For the case where the inlet liquid enthalpy is adjusted, the liquid phasic temperatures are given by

aT, w .
A PR LAY Yol (7-35a)
' " ah, w

k1

T

The temperatures in the two-phase region are unchanged, and the vapor temperatures are obtained
from

» T, w -
£ e 1) e e B g™ (7-35b)
1 "odh, w

v

The updated temperatures then provide estimates of the boundary temperatures for the explicit heat
conduction solution. As the steam generator overall energy balance is approached, changes to the
boundary temperatures approach zero.

7.2.3 Open System Energy Balance

The energy transferred from the RCS to the secondary must also be removed from the secondary.
For most LWR systern analyses, it is not practical to model the complete balance of plant.
Consequently, secondary energy removal is generally modeled witn an open flow system consisting
of flow boundary conditions. The feedwater is typically modeled with a time-dependent junction
downstream of a time-dependent volume where the fluid conditions are specified. The steam line is
generally terminated at a pressure boundary defined by a time-dependent volume.

The overall energy balance scheme described in the previous section ensures that the net heat
generated in a system is transferred to the secondary side of a steam generator (or steam
generators). It does not guarantee that the heat transferred to the secondary side is removed. This
balance is the topic of the following.

A steady-state energy balance for an open flow system is obtained when

PQ,, * Ya,-+ ZQW+ 3 Q,, + W, hy, + 8hy)
* Y woh o wehy - Y wh, + Yo, =0 (7-36)

If the inlet liquid enthalpy adjustment (OTSGs) discussed in the previous section is used, the outlet
enthalpy will vary and Equation 7-36 will be satisfied. For a U-tube steam generator, the outlet
enthalpy is fixed at, or very near, the enthalpy of saturated steam by the separator component
model. With the exit enthalpy constant, Equation 7-36 may not be satisfied. In order to guarantee
an energy balance, the inlet enthalpy will require adjustment. The inlet enthalpy change is obtained
by rearranging Equation 7-36 to give
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-1
bh,, = = PQ,, + 3 Q,+ Y0, +30q, +wh,

. Zwmuhmu B wdhll a wahw - Zodm} (7-37)

The enthalpy change is then used to update the enthaipy in the time-dependent volume associated
with the feedwater junction.

7.3 BWR System Energy Balance

Typical BWR models are comprised of an open flow system model of the primary system. For this
configuration the energy balance requirements are similar to the secondary side of a U-tube steam
generator mode! using a separator component. By using the separator component, the exit enthalpy
is limited to saturated vapor (or nearly so). With the exit enthalpy fixed, the feedwater enthalpy
must be adjusted to satisfy the overall energy balance, and ensure that the net system power is
removed. This is true if

Wo oy * Bhy,) -wW h ¢+ w h,+Q =0 (7-38)

The feedwater is assumed to be single-phase liquid, but the steam line can be two phase. The net
system power is determined from Equation 7-1 and the steam line enthalpies are known
approximately from the separator model. This establishes the required feedwater enthaipy change
as

w,.’h., * wv.,hui N sts - Wil

Wow

(7-39)

Ah,, =

The time-dependent volume enthalpy is adjusted by the value determined using Equation 7-39.
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8 IMPLEMENTATION

This section describes the methods used to implement the DSS! solution scheme into the RELAPS
computer code. Three functional areas comprise the necessary source code modifications. They
include a subroutine to read the new input data, others that use the input data to initialize the
required variables, ar.d finally those that perform the steady-state solution and test for convergence.

One development goal, in addition to developing a robust steady-state initialization option, was to
implement the DSSI scheme while requiring no changes to existing input models and only minimal
changes to the base RELAPS source code. This goal has been achieved. A small set of input data is
used to supplement a base RELAPS input deck and specify the desired steady-state initial conditions.
Most of the code modifications required for the DSSI module are contained in new standalone
subroutines. In a few instances, existing RELAPS subroutines required modification. These were
generally necessary to by-pass transient solution specific coding such as time weighted smoothing
of constitutive models. In general, changes to the base RELAPS source code were kept to a
mirimum,

New subroutines used to read the supplemental steady-state input data and to initialize dynamic
storage arrays and variables were written. A new driver subroutine for the DSSI scheme was
written which paraliels the transient solution subroutine "tran”. This driver utilizes a combination of
existing RELAPS subroutines and new subroutines that iteratively solve the steady-state form of the
governing balance equations. Each steady-state iteration is analogous to a transient time-step
advancement.

The following sections provide an overview of the implementation of the DSSI program option. A
discussion is given for the top level logic used to direct the program flow for the input processing,
data initialization, and the DSS! soiution. It precedes individual sections for each of the three
functional areas.

8.1 Program Flow Overview

The main program "RELAPS" provides overall flow control for the program. Because of the modular
design of the RELAPS code, only minor modifications were required to implement the DSS| program
option. These modifications consist of adding a call to the DSSI module "ssadvc" as shown in
Figure 8-1. The flow control variable "iroute" is used to direct the program flow. It is initialized
according to the problem type and option data that are processed by subroutine "inputd”. A value
of 6 is used to designate the DSSI option. Note that the new DSSI module "ssadvc" is outlined with
a double line, while RELAPS modules have a single line.

Additional source code modifications were made to subroutine "inputd”. They are discussed in the
following section.
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8.2 Input Data

A partial overview of subroutine "inputd” is illustrated in Figure 8-2. It provides the flow control for
reading input data and initializing arrays and variables. Appendix A gives specific details regarding
the input data and associated card numbers for the DSSI option.

One of the first tasks performed when RELAPS is executed is to process the free form input data.
This is accomplished by subroutine "rcards”. After subroutine "rcards" has completed its task,
various problem control data cards are processed. Card 100 is read to determine the type of
problem that will be run and the associated options. The code was modified to allow a new problem
option so0 users can request the DSSI solution. Word 2 on Card 100 defines the problem option that
will be used. When it is supplied as "state”, variable "iroute” is set to 6. It is then used to direct
the program flow to the DSSI routines.,

The input data required for the new program option is then processed by subroutine "rnewp".
Figure B-3 gives & partial overview of subroutine "rnewp"”, which also shows calls tec DSSI
subroutines "isstat" and "rsstat". The base RELAPS input deck is read by subroutines "rtsc”
through "rconvr” and the input data for the DSSI option is read by subroutine "rsstat”. With the
exception of Card 100, all of the data cards given in Appendix A are read in subroutine “rsstat”.
The DSSI data cards and their use are summarized in Table 8-1.

Table 8.1 DSSI input data card summary

Card Numbers Description

100 Probiem Type and Options (Revised)
148 Steady-State Convergence Criteria
150-169 Volume Initial Conditions

170-189 Junction Initial Conditions

190-199 Steam Generator and Feedwater System

Descriptions

After reading the DSSI input cards, processing continues with the data initialization routines. The
DSSI initialization routine is summarized in the following section.

8.3 Initialization

As shown in Figure 8-3, initialization subroutines "impen1” through "iusvrv" are used to initialize
base models. Subroutine "isstat” performs the initialization necessary for the DSSi option. The
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DSSI initialization includes evaluation of the initial conditions to ensure that they are adequate 10
uniquely define the initial state of the system.

Section 3 summarizes the governing steady-state balance equations that are used to implement the
DSSI solution. The sum continuity equation, Equation 3-17, is used to propagate input mass flow

rates and to further insure that the mixture continuity equations are satisfied for all control volumes
(except time-dependent volumes). The details regarding the use of the mixture continuity equation
in the DSSI solution are given below.

Pressures that are not supplied as initial conditions are obtained from the solution of the sum
momentum equations. Depending on the location of the pressure initial conditions, a given sum
momentum equation can be used to determine either an upstream or downstream pressure. The
method used to associate unknown pressures with sum momentum equations is given in Section
8.3.2.

8.3.1 Flow Initial Conditions

The sum continuity equation, Equation 3-17, is applied during the initialization process. it can be
used to propagate flows through pipe components or branches, or if all flows are given it may be
used to ensure that they satisfy the sum continuity equations. For pipe components, the flow must
be equal in all junctions to satisfy the mixture continuity equations. If a single flow is known, either
through input specification or by propagation from another component, all junction flows for the
component can be determined. Only one flow into or out of a given control volume can be
propagated. Therefore, branch components, or other components that allow for more than a single
junction in and a single junction out, require an additional mass flow rate initial condition to be
provided.

A reactor core provides an example of the flow propagation process where there are multiple flow
paths into or out of a volume. For instance, flow from the lower plenum can pass through bypass
channels, hot channels, and average core channels. In order to propagate the flow rates, flow initial
conditions must be specified for each parallel channel connecting to the lower plenum, or
alternatively for all but one of the parallel channeis and the total flow into the plenum,

The mixture continuity equation must be satisfied during the initialization process. If it is not, the
problem is terminated with an informative error message. Once the initialization process is
successfully completed, the mixture continuity equation does not have to be included directly in the
set of coupled steady-state balance equations that are solved.

8.3.2 Control Volume Initial Conditions

Initial conditions are required for each hydrodynamic system. At least one energy specification must
be provided. It can be a single-phase internal energy, or for two-phase conditions, both phasic
internal energies and the void fraction must be supplied. Additionally, at least one pressure must be
supplied. More than one pressure can be supplied, but a general rule is that for every additional
pressure that is specified, another loss coefficient must be computed.
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Using the specified internal energy as a reference, the energy equations and vapor continuity
equations are used to compute the remaining phasic internal energies and volume fractions. The
sum momentum equations are used to determine the unknown pressures, and in some situations
form loss coefficients. Where there is a one-for-one correspondence between energy equation and
internal energies and vapor continuity equaticns and volume fractions, each sum momentum
eguation is associated with two volume pressures. As a result, special logic is used to determine
which pressure, upstream or downstream, is computed for a given sum momentum equation. This
logic must ensure that all unknown pressures are solved and that the number of sum momentum
eqguations matches the number of unknowns. In most instances there will be more momentum
equations than unknown pressures. As a result, another parameter must be treated as an unknown
that can be computed to obtain a momentum balance. This parameter is the junction form loss
coefficient.

A marching scheme is used to associate unknowns with the sum momentum equations. When an
upstream pressure is known, it can be propagared downstream using the sum momentum equation.
Likewise, a downstream pressure can be propagated upstream. The propagation approach is not
used to do the actual pressure calculation, but rather to associate unknowns with sum momentum
equations.

Starting in volumes where pressures are input to remain constant, sum momentum equations for
junctions exiting the volume are associated with the downstream volume pressure. Once a pressure
is effectively advanced or propagated downstream, junctions leaving this volume are considered and
the propagation process repeated. Any given pressure can only be determined from one momentum
equation. A similar marching scheme is applied upstream. Junctions where the loss coefficient is to
be computed, rather than an upstream or downstream pressure, must be flagged. This is
accomplished with the junction initial condition data. During the marching scheme, pressure
propagation stops at junctions where the loss coefficient is to be computed and the unknown loss
coefficient is associated with the junction. When no mare pressures can be propagated, the number
of assigned unknowns must match the number of sum momentum equations or an informative error
message Is written and the problem terminated.

8.4 DSSI Solution Scheme

The DSS! solution is analogous to the transient solution. Figure 8-4 is a flow diagram of the steady-
state program module "ssadvc”. Many of the subroutines shown are RELAPS routines that are used
without modification. Where the transient solution scheme contains an outer loop to advance the
time, the steady-state scheme has an outer loop to advance to the next iteration,

In order to start the DSSI solution, initial estimates of the volume states must be available. For the
RETRAN codes (Ref. 3 and 4) a subroutine was written to obtain the starting values since state
information is not supplied for control volumes, except where initial conditions are specified. For
RELAPS, the starting values are obtained from the volume state information that is required input
data for components. Each iteration then updates the volume states consistent with the user
supplied initial conditions and the solution of the governing balance equations.
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For the most part, the RELAPS constitutive models are used without change. The only exception is
the constitutive models for wall and interfacial friction, interfacial heat transfer, and wall heat

transfer. The time weighted smoothing that is used in the RELAPS solution scheme is eliminated so
the instantaneous values are available. Relaxation appropriate for the DSS! solution is then applied.

Subroutine "trnset” is a RELAPS routine that is used to set up and initialize storage arrays used by
the solution scheme. One of the subroutines it calls is "tsets!” which initializes the connection
arrays used to set up the coupled system of balance equations. It also reserves and initializes the
scratch arrays used by the matrix solver. Since the DSSI scheme uses a fully implicit set of
equations which is larger than the set(s) used for the transient solution, a new subroutine was
written for steady-state. It is named "sstset”,

Several new subroutines were written to generate and solve the matrix for the DSSI equation set,
The equations that are implemented are summarized in Section 3. Subroutine "ssvimp" sets up the
sum and difference momentum equations, or the upper portion of the full matrix. The bottom
portion of the matrix corresponds to the phasic energy and vapor continuity equations and they are
set up by subroutine "sssimp”. The system of equations is then solved by subroutine "sssolv".

Two new subroutines are associated with heat structures. Subroutine “sshtav” is used to obtain a
steady-state solution for the heat conduction equations. It utilizes the RELAP5 heat conduction
routine "ht1sst”. The overall system energy balance and implicit steam generator coupling scheme,
developed in Section 8, are implemented in DSSI subroutine "ssstmg".

Results from each steady-state iteration are written to the output file by subroutine "ssedit" which is
the steady-state counterpart of RELAPS subroutine "majout”.

The steady-state iteration is terminated once the convergence criteria are satisfied. At this point,
the point reactor kinetics and control systems are initialized. The next step is to delete the DSSI
matrix connection arrays and scratch space and then obtain the corresponding arrays for the
transient solution by calling subroutine "trnset” after flow control variable "iroute” is set to 2.
Subroutine "ssadvc” returns to the main program shown in Figure 8-1 with "iroute" equal to 2,
where the transient solution is then executed.
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9 DEMONSTRATION ANALYSIS

Nine demonstration analyses have been performed using the DSS| program option as implemented
in RELAPS/MOD3.1. The first five analyses were the demonstration cases used with the steady-
state testbed code (Ref. 2). They were limited to single-phase liquid conditions and have been
repeated using the DSSI solution method. The last four demonstration analyses use single-phase
vapor and two-phase conditions. The demonstration problems are

(1) Single-Phase Liquid - No Heat Addition

(2) Singie Contraction
(3) Single Expansion
(4) Several Expansions and Contractions

(5) Problem 1 Model with Heat Addition

(6) Problem 1 Mode! with Singie-Phase Vapor
(7) Problem 1 Model with Two-Phase Inlet
(8) FRIGG 36-Rod Heated Bundle

(9) PWR System Test Problem

The steady-state results obtained 1or Demonstration Problems 1 through 5 are essentially identical
to those given in Reference 2. One significant difference is that the convergence criteria are more
stiingent and the rate of convergence is quicker for the current work. The improved rate of
convergence is due to the iinplicit numerics of the DSSI scheme.

The demonstration problems were run using the DSSI solver and then rerun using the nearly implicit
RELAPS transient solution to achieve steady-state conditions. A direct measure of convergence of
the transient solution to a steady-state is not made for the demonstration problems. That is, the
time derivatives which should approach zero values, were not available. When the changes in
computed quantities were no longer observable because of the limited precision of the output edits,
the solution was considered converged. In all instances the DSSI problems converged two to three
orders of magnitude better than the corresponding traditional RELAPS solution. All problems v.ed
the default convergence criteria given in Table 9.1, unless explicitly noted in the problem
discussion.

Table 9.1 DSSI convergence criteria

Equations Criteria Limit
|
Sum Continuity ’L w, /wk{ 5.0x 107
-0
Sum Momentum AP /P| 5.0x 108
Difference Momentum pvqlvgl 5.0 x 10°°
Vapar Continuity pad 5.0 x 10
Vavor Energy puglugi 5.0x 107
Fluid Energy pu,/ud 5.0 x 10”7
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For Demonstration Problems 1 through 7, the pressures at both ends of the pipe were input using
time-dependent volumes, the flow was input, and all loss coefficients were input except for the exit
junction (99). Steady-state initialization was used to compute the volume pressure distribution
within the channel and the unknown loss coefficient. To verify that the steady-state initialization
was performing properly, the same cases were run with standard RELAPS using the transient
solution. For the transient RELAPS runs, the same pressure boundaries were used, the unknown
loss coefficient computed from the steady-state run was input for the exit junction, and the flow
through the channel and pressure distribution were computed. The pressure distribution, phasic
velocities and mass flow rates matched for the two methods in all cases, indicating that the steady-
state code was finctioning correctly.

The nodalization for the first seven problems was based on the FRIGG 36-rod heated bundle mode!
of Problem 8. While Problems 1 through 7 used pressure boundary conditions at the inlet and exit,
Problem 8 used a time-dependent junction at the inlet. With this boundary condition option, it is not
necessary to compute a form loss coefficient at the exit. The Demonstration Problem 8 was run
using a procedure similar to that used for the single-phase cases. First the steady-state initialization
option was run, then the transient solution was useu to run the problem to steady state.

The PWR demonstration case was treated differently, in that it used the standard RELAPS steady-
state option. This option used the speciai control system options to drive the transient solution to a
desired steady-state condition. While the transient approached a steady-state condition, the rate of
convergence was poor. On the other hand, the DSSI solution converged rapidly.

9.1 Test Problem 1

A schematic for the Test Problem 1 rnodel is shown in Figure 9.1. As shown, time-dependent
volumes are used to provide pressure boundary conditions to a ten-cell pipe component. For this
demonstration analysis, all the normal volume pressures were input as 182.75 psia and an initial
mass flow rate of 9.48 Ib/sec was specified. The volume pressure distribution was supplied as a
flat pressure profile, since all that is required is a starting guess at the steady-state value. The
boundary volumes were initialized using the conditions shown in Figure 9.1. A pressure differential
of 6.45 psi was applied using the time-dependent pressure boundaries. The specified mass flow
rate was propagated through the pipe and the loss coefficient in junction 99 was adiusted to
balance the total pressure drop defined by the two boundary pressures. In this example, the
internal pressure distribution was obtained from the DSSI solution.

The steady-state pressure distribution converged to 0.01 psi (limit of output edit precision) on the
first steady-state iteration and the exit loss coefficient converged to less than 107 on the fourth
iteration. Each of the steady-state iterations is computationally equivalent to a single time-step
advancement in the transient solution scheme. Table 9.2 shows the pressure distribution and
junction 99 loss coefficient for the four iterations taken. The exit junction loss coefficient is the
only parameter in Table 9.2 that changes appreciably atter the first iteration.
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Figure 9.1 Noding diagram for test problem 1
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Table 9.2 Test problem 1 pressure and loss coefficient convergence using DSSI

Pressure at Iteration (psia)

Node 3

189.20

188.73
188.12
187.48
186.87
186.2:
185.6.
184.98
184.37
183.72
100-1( 183.1

999

0.747059 0.747062
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The RELAPS transient solution was then used to obtain the steady-state solution for the same
problem. The initial condition specifications were identical to those used with the DSSI option,
except that the junctions were initialized to the phasic velocities computed by the steady-state code
and the loss coefficient computed at junction 99 was input with six-digit accuracy. Fixed 0.1-
second time steps were used.

A steady-state solution identical to the one obtained with the steady-state code was obtained after
two seconds (20 time steps) of transient simulation. As shown in Table 9.3, the pressure reached
the steady-state values after the first time-step advancemer.' and the flows and velocities were
converged at two seconds.

9.2 Test Problems 2, 3, and 4

To more completely verify the steady-state code modifications, three additional problems were
executed. The problems were run primarily to test momentum flux terms and further verify the loss
coefficient computation. Problems 2 and 3 tested a single contraction and expansion, respectively,
and Problem 4 tested a combination of expansions and contractions as shown in Figure 9.2. For
each problem, the DSSI solver was executed first. The computed loss coefficient was then input to
the RELAPS transient code which was run to a steady state. For all three problems, identical steady
states were obtained using the two methods. Initial conditions and converged steady-state values
are tabulated in Tables 9.4 and 9.5, respectively.

Table 9.6 shows the convergence of the exit loss coefficient for the three momentum flux test
problems for the five iterations required to obtain convergence. Note that the loss coefficients
converge rapidly and the change from one iteration to the next translates to & pressure change much
smaller than the 0.01 psia value used to establish convergence for the transient solution method.

Tables 9.7, 9.8, and 9.9 contain the transient solutions for Test Probiems 2, 3, and 4, respectively.
All three problems converge to steady-state solutions within the first three or four seconds of
transient simulation. These solutions were identical to the corresponding solutions obtained using
the DSSI method.

9.3 Test Problem 5

Test Problem 5 used the same configuration as Test Problem 1 except that heat was added by using a
powered heat structure. For thermal equilibrium conditions, 0.15 MW would heat the inlet fluid to the
saturation temperature at the exit This power level was reduced to 0.1 MW to insure that there would be
no subcooled boiling in the heated section. The DSSI solution utilized the steady-state heat conduction
solution described in Section 4. The steady-state conduction solution converged each iteration of the
hydraulic solution using nly one or two conduction solution iterations. The problem hydraulically and
thermally converged to a steady-state solution in four iterations.

After the first steady-state iteration, the pressures converged to 0.01 psia (output edit precision limit).

After four iterations, the pressure was converged to 10" psia. The exit loss coefficient convergence is
shown in Table 8.10.
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Table 9.3 Test problem 1 transient solution

Pressure (psia) Velocity (ft/s) fl b/
Times(s) Node 100-05 Node 100-10 Jun 100-05 Jun 99 Jun 100-05 Jun 99
0.2 182.75 182.75 5.2300 5.2300 9.4765 9.4765
0.1 186.23 183.11 5.2303 5.2298 9.4772 9.4762
0.2 186.23 183.11 5.2306 5.2307 9.4778 94778
0.3 186.23 183.11 5.2308 5.2309 9.4781 9.4781
0.4 186.23 183.11 5.2309 5.2310 9.4783 9.4783
0.5 186.23 183.11 5.2310 5.2311 9.4785 9.4785
0.6 186.23 183.11 5.2311 5.2312 9.4787 9.4787
0.7 186.23 183.11 5.2312 65.2313 9.4788 9.4788
0.8 186.23 183.11 5.2313 5.2313 9.4790 9.4790
0.9 186.23 183.11 5.2313 5.2314 9.4791 9.4791
1.0 186.23 183.11 5.2314 5.2315 9.4792 9.4792
1.1 186,23 183.11 5.2315 5.2315 9.4793 9.4793
1.2 186.23 183.11 5.2315 5.2316 9.4794 9.4794
1.3 186.23 183.11 5.2316 5.2316 9.4795 9.4795
1.4 186.23 183.11 5.2316 5.2317 9.4796 9.4796
1.5 186.23 183.11 5.2316 5.2317 9.4796 9.4796
1.6 186.23 183.11 5.2317 5.2317 9.4797 9.4797
1.7 186.23 183.11 5.2317 5.2317 9.4797 9.4797
1.8 186.23 183.11 5.2317 5.2318 9.4798 9.4797
1.9 186.23 183.11 5.2317 5.2318 9.4798 9.4798
2.0 186.23 183.11 5.2317 5.2318 9.4798 9.4798
2.1 186.23 183.11 5.2317 5.2318 9.4798 9.4798
2.2 186.23 183.11 8.2317 5.2318 9.4798 9.4798
2.3 186.23 183.11 5.2317 5.2318 9.4798 9.4798
2.4 186.23 183.11 6.2317 5.2318 9.4798 9.4798
2.5 186.23 183.11 5.2317 5.2318 9.4798 9.4798
2.6 186.23 183.11 5.2317 5.2318 9.4799 9.4798
2.7 186.23 183.11 5.2317 5.2318 9.4799 9.4798
2.8 186.23 183.11 5.2317 5.2318 94799 9.4798
2.9 186.23 183.11 5.2317 5.2318 9.4799 9.4798
3.0 186.23 183.11 5.2317 5.2318 9.4799 9.4798
3.1 186.23 183.11 5.2317 5.2318 9.4799 9.4798
5.2 186.23 183.11 5.2317 5.2318 9.4799 9.4799
3.3 186.23 183.11 5.2317 5.2318 9.4799 9.4799
3.4 186.23 183.11 5.2317 5.2318 9.4799 9.4799
3.5 186.23 183.11 5.2317 5.2318 9.4799 9.4799
3.6 186.23 183.11 5.2317 5.2318 9.4799 9.4799
5.7 186.23 183.11 5.2317 5.2318 9.4799 9.4799
38 186.23 183.11 5.2317 5.2318 9.4799 9.4799
3.9 186.23 183.11 5.2317 5.2318 9.4799 9.4799
4.0 186.23 183.11 5.2317 5.2318 9.4799 9.4799
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Problem 4 - Contractions and Expansions

Figure 8.2 Schematic diagrams for test problems 2, 3, and 4
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Table 9.4 Data for test problems 2, 3, and 4

Probiem 2 Problem 3 Problem 4

Inlet to Volume Pressure (psia) 1956.00 195.00 193.00

Annulus Initial Pressure (psia) 182.75 182.75 182.75

Outlet TD Volume Pressure (psia) 182.75 182.75 182.75

inlet TD Volume Flow Area (t?) 0.032816 0.0100 100.00

Restricted Annulus Flow Area (ft?)  0.0100 0.0100 0.0100

Expanded Annulus Flow Area (ft?)  0.032816 0.032816 0.032816

Outlet TD Volume Flow Area (ft?)  0.0100 0.032816 0.041424

Annulus Node Length (ft) 1.45013 1.45013 1.45013

Number of Nodes 10 10 10

Orientation Horizontal Horizontal Vertical |

Input Flow Rate (Ibm/s) 9.480 8.480 9.480 ‘
|
|
|
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Table $.5 Results for test problems 2, 3, and 4 using DSSI

Problem 2 Problem 3 Problem 4

Computed Loss Coefficient 4.09207 63.2933 0.298537

Mass Flow Rate (Ibm/s) 9.480 9.480 9.480

Velocity in Contraction (ft/s) 17.168 17.168 17.169

Velocity in Expansion (ft/s) 5.2316 5.2316 5.2318

Annulus Pressure (psia)
V100-01 194.97 194.75 192.63
V100-02 194.92 194.26 191.92 |
V100-03 194.83 193.44 189.17 ‘
V100-04 194.78 192.95 188.12 |
V100-05 194.69 192.12 188.55
V100-06 192.83 193.44 187.94 l
V100-07 192.00 193.36 185.18 |
V100-08 191.51 193.30 184.13 ‘
V100-09 190.69 193.22 184.56
V100-10 190.19 193.16 182.14

Table 9.6 Loss coefficient convergence for test problems 2, 3, and 4

Loss Coefficient
Iteration Problem 2 Probiem 3 Problem 4
1 4.57446 63.2885 0.356733
2 4.09199 63.2915 0.298556
3 4.09208 63.2933 0.298533
4 4.09207 63.2933 0.298537
5 4.09207 63.2933 0.298537
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Table 9.7 Test probiem 2 transient solution

Pressure (psia) _Velocity (ft/s) Mass flow )ib/s)
Timels) Node 100-056 Node 100-10 Jun 100-05 Jun 99 Jun 100-06 Jun 99
0.0 182.75 182.75% 5.230 5.230 2.8878 2.8878
0.1 487.14 242 .43 273.50 273.46 151.13 151.10
0.2 203.44 220.10 31.174 31.200 17.195 17.219
0.3 196.89 197.87 20.52€ 20.455 11.321 11.310
0.4 195.20 191.87 18.063 18.064 9.9628 9.9678
0.6 194 .82 190.60 17.435 17.372 9.6171 9.6026
0.6 194,73 190.31 17.252 17.251 9.5169 9.5196
0.7 194.70 190.21 17.215 17.154 9.4972 9.4817
0.8 194.70 190.20 17.191 17.190 9.4855 9.4867
0.9 194 .69 190.18 17.196 17.141 9.4888 9.4738
1.0 194.69 190.19 17.185 17.184 9.4838 9.4841
1.2 194.69 190.19 17.181 17.180 9.4834 9.4831
1.4 194.69 190.19 17.177 17.176 9.4824 9.4820
1.6 194 .69 190.19 17.174 17.173 9.4813 9.4810
1.8 194 .69 190.19 17171 17171 9.4804 9.4802
2.0 194.69 190.19 17.170 17.170 9.4799 9.4798
2.2 194.69 190.19 17.169 17.169 9.4796 ©.4796
2.4 194 .69 190.19 17.168 17.168 9.4795 9.4795
2.6 194 .69 190.19 17.168 17.168 9.4795 9.4795
2.8 194 69 180.19 17.168 17.168 9.4795 9.4795
3.0 194.69 180.19 17.168 17.168 9.4796 9.4795
3.2 194.69 190.19 17.168 17.168 9.4796 9.47%6
3.4 194.69 190.19 17.168 17.168 9.4796 9.4796
3.6 194.69 190.18 17.168 17.168 9.4797 9.4796
3.8 194.69 190.19 17.168 17.168 9.4797 9.4797
4.0 194 .69 190.19 17.168 17.168 9.4798 9.4798
4.2 194.69 190.19 17.168 17.168 9.4798 98.4798
4.4 194 .69 190.19 17.168 17.168 9.4799 9.4799
4.6 194.69 190.19 17.168 17.168 9.4800 9.4800
4.8 194 .69 190.19 17.168 17.168 9.4200 9.4800
5.0 194 .69 190.19 17.168 17.168 9.4800 9.4800
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Table 9.8 Test problem 3 transient solution

Pressure (psia) Velocity {(ft/s) Mass flow )Ib/s)
Time(s) Node 100-05 Node 100-10  Node 100-05 Node 99 Node 100-05 Node 99

0.0 182.7% 182.75 5.230 5.230 2.8878 9.4765
0.1 257.56 236.04 85.002 25.884 46.945 6.912

0.2 204 .48 212.76 24.332 7.4313 13.432 13.467

0.3 195.563 198.30 18.263 5.6687 10.081 10.091

0.4 192.61 193.94 17.370 5.2942 9.5894 9.56933
0.5 192.21 193.30 17.206 5.2430 9.4990 9.5004
0.6 192.14 193.19 17.175 5.2331 9.4825 9.4825
0.7 192.12 193.17 17.169 5.2318 9.4797 9.4800
0.8 192.12 193.16 17.169 5.2308 9.4797 9.4785
0.9 192.12 193.16 17.169 5.2316 9.4798 9.4797
1.0 192.12 193.16 17.168 5.2311 9.4799 9.4788
1.2 192.12 193.16 17.169 5.2310 9.4802 9.4787
1.4 192 12 193.16 17.169 5.2311 9.4803 9.4789
1.6 192.12 193.16 17.169 5.2312 9.4803 9.4791
1.8 192.12 193.16 17.1€9 5.2313 9.4802 9.4793
2.0 192.12 193.16 17.169 5.2314 9.4802 9.4794
2.2 192.12 163.16 17.169 5.2314 9.4801 9.4796
2.4 192.12 193.16 17.168 5.2315 9.4800 9.4797
2.6 192.12 193.16 17.168 5.2316 9.4800 9.4798
2.8 192.12 193.16 17.168 5.2316 9.4800 9.4798
3.0 192.12 183.16 17.168 5.2316 9.4800 9.4798
3.2 192.12 193.16 17.168 5.2316 9.4799 9.4799
34 192.12 193.16 17.168 5.2316 9.4800 9.4799
3.6 192.12 193.16 17.168 5.2316 9.4800 9.4799
3.8 192.12 193.16 17.168 5.2316 9.4800 9.4799
4.0 192.12 193.16 17.168 5.2317 9.4800 9.4800
4.2 182.12 193.16 17.168 5.2317 9.4800 9.4800
4.4 192.12 193.16 17.168 65.2317 9.4800 9.4800
4.6 192.12 193.16 17.168 5.2317 9.4800 9.4800
48 192.12 193.16 17.168 5.2317 9.4800 9.4800
5.0 192.12 193.16 17.168 5.2317 9.4800 9.4800
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Table 9.9 Test problem 4 transient solution

Pressure (psia) Velocity (ft/s) Mass flow (Ib/s)
Timel(s) Node 100-05 Node 100-10 Node 100 -05 Node 99 Node 100-05 Node 99
0.0 182.75% 182.75 0.0000 0.0000 0.0000 0.0000
0.1 189.05 183.46 1.5200 4.9860 2.7542 2.7530
0.2 188.51 183.11 2.5831 8.4771 4. 6805 4.6807
0.3 188.51 182.86 3.4147 11.206 6.1874 6.1874
0.4 188.52 182.64 4.0213 13.197 7.2865 7.2865
0.5 188.53 182.47 4.4418 14.577 8.0486 8.0486
0.6 188.53 182.36 4.7235 15.501 8.5589 8.5589
0.7 188.54 182.28 4.9077 16.106 8.8927 8.8927
0.8 188.54 182.23 5.0264 16.495 9.1078 9.1078
0.9 188.54 182.20 5.1021 16.744 9.2450 9.2450
1.0 188.55 182.18 5.1501 16.901 9.3320 9.3320
1R 188.55 182.16 5.19256 17.063 9.4215 9.4215
1.4 188.55 182.15 5.2191 17.127 9.4570 9.4569
1.6 188.55 182.14 5.2268 17.163 9.4709 9.4709
1.8 188.55 182.14 5.2298 17.163 9.4764 9.4764
2.0 188.55 182.14 5.2310 17.167 9.4786 9.4786
2.2 188.55 182.14 5.2315 17.168 9.4794 9.4794
2.4 188.55 182.14 5.2316 17.169 9.4798 9.4798
2.6 188.55 182.14 5.2317 17.169 9.4799 9.4799
2.8 188.55 182.14 5.2317 17.169 9.4800 9.4799
3.0 188.55 182.14 5.2318 17.169 9.4800 9.4800
3.2 188.55 182.14 5.2318 17.169 9.4800 9.4800
3.4 188.55 182.14 5.2318 17.169 9.4800 9.4800
3.6 188.55 182.14 5.2318 17.169 9.4800 9.4800
3.8 188.55 182.14 5.2318 17.169 9.4800 9.4800
4.0 188.55 182.14 5.2318 17.169 9.4800 9.4800
4.2 188.55 182.14 5.2318 17.169 9.4800 9.4800
4.4 188.55 182.14 5.2318 17.169 9.4800 9.4800
4.6 188.55 182.14 5.2318 17.169 9.4800 9.4800
4.8 188.55 182.14 5.2318 17.169 9.4800 9.4800
5.0 188.55 182.14 5.2318 17.169 9.4800 9.4800
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Table 9.10 Test problem 5 loss coefficient convergence

iteration Loss Coefficient
1 0.747562
2 0.850261
3 0.850025
4 0.850025
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A RELAPS transient was executed using the converged loss coefficient shown in Table 9.10.

Table 9.11 summarizes the solution for a few of the key parameters. This problem converges much
slower than Test Problern 1 which converged in two seconds compared with 20 seconds. The final
steady-state solution is essentially the same as that obtained using the DSSI method. The fiuid
temperatures are the slowest to converge. This is likely due to the thermal time constants
associated with the heat conduction solution, since the starting heat conductor temperature
distribut'on was initially in error (due to the estimation for the fluid boundary temperature). Thermal
time constants restrict the rate at which the correct temperature distribution can be achieved. No
effort was made to determine the exact cause of the slower convergence since it has no effect on
the DSSI method which is the focus of this work.

9.4 Test Problem 6

Test Problem 6 is another variation of Problem 1. For Problem 6, the inlet fluid conditions were
modified to be representative of single-phase vapor at 376.654 F and 188 psia. The exit pressure
was set at 187.8 psia and the channel was initialized at 187.9 psia. The mass flow rate was input
as 0.25663 Ibm/sec.

The DSSI method converged to a steady-state solution in three iterations. Table 9.12 containz the
computed exit loss coefficient for each iteration. As with the single-phase liquid cases, this case
converges rapidly.

The converged loss coefficient shown in Table 9.12 was then used in the exit junction and the
RELAPS transient calculation which was run to a steady-state condition. This steady condition was
essentially identical to the solution obtained using the DSSI method. Table 9.13 presents a
summary of the transient approach to steady state.

An observation regarding the transient solution scheme was made while performing this problem.
Since there was no wall or interphase energy exchange, the exit convective energy should differ
from the inlet value by the sum of the viscous dissipation terms. This was true for the DSSI solution
but not for the RELAPS transient solution. Another indication of the problem was evident in the
node temperature values. They increased slightly from the inlet to exit for the DSSI case due to the
viscous heating. However, the temperatures decreased for the transient solution. This may be the
cause of the transient solution converging to a mass flow of 0.25660 Ibm/sec, rather than the value
of 0.25663 used as a boundary condition for the DSSI method. No attempt was made to identify
the cause of this apparent error in the transient solution since it was beyond the scope of the
current work.

9.5 Test Problem 7

Test Problem 7 was based on the geometric model description of Test Problem 1, but the inlet
boundary conditions were revised to specify two-phase flow. The inlet fluid conditions were
specified as a saturated two-phase mixture at 188.5 psia and a void fraction of 0.013044. The sink
pressure was set at 182.0 psia and the flow initial condition was specified to be 11.000 Ibm/sec.
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Table 9.11 Test problem 5 transient solution

Pressure (psia)

Velocity (ft/s)

Mass Flow Rate (lbm/s)

Temperature (F)

Time (s} Node 10005 Node 100-10 Node 110-05 Node 39  Node 100-05 Node 99 Node 100-05 Node 99
0.0 182.75 182.75 5.2300 5.2300 9.4765 9.4765 360.33 360.33
0.5 186.24 183.13 5.2035 5.2196 9.4181 9.4469 361.96 362.00
1.0 186.24 183.13 5.2043 5.2199 9.4112 9.4372 363.25 363.57
20 186.23 183.13 5.2228 5.2383 9.4364 9.4523 364.53 366.33
30 186.23 183.13 5.2366 5.2525 9.459 9.4660 364 .86 368.12
4.0 186.23 183.13 5.2432 5.259« 9.4703 9.4729 364.96 368.96
50 186.23 183.13 5.2458 5.2624 9.4748 9.4760 365.00 369.31
6.0 186.23 183.13 5.2470 5.2638 9.4767 94774 365.02 369.48
7.0 186.23 183.13 5.2476 5.2646 9.4777 9.4782 365.04 369.58
8.0 186.23 183.13 5.2480 5.2651 9.4783 9.4786 365.06 369.64
9.0 186.23 183.13 5.2482 5.2655 9.4787 9.4790 365.07 369.69
10.0 186.23 183.13 5.2484 5.2658 9.4790 9.4792 365.07 369.73
11.0 186.23 183.13 5.2486 5.2660 9.4792 9.4794 365.08 369.76
12.0 186.23 183.13 5.2487 5.2662 9.4795 9.4796 365.09 369.79
13.0 186.23 183.13 5.2488 5.2662 9.4795 9.4796 365.09 369.79
14.0 186.23 183.13 5.2488 5.2663 9.4796 9.4797 365.09 369.80
15.0 186.23 183.13 5.2488 5.2664 9.4797 9.4797 365.09 369.81
16.0 186.23 183.13 5.2664 5.2664 9.4797 94798 365.09 369.82
17.0 186.23 183.13 5.2489 5.2664 9.4798 9.4798 365.09 369.82
18.0 186.23 183.13 5.2489 5.2665 9.4798 9.4798 365.09 369.82
19.0 186.23 183.13 5.2489 5.2665 9.4798 9.4798 365.09 369.82
20.0 186.23 183.13 5.2489 5.2665 9.4798 9.4798 365.09 369.83
21.0 186.23 183.13 5.2489 5.2665 9.4798 9.4798 365.09 369.83
22.0 186.23 183.13 5.2489 5.2665 9.4798 9.4798 365.09 369.83
23.0 186.23 183.13 5.2490 5.2665 9.4798 9.4798 365.09 369.83
240 186.23 183.13 5.2490 5.2665 9.4798 9.4798 365.09 369.83
25.0 186.23 183.13 5.2490 5.2665 9.4798 9.4798 365.09 369.83




Table 9.12 Test problem 6 loss coefficient convergence

Iteration Loss Coefficient
1 4.26122
2 4.32537
3 4.32540

Table 9.13 Test problem 6 transient solution

Pressure (psia) Velocity (ft/s) fl |
Timel(s) Node 10C-05 Node 100-10 Jun 100 -05 Jun 89 Jun 100-05  Jun 99
0.0 187.90 187.90 22.000 22.000 0.24817 0.24817
01 187.95 187.89 22.591 22.589 0.25489 0.25481
0.2 187.95 187.89 22.711 22.717 0.25624 0.25623
0.3 187.95 187.£9 22.735 22.742 0.25652 0.25651
0.4 187.95 187.89 22.741 22.747 0.25659 0.25657
0.5 187.95 187.89 22.742 22.748 0.25660 0.25659
0.6 187.95% 187.89 22.742 22.749 0.25661 0.25660
0.7 187.95 187.89 22.742 22.748 0.2566" 0.25660
0.8 187.95 187.89 22.742 22.748 0.25661 0.25660
0.9 187.95 187.89 22.742 22.748 0.25661 0.25660
1.0 187.95 187.89 22.742 22.748 0.25660 0.25660
1.1 187.95 187.89 22.741 22.748 0.25660 0.25660
1.2 187.95 187.89 22.741 22.748 0.25660 0.25660
1.3 187.95 187.89 22.741 22.748 0.25660 0.25660
1.4 187.95 187.89 22.741 22.748 0.25660 0.25660
1.6 187.95 187.89 22.741 22.748 0.25660 0.25660
1.6 187.95 187.89 22.741 22.748 0.25660 0.25660
1.7 187.95 187.89 22.741 22.748 0.25660 0.25660
1.8 187.95 187.89 22.741 22.748 0.25660 0.25660
1.9 187.95 187.8S% 22.741 22.748 0.25660 0.25660
2.0 187.95 187.89 22.741 22.748 0.25660 0.25660
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Pressure and void fraction distributions approximating the steady-state solution were provided with
the component data. These distributions provided the starting point for both DSSI and transient
methods. The detailed distributions were not necessary for either tive DSSI or transient solution
methods, but did reduce the simuiation time required to reach a steady-state for the transient and
may have reduced the number of iterations for the DSSI method.

The DSSI solver converged to a steady condition in 32 iterations. Table 9.14 gives a history of the
computed exit loss coefficient. During iterations 2 through 5, negative loss coefficients were
computed. They were reset to zero and the calculation continued. The final loss coefficient
satisfied the pressure convergence criteria which is equivalent to 10°° psia.

As with previous test problems, the transient solution was used to solve for a steady-state condition
given the boundary conditions and the converged exit loss coefficient obtained from the steady-state
solution. Table 9.15 contains the results for a few key parameters which converged in 4.5 seconds.
The DSSI method converged to essentially the same solution that the transient scheme converged
(45 time steps) to.

The transient solution displays a problem similar to the one discussed in the previous section
regarding the vapor temperature. For this simple two-phase fiow problem, the liquid becomes
superheated and flashes as it moves up the channel and the pressure drops. The resulting vapor
appears at the local saturation temperature. In the final steady-state solution obtained using the
transient solution, the vapor temparatures are consistently lower than the local saturation
temperature,

Again this slight discrepancy in the vapor phase temperature may cause the difference between the
transient mass flow rate of 10.996 Ibm/sec and the DSSI initial condition of 11.000.

9.6 FRIGG 36-Rod Heated Bundle

A series of experiments were performed in the 8 MW FRIGG loop with electrically heated rod
bundles, simulating conditions in the Marviken boiling heavy water reactor. Test 4131489 was for a
36-rod bundle configuration (Ref. 7). The RELAPS model treats the heated length as an annulus
with 10 volumes. A time-dependent junction was used to specify the inlet flow boundary condition
and an associated time-dependent volume specifies the fluid conditions. Another time-dependent
volume at the exit provides a pressure boundary condition. With this configuration of boundary
conditions, the pressures are back propagated from the exit boundary to the inlet and it is not
necessary to compute a loss coefficient as was done in the previous test cases. The specified
power is distributed uniformly between the 10 heat structures attached to the annulus volumes.
Loss coefficients specified for the grid spacers have been incorporated into the model. Figure 9.3
shows a schematic of the model. It also includes the boundary conditions that were used for the
test configuration.

The subcooled inlet coolant is heated and subcooled boiling begins in the first heated node. As a
result of the heating, the vapor void fraction increases up the test assembly. An error in MOD3.1
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Table 9.14 Test problem 7 loss coefficient convergence

Iteration Loss Coefficient
1 1.34676
2 0.000000
3 N.000000
4 0.000000
5 0.000000
6 0.205658
7 0.220995
8 0.112464
9 0.103030

10 0.918932
15 0.969390
20 0.971452
25 0.972212
26 0.972284
27 0.972340
28 0.972386
29 0.972422
30 0.972450
31 0.972473
32 0.972491
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Table 9.15 Test problem 7 transient solution

SZEO-HO/OJUNN

06

S sia Liquid Vel. (ft/s) Vapor Vel. (ft/s) Mass Flow Rate (1bm/s) Void Fraction

Time{s) Node 100-05 Node 100-10 Jun. 100-05 Jun. 99 Jun. 100-05 Jun. 99 Jun. 100-05 Jun. 99 Jun. 100-05 Jun. 99

2.0 185 .66 182.71 8.0981 9.3136 9.9482 12.039 12.637 12.637 0.13055 0.24605
0.1 185 41 182 .65 7.7320 9 1647 9.4816 11.796 12.026 12.400 0.13347 0.24817
0.2 185 .39 182 .62 7.5352 8.9358 9.3079 11.560 11.674 12.061 0.13688 0.25003
0.3 185.37 182 .60 7.4091 8.7340 9.1340 11.272 11.438 11.760 0.13997 0.25187
0.4 185.34 182 .59 7.3274 B.5598 9.0711 11.089 11.282 11.508 0.14231 0.25307
05 185.33 182 .58 7.2782 8 4362 8.9965 10.90% 11.186 11.327 0.14387 0.25408
0.6 185.133 182 .57 7.2466 8 1440 8.9758 10.817 11.126 11.196 0.14478 0.25456
0.7 185.33 182 .56 7.2272 8.2880 8.9421 16.729 11.091 11.115 0.14523 025492
0.8 185.33 182 .56 7.2137 8.2485 8.6339 10.695 11.068 11.062 0.14539 025495
09 185.33 182 .56 7.2045 8.2278 8.9162 10 656 11.054 11.034 0.14537 0.254%9
1.0 185.33 182 .56 7.1971 8.2125% 8 9112 10 646 11.044 11.0186 0.14526 0.25480
1.1 185.33 182 .56 7.1%13 5.2056 8.9005 10.629 11.037 11.009 0.14513 0.25466
8 185.33 182 .56 7.1864 8.1993 8.8965 10.627 11.031 11.003 0.14499 0.25445
1.3 185.33 182 .56 7.1822 8.1967 8.889%4 10.617 11.026 11.002 0.14486 0.25428
i4 185.33 182 .56 7.1785 8.1933 8.8861 10.617 11.022 11.001 0.14475 0.25408
1.5 185.33 182 .56 7.1754 8.1918 8.3812 10.611 11.019 11.001 0.14465 0.25393
1.6 185.33 182 .56 7.1727 8.1895 8.8786 10.610 11.015 11.000 0.14457 0.25377
1.7 185.33 182.56 7.1704 8.1883 8.8752 10.60€ 11.013 11.000 0.14451 0.25366
1.8 185.33 182 .56 7.1684 8.1865 B 8731 10.605 11.010 10.939 0.14445 {.25354
1.9 185.33 182.56 7.1667 8.185%5 8.8707 10.602 11.008 10.999 0.1444]1 0.25345
2.0 185.33 182 .56 7.1652 8.1841 8. 8691 10.601 11.006 10.99% 0.14437 0.25336
2.1 185.33 182 .56 7.1639 8.1833 8.8674 10.599 11.005 10,999 0.14434 0.25330
2.2 185.33 18Z .56 7.1628 8.1823 8.8662 10.598 11.003 10.998 0.14432 0.25324
2.3 185.33 182 .56 7.1619 8.1817 8.8650 10.597 11.062 10.998 0.14430 0.25319
2.4 185.33 182 .56 7.1612 8.1809 8.8642 10.596 11.001 10.998 0.1442% 0.25315
2.5 185.33 182.56 7.1605 8.180% 8.8633 10.59% 11.000 10.997 0.14428 0.25311
2.6 185.33 182.56 7.1600 8.1800 8.8627 10.595 11.000 10.997 0.14427 0.25308
2.7 185.34 182.56 7.159% 8.1797 8.8621 10 594 10.999 10.997 0.14426 0.25306
2.8 185 .34 182.56 7.1591 8.1793 8.8617 10.5%4 10.998 10.997 0.14426 0.25304
29 185 .34 182 .56 7.1588 8.1791 8.8613 10.593 10.998 10.997 0.14426 0.25303
3.0 185.34 182 .56 7.1585 8.1788 8.8610 10.593 10.998 10.997 0.14425 0.25301
3.1 185.34 182 .56 7.1583 8.1787 8.8607 10.593 10.997 10.997 0.14425 0.25300
3.2 185 .34 182 56 7.1581 8.1785 8.8605 10.592 10.997 10.9%6 0.14425 0.25300
3.3 185.34 182 .56 7.1580 8.1784 8.8604 10.592 10.997 10.996 0.14425 0.25299
3.4 185.34 182.56 7.1579 8.1783 8.8602 10.592 10.99%7 10.99 0.14425 0.25298
38 185.34 182.56 7.1578 8.1782 8.8601 10.592 10.997 10.996 0.14425 0.25298



Table 5.15 (Cont'd)

Pressure (psia) Liguid Vel. (ft/s) 1. (ft/ ow Rate (! i

Time(s) Node 100-05 Node 100-10  Jun. 100-05 Jun. 99 Jun. 100-05 Jun. 99 Jun. 100-05 Jun. 99 Jun. 100-05 Jun. 99

36 185.34 182.56 7.1577 8.1781 B.8600 10.592 10.996 10.996 0.25298
3.7 185.34 182 .56 7.1576 8.1781 8.8600 10.592 10.996 10.996 0.252%8
38 185 34 182.56 7.1576 8.1780 8.8593 10.592 10.99% 10.996 0.25297
3.9 185.34 182 .56 7.1576 8.1780 8.8599 10.592 10.996 10.996 0.25297
4.0 185 .34 182 .56 7.1575 8.1780 8.8598 10.592 10.99 10.99% 0.25297
4.1 185.34 182.56 7.1575 8.1780 8.8598 10.592 10.996 10.996 0.25297
42 185 .34 182 .56 7.157% 8.1779 8 8598 10.592 10.996 10.996 0.25297
43 185.34 182 .56 7.1575 8.1779 8 8598 10.592 10 .99 10.996 0 25297
44 185.34 182 .56 7.1575 8.1779 8.8598 10.592 10.99% 10.996 0.25297
45 185 .34 182 .56 7.1575 8.177% 8.8598 10.592 10.99%6 10.99 0.25297
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Figure 8.3 FRIGG 36-rod heated bundle schematic
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gives rise to an unrealistic void distribution.’ The void fraction increases up the heated section until
the liquid subcooling nears zero. At this point the void fraction unexpectedly decreases for s2veral
nodes. It then begins to increase toward the exit. A steady-state solution is not reached for the
transient solution method, and the void fraction and mass flow rate near the exit oscillate with no
observable tendency of approaching a steady solution. Miller? reports that the cause of the error
has not been specifically identified, but that it has been corrected in the subsequent code version.

To avoid the problem described above for the current work, modifications were made to subroutines
"phant]” and "fidis|" to force the EPRI drift flux correlation to be used when evaluating the interfacial
friction. This eliminated the problem for both the DSS! and transient solution methods. The DSSI
method converged in 35 iterations and the resulting pressure, void fraction, temperature, and phasic
velocity distributions are shown in Table 9.16.

A transient solution was also used to obtain a steady state using the boundary conditions shown on
Figure 9.3. The transient solution is shown in Table 9.17. A steady condition was not obtained at
100.0 seconds (1000 time steps) of transient simulation and there is no indication that it will be
reached. This indicates a potential error in MOD3.1 (newrly implicit method). The transient was
rerun using the semi-implicit solution method and a steady condition was achieved at 40.0 seconds
(400 time steps). The solution given in Table 9.18 agrees well with the DSSI solution. Several of
the node pressures differ in the last significant figures (0.01 psia), but this difference could be due
to the artificial viscosity terms that are included in the semi-implicit solution. As discussed in
Section 3, these terms are not included in the steady-state momentum equation currently used with
the DSSI method.

9.7 PWR Test Problem

The first five test problems demonstrate the ability of the DSSi method for single-phase liquid
problems with and without heating and Problem 6 demonstrates single-phase vapor. Test Problems
7 and 8 demonstrate the method for two-phase conditions without and with heating. Problem B is
representative of typical BWR core conditions. All eight of these test problems utilized similar
geometries with inlet and exit boundary conditions specified. The final test problem is representative
of a single-loop PWR system model which is comprised of a single-phase primary system and a two-
phase secondary system. Heat transfer through the heat structures representing the steam
generator tubes couples the two hydrodynamic systems. A schematic of the model is shown in
Figure 9.4,

The primary system model is comprised of a three-node electrically heated core, a five-node
pressurizer model, a three-node steam generator, a single recirculation pump, and a number of other
piping volumes. Three nodes are modeled in the bundie region of the steam generator, which
supplies a single separator volume. A separate steam bypass volume is connected to the upper
plenum and upper downcomer volumes. A two-node lower downcomer connects to the bundie

1 €. 8§ Miller, EG&G Idaho, Inc., RELAPS Troubie Report - Personal Communication, August 1894
2 C S Miller, EG&G Idaho, Inc., Personal Communcation, October 1994
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Table 9.16 FRIGG 413149 solution using DSSI

Volume Pressure Void Liquid Vapor Saturation

Number (psia) Fraction Temp. (F) Temp. (F) Temp. (F)
1-01 439.46 0.0000 408.350 453.907 453.907

100-01 442.78 0.0471 423.568 454 .661 454 .661

100-02 44210 0.1708 436.736 454.507 454 .507
100-03 441.69 0.3670 446.016 454.413 454 .413

100-04 441 .35 0.6352 451.034 454.337 454.337
100-05 441.05 0.6453 453.253 454.268 454.268
100-06 440.76 0.7157 454 076 454.204 454.203
100-07 440.48 0.7651 454133 454,140 454.140
100-08 440.24 0.7991 454 088 454.084 454.083
100-09 439.97 0.8237 454,029 454.024 454.024

100-10 439.67 0.8442 453.960 453.954 453.954
999-01 439.50 0.9128 453.916 453.916 453.916

Junction Liquid Vel. Vapor Vel. Mass Flow

Number (tt/sec) (ft/sec) (Ib/sec)

2-00 1.9721 1.9721 16.180
100-01 2.0935 2.4415 16.180
100-02 2.4240 3.2178 16.180
100-03 3.1727 4.3079 16.180
100-04 4.2729 6.1602 16.180
100-05 5.4974 8.4778 16.180
100-06 6.7090 10.996 16.180
100-07 7.9224 13.581 16.180
100-08 9.0293 16.180 16.180
100-09 10.023 18.784 16.180
990-00 11.037 21.349 16.180
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Table 9.17 FRIGG 413149 transient solution {nearly implicit)

Pressure (psia) Liquid Vel (ft/s) Vapor Vel. (tf/s) Mass Flow Rate (1bwm/s) Void Fraction
Time(s) Node 100-05 Node 100-10 Jun. 100-05 Jun. 99 Jun. 100-05 Jun. 99 Jun. 100-05 Jun. 99 Jun. 100-05 Jun. 99
0.0 439 46 439 46 0.0000 0.0000 0.0000 0.0000 0.000 0.000 0.00000 0.00000
0.5 442 55 439 78 1.9985 2.0252 1.1013 1.1095 16.376 16 594 0.00000 0.00000
1.0 442 54 439.78 2.0098 2.0478 0.38186 0.9652 16 .430 16.740 000000 0.00000
1.5 442 54 439.78 2.0278 2.0843 0.8997 0.9267 16.524 16.981 0.00000 0.00000
2.0 442 53 439.77 2.0448 2.1182 0 8586 0.9181 16.589 17.178 0.00000 0.00000
25 442 63 439.79 2.1405 2.4181 09649 1.0830 17.213 19 430 0.00368 0.00355
3.0 442 45 439.79 2.5478 3.2874 1.814% 1.8976 19.678 25.571 0.03855 0.62959
3.5 442 60 439 80 2.8437 4 4659 3.3416 5.1939 20.559 31.909 0.09703 0.10465
4.0 442 77 439 85 3.3163 7.0693 4 1641 B 4052 21 641 41 523 0.18373 0.26356
45 442 34 439 81 3.8286 9.5561 4.9983 13.555 21.779 40 384 0.28940 0.47671
5.0 442 15 439 80 4 3656 11.301 5 8430 16.317 21.450 34 553 0.38856 0.62840
5.5 441 &7 439.75 4 6835 11.294 6.4429 17.914 20.250 27.344 046467 0.71373
6.0 44] 51 439 69 4 .9070 16.901 6.9433 18 847 19.203 23.420 0.51802 0.75144
6.5 441 35 439 69 5.0483 11.136 7.2891 19.374 18 386 21.330 0.55346 0.78211
7.0 44] 28 439 66 5.1582 10.793 7.5662 19 824 17.847 19 598 0.57732 0.79669
7.5 441 20 439 67 5.2291 11.092 7.7571 20.120 17 424 18.833 0.59409 0.81178
8.0 44] 18 439 65 5.2882 10.815 7.9151 20.378 17.131 18.001 0. 7 0.81731
85 441 .13 439 67 5.3284 11.118 8.0269 20.567 16 .896 17.689 0.61528 0.82636
9.0 441 13 439 65 5.3656 10.807 8.1257 20.739 16.738 17.183 0.62205 0.82765
9.5 441 09 439 66 5.3897 11.123 B.1926 20 851 16.603 17.037 0.62719 0.83454
10. 441 10 439 64 5.4137 10.824 8.2555 20.961 16.516 16.750 0.63110 0.83352
15. 44, .06 439 64 5.4892 10.942 8.4543 21.299 16.216 16.221 0.64385 0.84223
20. 441 06 439 64 5.4972 10.922 8.4755 21.340 16.186 16.155 0.64514 0.84277
25. 44] 06 439 64 5.4985 10 868 8.4786 21.351 16.184 16.126 0.64527 0.84235
30. 441 06 439 64 5.4982 106.901 8.4781 21.345 16.183 16.139 0.64529 0 84267
35. 441 06 439 64 5.4990 10.909 8. 4794 21.357 16.185 16.142 0.64529 0.84277
40 441 06 439 54 5.4984 10.904 8 4785 21.347 16.183 16.142 0. 64529 0.84268
45 441 06 439 64 5.4983 10.936 8.4782 21.340 16.183 16.158 0.64529 0.84295
50. 44] 06 439 64 5.4984 10.5910 8.4783 21.341 16.183 16.148 0.64529 0.84269
S5. 441 .07 439 .64 5.4986 10.879 8.4786 21.342 16.184 16.135 0.64529 0.84239
60. 441 06 439 64 5.4984 10 8% 8.4785 21.343 16.183 16.141 0. 64529 0.84248
65. 441 .07 439 64 5.4987 10.908 8.4788 21.335 16.184 16.156 0.64529 0.84256
70. 441 06 439 .64 5.4984 10.885 8 4784 21.346 16.183 16.134 0.64529 0.84249
75. 441 07 439 64 £.4988 10.903 8.4788 21.337 16.184 16.151 0.64529 0.84254
80. 441 .06 439 64 5.4986 10.869 8.4789 21.351 16 184 16.126 0.64529 0.84235
85. 441 06 439 64 5.4985 10.878 8.4786 21.345 16.183 16.134 0.64529 0.84239
90. 441 07 439 64 5.4986 10.869 8.4786 21.344 16.184 16.128 0.64529 0.84233
95. 441 .07 439 64 5.4985 10.891 8.4787 21.341 16.183 16.145 0.64529 0.84243
100 441 .06 439 64 5.4983 10.900 8.4782 21.3485 16.183 16.140 0.64529 0.84264




Table 9.18 FRIGG 413149 transient solution {semi-implicit)
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Figure 9.4 PWR test probiem schematic

region. A full PWR system model will contain significantly more nodes in both the primary and
secondary systems, and multiple steam generator loops may be modeled. However, the general
configuration and component selection will be similar to the example problem.

The example PWR problem differs from all previous test problems which were essentially straight
pipe problems with specified boundary conditions. Neither the primary nor secondary systems can
be initialized to a steady-state condition using only boundary conditions. Initial conditions muset be
supplied for the primary system pressure and liquid internal energy. While the feedwater ilow on the
secondary side of the steam generator provides a boundary condition, it is not adequate to uniquely
specify the initial state. initial conditions must also be provided for the pressure and internal energy.

The base model for the PWR demonstration was originally used as a workshop problem to assess
the system modeling capability (Ref. 8) and to demonstrate the control system features for obtaining
a steady-state solution using the RELAPS "stdy-st" solution scheme. Table 9.19 lists the initial
conditions that were given in Reference 8. Some of these initial conditions defined the starting point
for the transient solution rather than the desired steady-state initial conditions and are listed in the
first column. The second column lists the desirec initial conditions as dediiced from the steady-state
control models. In the original problem, special controller models were included to adjust the
feedwater flow to obtain the desired level in the downcomer, another to adjust the steam fiow, and
another to adjust the pump speed to obtain the desired primary loop fiow. A time-dependent volume
was used to fix the pressurizer pressure.
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Table 9.19 PWR tast problem

Parameter Starting Values Desired IC
Primary System
Pressurizer Pressure (MPa) 15.0 15.0
Inlet Temperature (K) 550.0 55656.5
Mass Flow Rate (kg/s) 131.0 275.0
Core Power (MW) 50.0 50.0
Pump Speed (RPM) 275.0 369.0
Pressurizer Level (M) 4.5 4.5
Secondary System
Pressure (MPs) 2.0 2.6
Feedwater Mass Flow (kg/s) 156.0 26.5
Feedwater Temperature (K) 478.0
Downcomer Level (1™ 6.19 6.5

After a steady-state condition was reached using the "stdy-st" option, the problem would have to be
renodalized to replace the time-dependent volume representation of the pressurizer with normal
volume nodalization, It is unlikely that the pressure specification for the renodalized pressurizer
would yield the same pressure gradient as the time-dependent volume. This could lead to an
unwanted forcing function at the beginning of a simulation. Additionally, the special steady-state
controllers would have to be deactivated or eliminated during the renodalization procedure. These
additional model modifications complicate the use of the code and increase the potential for errors.

It should also be noted that the steady-state detection logic in the RELAPS scheme is relatively loose
by comparison with the DSSI option.

Figures 9.5 through 9.17 illustrate the approach to a steady-state soiution for the base workshop
problem. Although not shown, the pump speed controller increased the pump speed from the initial
value to 369 rpm to obtain the desired loop flow rate. The higher frequency oscillations shown on
some curves are not physical and are possibly related to the code errors discussed above.

The workshop problem was modified to use the DSSI solution option. The desired initial conditions
shown in column two of Table 9.19 were specified as input to the new option. Loss coefficients
were calculated at the pump exit for the primary system and at the steam dome exit, separator liquid
fallback, and bundle inlet junctions for the secondary side. A converged steady-state solution was
obtained in 78 iterations. The feedwater liquid internal energy was adjusted by 3.96x10% J/kg
(8.8°K) and the separator faliback void fraction was adjusted to be 0.02907 by recomputing the
Vunder NOrmMalization parameter for the separator model. In order to obtain an overall energy balance,
the secondary-side reference temperature (saturation) was adjusted by 1.08 K, which corresponds to
a pressure change of 0.052 MPa. The results obtained using the DSSI solution option are shown as
dashed horizonta! lines on Figures 9.5 through 9.17. If the high frequency oscillations are ignored, it
is evident that the steady-state conditions obtained using the steady-state initialization, are in
agreernent with the transient solution.
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Figure 8.5 RELAPS "stdy-st" optien steam dome pressure
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Figure 9.6 RELAPS "stdy-st” option core inlet fluid temperature
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Figure 9.8 RELAPS "stdy-st” option pressurizer mass flow
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Figure 9.9 RELAPS "stdy-st" option steam generator primary mass flow
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Figure 9.10 RELAPS "stdy-st” option steam generator secondary mass flow
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Steam Line Mass Flow (kg/s)
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Figure 9.11 RELAPS "stdy-st” option steam line mass flow
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Figure 8.13 RELAPS "stdy-st" option bypass void fraction
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Figure 8.14 RELAPS “"stdy-st” option core power
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Figure 8.15 RELAPS "stdy-st" option steam generator primary power
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Figure 9.16 RELAPS "stdy-st" option steam generator power
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Figure .17 RELAPS "stdy-st" option downcomer level

Tables 9.20 and 9.21 give the DSSI output for the 25th and 78th iterations, respectively. In
addition to the component conditions, the current convergence is also given for the various balance
equations. Note that the convergence at iteration 25 is better then the transient solution at

300 seconds (3000 time steps).

A comparison of the transient solution results at 300 seconds with the converged DSSI results will
provide some useful insight into the accuracy of the two methods. In general, the primary-side
solutions for both methods converged quickly since they are single-phase liquid. The pump speed
controller and core and steam generator heat transfer time constants limit the rate of convergence
for the "stdy-st" metnod. A loop flow rate of 274.95 kg/sec was reached at 300 seconds (target
value is 275 kg/sec.

The secondary side is more difficult to converge due to the two-phase conditions that are present.
Test Problems 7 and B illustrated this fact via the increase in the number of steady-state iterations
required to obtain a converged solution with the DSSI method and the number of time advancements
for the transient method. Table 9.22 lists a few parameters for the secondary side that indicate the
accuracy of the steady-state solutions.

Figure 9.14 demonstrates that the core power (actually convective heat transfer from the electric

heaters) peaks at 52.5 Mw but approaches a steady value of 50.0 Mw at 300 seconds. The pump
and viscous dissipation for the primary side are not available from the transient solution edits. They
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shouid be approximately equal to the values for the DSSI solution. The net heat rate for the primary
system is then 50.265 Mw. Figures 9.15 and 9.16 show the heat removal rates for the primary and
secondary sides of the steam generator tubes. While they are quite differen’ during the early
portions of the transient, they are approaching the correct values at 300 seccnds as can be seen in
Table 9.22. The differences between the primary- and secondary-side values a'e due to the thermal
time constants associated with the transient heat conduction solution.

For the DSSI method, the primary- and secondary-side heat removal rates are always equal in
magnitude as a direct result of the steady-state conduction solution that is employed. The implicit
coupling step incorporated in the DSSI scheme ensures that the steam generator heat removal rate
matches the core power plus the primary-side dissipation.

The steam generator downcomer level shown in Figure 9.17 drops below 4.5 m early in the transient
simulation, but recovers toward the target 6.5 m vaiue at 300 seconds. Table 9.22 shows the value
to be 6.465 m. The feedwater and steamline flows are related to the level since an imbalance
between the two is the mechanism used to change the level. The "stdy-st" controller is attempting
to hit the target mixture level. Once this level is reached, the feedwater and steamline flow rates
must be equal to satisfy the continuity equation. While the flows are nearly equal, they satisfy the
continuity balance within 4x10°2 (AW/W) were the DSSI convergence is better than 5x10°7,

The steam generator bundle mass flow rates are alsc shown in Table 9.22. There is a significant
variation, up to six percent, in the flows from the inlet to the exit for the "stdy-st" method. This
difference is related to the flow oscillations shown in Figure 9.10.

The DSSI solution converges rapidly and to a much tighter criteria than the transient approach.
Also, the DSSI method allows users to specify desired initial conditions rather than requiring
controllers to indirectly force the desired conditions on the transient solution. In general, this will
allow less experienced code users to obtain better steady-state solutions and in a shorter time
period.
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Table 9.20 Sampie DSSI solution at iteration 25

RELAPS/3 1

Reactor Loss Of Coolant Mnlysis

RELAPS Direct Steady-State Imitialization -

0106 -

PWR DSSI Test Case (based on workshop swle pmbk'u no. 2;

Iteration = 25
Trip Mer trip time (sec)
501 -1.000000 503  .0000000£+00 504 -1.000000 506
601 Mm 602 -1.000000 603 -1.000000 604 -1.000000 605
System 1 *none* mass= 3186.2 kg
Vol.no. pressure voidg tempf t sat_ temp. @ ----ceea-an-
.k . (pa) !(T) !(1? (k) fvc/voidg  dug/ug
- snglvo
EW-OIM‘ 1.50801E+07 .000DE+00 555.494 615.708 615.708 .00000E+00 . DO00OE+00
core pe
110-010008 1.51163E+07 .0000E+00 565.954 615.900 615.900 . 00000E 4
110-020000 1.51010E+07 .0000E+00 579 273 615.818 615.818 1.51622€-21 -9.02151E-23
110-030000 1 .50861E+07 . DODOE+00 588 634 615.739 615.739 6.30808E-21 . +00
coregut branch
120- omoo‘ 1.49666E+07 _0000E+00 588 600 615.102 615.102 .00000E+00 . DOOOQE+DO
S52r pe
Y;O 01&08 1.50524E+07 . Q0OOE+D0 615.324 615560 615.560 .00000E+00 . 0DOOCE+00
130-020000 1.50243E+07 . 0000E+00 615.300 615.410 615 410 .00000E+0C . 0ODOOE+00
130-030000 1 .50154E+07  0000E+00 615.293 615.363 615.363 .00000E+C0 . DOOOOE+CO
130- uoooo‘ 1.50066E+07 .D0OOE+00 615 286 615.316 615.316 .00000E+00 . D0000E+00
r32 OIM 1.50014E+07 1.000 615.288 615.292 615.288 .000D0E+00 . 000Q0E+00
132-020000 1. 5?00&[007 1.000 615281 615.281 615.281 .00000E+00 DODOOE+00
TR-BIO‘OO gmm 1.000 372.782 600.000 372.782 .00000E+00 . DODOOE+00
s:zen-in ipe
1 -moos 1.50091E+07  000DE+00 588.612 615.330 615.330 5.32373E-21 . 00000E+00
1:0-020000' 1.50079E+07  .0CO0E+00 588 612 615.323 615.323 .00000E+00  _000OQE+00
s
1537"010008 p:.49433€+07 .D00DE+00  576.156 614 978 614 .978 .00000E+0C 23 60872E -22
150-020000 1.48865E+07 . 0000E+D0 565.212 614 673 614 673 .000C0E+00 . 00000E+00
150-0.;90000 }.4?3055007 .DODDE+Q0 555 .352 614 372 614 372 6.77626E-21  _0OCOQE+Q0
-in vo
owooowl 48306E+07 .0000E+00 555 352 614 372 614.372 .00000E+00 3 .60525E-22
rpm = g 00 (rad/sec) head = 2 .56795€+05 (pa) torque = -724.00 (n-m)
octant = mtr.torque = 724 00 (n-m)
170-010000 1 503356+07  .0000DE+Q0 555 .492 615 459 615.459 .00000E+00  0000OE+00

6.31523E-10
5.97119%€-10
5.73422€-10

5.73274E-10

. 00000E +00

5.73329-10
5.73374E - 10

-3.84598E - 06
-5.63838E - 06
-6.49130E - 06

-6.49157E-06

-6.48717E-06

Copyri 1995 er Simulation & Analysis, Inc.
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Table 8.20 (Cont'd)

SZESHO/OIWNN

801

System 2  *none* mass= 32208 kg

Vel no. pressure voidg tempf tTg sat. temp. @ ----eoiaoen Convergence ------------
RN (?a) ((T) (k) (k) o fvc/voidg  dug/ug duf/uf
zoo-olgooo‘ (FOO00E+06 DODOE+D0 483 792 499 187 499 187 .00000E+0C . 0O000E+00 . 0DOOOE+0C
: pe
21 -omog 2.58728E+06 4060 498 586 498 925 498 924 -9.B8S92E-04 -1 15668E-06 -7 69209 -05 no
210-020000 2.57753E+06 5625 498 720 498 725 498 722 5.04460E-03 -1.09593E-06 -6_11041E-05 no
21o-osomm'z‘gmzme 7930 498 583 498 572 498 568 4 49058€-04 -1 13825E-06 -4 28115£-05 no
220-010000 %.S:QIE% 7506 485 577 49 870 498 144 .00000E+00 . 000DQE+00 0OO0DE+D9
-con snglve
-010000 2 .54751£+06 1.000 498096 498 142 498 096 2 11758€-22 -1.05262€ 55 . 00DDODE+D0
condensr t-?vol
240-010000 ‘.mooms 1.000 372.7182 435 000 372.782 .00000E+CO . 0D0O0CE+00 0ODCOE+0Q
downcmr  annulus
250-010000 2 .57641E+06 1. 1356E-02 495 703 498 700 498 699 2.15237€-03 -9_16526E-G7 -4 28707E-05 no
25001:0000 2.52275(*06 .0000E+00 495 762 499 038 499 038 -2.64771E-17  _00000E+00  _0O0QOOE+00
-in separatr
ﬁ&m - A SSOO?E% 6210 498 180 498 188 498 148 2.20221E-03 -1.04903E-06 -6.63029E-05 no
270 010000 2 56016006 1.9872E-02 498 .241 498 360 498360 3.24973E-03 -9 .B2669E-07 -5.33601E-05 no
gao OI&MNMEMWS 1.000 372 782 435 000 372.782 .00000E+00  _00000E+00  _0000OE+00
-010000 2 .54751E+06 ! 000 498 0% 496 825 498 096 .CO0O0E+00  _0OCOOE+00 . OOCOOE+OC
Vol .no. uf u? rhof rhog rho-mix lig. vel. vap. vel. static non-cond.
(kj/kg) (ki' ';8’ (kg/m3) (kg/m3) (kg/m3) (m/sec) (m/sec) quality m
100-010000 1. 9E+06 2.45797:+06 9 91 97.534 9.91 7.2380 7.2380 .00000E+00 . +00
110-010000 1 .27917E+06 2 45709:+06 740 .48 97 907 740 .48 2.1717 2.1719 .0000OE+00 DOODOE+00
110-020000 1.35112E+06 2 45746E+06 712 .72 97.749 712.72 2.2263 2.2211 .00000E+00 . 00000E+00
110-030000 1 40501E+06 2 45782E+06 690 55 97 595 690 .55 2.2858 2.2862 .00000E+00 . DOODOE+Q0
120-010000 1 40518E+06 2 46068E+06 690 33 96. 369 690.33 7.9659 7.9659 .00000E+00 . DODODOE+00
130-010000 1 S8614E+06 2 45864E+06 603 31 97 248 603.31 .00000E+00 . O0000E+00  .0000DE+00 . QOQOOE+DD
130-020000 1 .58614E+06 2 45933E+06 603.24 96.959 603.24 .00000E+00 0OOQ0E+00  .0000DE+00 . 0O0OOE+00
130-030000 1.58614E+06 2 45955£+06 603.21 96 .868 603.21 .00000E+00  .000COE+OC . 0OCOOE+D0 . DOOOOE+00
130-040000 1.58614E+06 2 45976E+06 603 19 96.777 603.19 .00000E +00 00000E+00  _0C000E+00 . 0OOOOE+00
132-010000 1 .58620E+06 2 45992E+06 503.14 9% 717 96.717 00000E+00 00000E+00 1 0000 00000E+00
132-020000 1.58614E+06 2 45992€+06 603.17 96.709 96.709 0C000E+00 00000E+00  1.0000 00000E+00
134.010000 4 17407E+05 2 B5229E+06 958 39 36187 .36187 00000E+00 0C000E+00 1.00000 00000E+00
140-010000 1.40512E+06 2. 45970E+06 690 41 96 .803 650 41 7.9668 7 9668 .00000E+00 00000E+00
140-020000 1 40512E+06 2 45973E+06 690 40 96.791 690 40 7.9663 7.9663 .OGOO0E+00 C0000E+00
150-010000 l 33445E+06 2 46120E+06 719 .23 96.132 719.23 9 5164 9 5211 . 00000 +00 00000E +00
150-020000 1.27573E+06 2 46239E+06 741 52 95 .556 741.52 9.1834 9 1859 -00000E+00 00000E +00
150-030000 1.22489E+06 2 46357E+06 759.79 94 990 759.79 8.9353 8.9369 .00000E+00 00000E+00
160-010000 1 224B9E+06 2 46357E+06 759 79 94 992 759.79 7.2388 7.2588 .00000E+00 000G0E+00
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Tabie 9.20 (Cont'd)

220-020000 98013 1.98719€-02 2348 6 5.993E+05 2. 630E+04 _000E+D0 _OOCE+00 4 82 48 mpr
231-000006  00D00E+00 1.0000 27292 000E+G0 2.3726-04 8.9 8.90 6.689E-03 6 689E-03 mpr
232-000000 .00000E+00 1.0000 2 4068 000E<QC 6 4826403  .000E+00  OCOE+Q0  _QOOE+0C QOOE+00 mpr
250-010000 98864 1.13555E-02 2206.6 141 171 (000F+00 . O00E+00  .ODOE+00 . OODE+00 mpr
251-000006 1,0000 00000E+00 1543 .4 296 .100 56.9 56.9 .250 .250 mpr
260-010000 _0OCOOE+0C  1.0000 93.680 (000E+00 2 92BE-02 . COOE+00 . 0OOE+DC  .333 333 mpr
260-620000 97170 2.83033£-02 1.00000E+30 108 6 148E-03 1.82 1.82 3.99 3.9 mpr
260-030000 20704 . 79296 169.13 170 7.661E-06 _0DOE+00  .Q00E+00 28.6 3.56 mpr
271-000000 98013 1. 9871%-02 3131.4 .161 218 .000E+00 .0OOE+00 .DOOE+00 . OO0OE+D0 mpr
290-010000  0000OE+00 1 0000 2.7348 O00E+D0  _OOOE+0C  .000E+00  .OOOE+00 . 0OOE+GO DODE+00 mpr
RELAPS/3 .1 Reactor toss Of Coolant Analysis Program

RELAPS Direct Steady-State Initialization - Ver 1.0 - 30/06/95 - Copyright 1995 gs C%ter Simulation & Analysis, inc.
PR DSSI Test Case (pased on workshop sample probiem no. 2) /06 02:28:32

HEAT STRUCTURE OUTPUT +++

str no. side bdry vol. surface heat-trf. heat - flux critical CHF ht  heat-trf. int. -heat conv+rad vol . ave.
number temp. convection convection heat-flux mul mode coef.conv source -source temn.
(k) (watt) (watt/m2) (watt/m2) (watt!t;- (watt) (watt) (k)

.oooooéwo 1.50000£+07 2 04891E-08 947 57
_00000E+00 2 00000E+07 -5 21541 -081080 89
_00000E+00 1.50000E+07 -9 31323F-09 959 91
_J0000E+00 7 45058 -08 544 76

1100-001 left $-000000 1204 643  _00000E+00 . 00000E+00 . OQOGOE+00
right 110-010000 612 781 1 .50000E+07 6.37470E+05 . 00D000E+00

1100-002 left 0-000000 1466 687  000QOF+00  00000E+00 . DOOOOE+0O
ri 110-020000 626 568 2.0000L:.+07 B8 49960£+05 3 10575E+06

1100-003 left 0-000000 1219 905 _OCOOCE+00  .00000E+00 . 0000OE+00
right 110-030000 624 510 1.500006+07 6. 37470E+05 2 95707E+G6

1500-001 left 150-010000 565 824 -1 97308E+07 -6.15134E405  DCOOOE+00
right 210-030000 526 257 1.9730BE+07 4 94607¢+05 5 40353E+06

1500-002 left 150-020000 556 498 -1.63716E+07 -5.10405£+05 . 00000E+D0 _00000E+00 -1 .63913E-07 538 88
ri 210-020000 523 431 1.63716E+07 4_10398E+05 5.57472E+06 :

1500-003 left 150-030000 547 730 -1 41607€+07 -4 414776405  O000GE+CO 57943 .00000E+00 -9 59262E-07 532 .36
right 210-010000 518 904 1 41607e+07 3 54975E+05 5.54517E+06 2

SUM of int.-heat-source= _50000E+08 (watt)

R2R228I—A2SS
wWwNaeaNBNWOWOND
g

str. no. mesh point te?ratures (k)
1100-001 1204 6 1181. 1115.1 1010.1 878.80 731.17 643 .13 632.68 622.57 612.78

1100-002  1466.7 1432.0 1330.8 11735 975.04 763.62 666 .49 652.77 639 .47 626 .57
i100-003  1219.9 11969 1129.6 1023.0 890.33 740.96 654 61 644 24 634.22 624 51
1500-001 565 .82 559.73 553.81 548 .03 542 39 536.89 $31.51 526.26

1500-002  556.50 551.39 546 .43 541 .60 536 .89 532.29 527 .81 523.43
1500-003  547.73 543 .27 538.94 53472 530.62 526.62 522.71 518.90
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Table 9.20 {Cont'd}

Str no. gas gap clad radius ruptured pressure
n

, m, {pa)
1100-001 6 .37728E-05 5.35437E-03 no 2'.’:6181‘06
1106-002 S5 45147E-05 5.35492¢ -03 no
1100-003  6.34090€-05 5.35472€-03 no




Table 9.21 Sampie DSSI solution at iteration 78

SZESHI/OIUNN

rit

RELAPS/3 .1 Reactor Loss Of Coohmt Analysis Proga
RELAPS Direct Steady-State Initialization - 1.0 - 36/06/95 - Copyright 1595 g‘ CTG‘ Simulation & Analysis, Inc.
PWR DSSI Test Case (based on workshop sq;le probla no. 2) 106/ 02:28:32
Iteration = 78
Trip number, trip time (sec)
501 -1. 502 -1.000000 503 .00000GOE+00 504 -1.000000 506 -1.000000
601  0000000E+00 602 -1.000000 603 -1.000000 604 -1 000000 605 -1.000000
System 1 *none* mass= 31862 kg
Vol .no. pressure voidg tempf t sat. temp. | --cceeese--e Convergence --------«---
- . (pa) e(T) C(Tg (k) fvc/voidg  dug/ug duf/uf
- sngivo
Eoo-oxooooi 1. 50801£+07  O000E+00 555.494 615.708 615.708 .DOC00E+00  _00C000E+00 . DO00OE+D0
core pe
110-010008 1.51163E+07  _D0DOOE+00  565.954 615.900 615.909 .00000E+00 . 00OOOE+Q0 6.37853E-11

110-020000 1.51010E+07 _000DE*00 579.273 615.818 615.818 -6.92764E-24 2 090BIE-25 6.02983E-11
110-030000 1.50861E+07 . COOOE+0C 588.634 615.739 615.739 9.46088E-24 -3 52898E-25 5.78999E-11

coregut branch
120-010000 1 49666E+07 . 0000E+00 588.600 615.102 615.102 _00000E+00 . 00000E+00 S5.7B96BE-11
ss2r ipe
YSO emog 1.50524E+07  _0000E+00 615.324 615,560 615.560 .00000E+00  .GOOOUE+OC 0000OE+00
130-020000 1.50243E+07 . 0000E+00 615.300 615 410 615 410 .000COE+00 . 0OCOOE+00 00000E+00
130-030000 1.50154E+07 .0000E+C0 615.293 615 363 615.363 .00000E+0C . 00000E+00 . 0DOODOE+00
130- ztmi 1.50066E+07 . 0000E+00 615 286 615.316 515.316 .00000E+00 . OCOCOE+00 . 0O00DOE+0D
sS
Y' &3 1.50014E+07 1.000 615 288 615.292 615.288 CO00DE+00  _ODOOOE+00 . 0000OE+00
| SM«H)? 1.000 615.281 615.281 615 281 .DO000E+G0 . 000CCE+00 . 0ODOOE+00
YM 010‘00‘ E 00000E+05 1.000 372.7182 600.000 372.782 .00000E+00  .00000E+00C . COOODE+00
01000s 1.50091£+07 . 0000E+00 588 612 615.330 615.330 1.60460E-23 . 00C00E+00 5.78975E-11
1:0 029(!00i 1.50079E+07 _O000E+D0 588 612 615.323 615.323 .00000E+00 . ODOOOE+00 5.78973E-11
S pe
153?310005 1.49433E+07 0000E+C0 576.156 614.978 614 978 .00000E+00 . OOCOCE+DO -3 74235E-07
150-020000 1.48865£+07 .D000E+00 565.212 614 673 614 673 _O000CE+0C . 0O0DOOE+00 -3 25821E-07
150-0?0000 %.4?3055007 .0O0DE+D0  555.350 614 372 614 372 5.29396E-23 . 00000E+0D -2 40369E-08
-in snglvo
60 010000 1.48306E+07 _0000E+00 555.350 614 372 614 372 .00000E+00  _0000OE+0D -2 .40557E-08
rp- = "'3 00 (rad/sec) head = 2.56798BE+05 (pa) torque = -724.00 {n-m)
octant = mtr.torque = 724 00 (n-m)

170-010000 1503355007 .D0OOE+00  555.490 615.459 615.459 -1.05744E-25  00000E+00 -2.45885E-08
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Table 9.21 (Cont'd)

System 2 *none* mass=

Vol no. pr:ssure

)
feedtank ?.
200-010000 2. 60000E£+06

stgen-2 pipe

1 -010008 2 SRIAGE+06
210-020000 2.57776E+06
210-030000 2 57043E+06

sengdt branch

220-010000 %5?032906
VO

zsggaowooo 2 S4R02F +06

240 010000 Eooeoocoos
downcmr  annulus
250-010000 2.57681E+06
250-020000 2 59313E+06
-in  separatr
-0100060 2 .55052¢+06

downcmr  annulus
270 010000 2 56063t+06

280 mgmdfmoooooms

bypass
010000 254&02(%

Vol no. uf
(kj/kg)
100-010000 1.22519E+06
110-010000 1.27917E+06
110-020000 1 351126+06
110-030000 1 40501£+06
120-010000 1. 4051BE+06
130-010000 1 58614F+06
130-020000 1 .58614F+06
130-030000 1.58614E+06
130-040000 1 58614E+06
132-010000 1.58620f+06
132-020000 1 58614F+06
134-010000 4 17407¢+05
140-010000 1.40512E+06
140-020000 1 40512€+06
150-010000 1.33445£+06
150-020000 1.27572E+06
150-030000 1. 22488E+06
160-010000 1.22488f+06

3222 5
voidae

C000E +00
4065
5602
7941

7506

1.000
1.000

1.0135€-02
.D000E+00

6210
1.8039€-02

1.000

1.000
(k“?k )
2.*57875406
2 .45709E+06

2 45746E+06
2 .45782E+06

kg
<
483 798
498 554
498 589
485 577
498 107
372 782

495 716
495.762

498 181
498 255
372.782
498 107

I3)

.00000E+00

-4 24BA46E - 05
-1.48348E-19

-5.31857E-05
-6.66311E-05

. 00000E +00
.00000E+00
lig. vel.

(m/sec)
7.2380

1.33989€-06
2.05484E - 06
2.25929 -06

1.92460E-08 1.11775E-06
: .00000E+00

6.77573E-08
2.69322£-08

2. 24724 -06
2 .09444E -06

quahty quaht
00000€ +00 M
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Table 9.21 (Cont'd)

220-020000 : . . .000E+00 . D0CE+00 4 .82 & .82 mpr
231-000000  O00QOE+00 1 0000 27289 .D00E+00 2 3722-04 B8.91 B8.91 6. 689E-03 6.689%-03 mpr
232-000000  O0D0OE+00 1 0000 2 4065 .00GE+00 6 481403 _000E«00 .0OOE+D0 . QOOE+00 . 0O0E+00 mpr
250-010000 98986 1.01351E-02 2094.7 141 .209 00CE+00  .Q0DE+00 .0DOE+Q0 . CGOE+0C mpr
251-000000 1.0000 mﬂn 1543 4 297 101 58.2 58.2 250 250 mpr
260-010000 . O0000E+00 1 0000 93.683 D00E+DC 2 928E-02 .OOOE-00 .000E+00 .333 333 mpr
260-020000 97093 2.90725E-02 1.00000E+30 108 6.7326-03 1.70 i.70 3.98 399 mpr
260 -030000 " 89 79411 168 99 168 7.356E-06 DOOE+OQ0 . 000E+00 28.1 357 mpr
271-000000 9819 1 BO3BBE-02 3608.4 161 257 000E+00  OOOE+D0  .Q0CE+00 OOOE+D0 mpr
290-010000 00000E+00 1.0000 2.7345 000E+0C  OCOE+00 . OOOE+00  DOOE+00 . OODE+DD OOOE+00 mor
RELAPS/2.1 Reactor Loss Of Coolant Analysis Program
RELAPS Direct Steady-State Initialization - Ver. 1.0 - 30/06/95 - Copyright 1995 gx C%ter Simulation & Analysis, Inc.
PWR DSS1 Test Case (based on workshop sample problem no. 2) /06 02:28:32
HEAT STRUCTURE OUTPUT +++
str no. side bdry vol. surface heat-trf. heat - flux critical CHF ht  heat-trf. int -heat cony+rad vol . ave.
number temp. convection convection heat-flux mul mode coef conv source - source temp
{k) (watt) (watt/m2) (watt/m2) (vatt/i;- (watt) (watt) (k)
= 1100-001 1left 0-000000 1204 643 _00000E+00 . QO000E+0C OODDOE+00 00 O .OCOD0E+DC 1.50000£+07 3.16650E-08 947 57
- 110-010000 612 781 1 500006407 6. 374m+os .COD00E+00 .00 2 13613
- 1100-002 1teft 0-000000 1466.687 . 00000E+00 .00000E+00 00 O .D0000E+00 2. 00000E+07 2 .23517E-081080.89
ri 110-020000 626 568 2 00000E+07 49%!!% 3.10575E+06 .79 3 K} |
1100-003 1le 0-000000 1219 905 . ODOOOE+00 00COOE+00  OCOCOE+Q0 .00 O .00000E+00 1 S0000E+07 -2 23517E-08 959 91
ri 110-030000 624 510 1 500006407 6. 37470£+05 2 957076406 79 3 28717 .
1500-001 150-010000 565.825 -1 97305E+07 -6.15124E+05 _00000E+00 .00 2 59540 . 00000E+00 7 59959 -07 544 76
210-030000 526 258 1.97305E+07 4 94599E+05 5. 40359%+06 83 4 17868 .
1500-002 1left 150-020000 556 499 -1 63715E+407 -5 10403E+05 0ODDOE+00 .00 2 58580 . .00000E+00 -3 B3705E-07 538.88
right 210-020000 523 433 1.63715E+07 4 10397t+05 5.57481E+06 .84 3 16610 .
1500-003 left 150-030000 547.729 -1.41631E+07 -4 41553E+05  00000E+0C .00 2 57942 . .00000E+00 5.38304f-07 532.35
right 210-010000 S518.897 1. 41631E+07 3 .S5037E+05 5 S54507¢+06 82 3 17722.
SUM of int.-heat-source= .S0000E+08 (watt)
str. no. sh point ¢ (k)
1100-001 1204 6 1181. 1115.1 1010.1 878 80 731.17 643 13 632 68 622.57 612.78
1160-002 1466 .7 1432 .0 1330 8 11735 975.04 763.62 666 49 652.77 639 47 626 .57
1100-003 1219.9 1196 9 1129.6 1023.0 890.33 740.96 654 61 644 24 634 22 624 51

SZEI-WO/OFUNN
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Table 9.21 (Cont'd)

559 74 553 81 548 03
551.39 546 43 541 .60
543 .27 533 94 534 .72
clad radius ruotured
m,
5.35437¢-03 no
5 35492E-03 no
5.35472£-03 no

542 39 536 .89 531.51
536. 532.29 527 .81
530.61 526 61 522.
pressure

(pa)

2 461R3E+06

526.26
523 .43
518.90




Table 9.22 Comparison of the "stdy-st” and DSSI methods

Parameter "stdy-st” DSS!
Core Power (mW) 49.991 50.0
Pump and Viscous Dissipation (kw) ~265.0 265.0
Steam Generator Downcomer Level (m) 6.465 6.5
Feedwater Flow (kg/s) 26.233 26.5
Steamline Flow (kg/s) 26.334 26.5
Steam Generator Primary Heat Removal Rate (Mw) 50.291 50.265
Steam Generator Secondary Heat Removal Rate 50.214 50.265
Steam Generator Bundle flows (kg/s)
Jun 251-01 149.74 150.0
Jun 210-01 147.75 150.0
Jun 210-02 149.08 160.0
Jun 260-03 158.90 160.0
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APPENDIX A DIRECT STEADY-STATE INITIALIZATION INPUT
REQUIREMENTS

A new option is available on the Problem Type and Option Data Card 100. It is used to specify the
DSSI solution option. The initial condition cards are used to specify initial conditions for volume
state and junction flow conditions. These cards should be supplied only when the DSSI solution
option is used.

The starting values for the volume thermodynamic state in volumes where initial conditions are not
specified via the 150-169 cards, are obtained from the component data. All thermodynamic
conditions must be supplied as required on the component cards, but they are overridden by the
DSSI initial conditions and solution. By requiring the state specification on the component cards,
starting (or zeroth iterate) estimates of the volume states are available. Additionally, no changes are
required for existing input decks, except for the new steady-state cards described below.

A.1 Card 100, Problem Type and Option

This card is always required.

W1(A) Problem type. Enter one of the following: "new", “restart”, "piot”, “reedit”, "strip”, or
"empcoms”.

W2(A) Problem option. This word is needed if W1 is "new” or “restart” and is optional if W1
is STRIP.

If "new" is entered, enter either "stdy-st”, "transnt”, or "sstate" to specify the type of problem.

The "sstate” flag is used to request the DSSI option which may require use of Cards 148 and 150-

199. When the steady-state option is used, the "transnt” option is automatically executed after the
"gstate” option is complete. Problems are terminated after the steady-state initialization process by
supplying a time = 0.0 end of problem trip signal.

A.2 Card 148, Steady-State Convergence Criteria Data

This card is optional. If this card is not supplied, default values are employed if the DSSI option is
active. Any zero value supplied by a user is considered to be a flag specifying the default value 1s 10
be used. This card should not be supplied when DSSI solution mathod is not being used.

W1(R) MAXIMUM ITERATIONS, MAXITR. The maximum number of steady-state
iterations (default = 35).

A-1 NUREG/CR-6325




W2(R)

W3(R)

W4(R)

WE(R)

W6(R)

| NUREG/CR-6325

MAXIMUM MASS CHANGE, EPSM. The maximum mass imbalance allowed
(default = 5.e-7). The sum continuity equations are converged if

MAXIMUM PRESSURE CHANGE, EPSP. The maximum pressure change allowed
(default = 5.e-8 ). The sum momentum equations are converged if

When loss coefficients are computed rather than pressures, changes in the loss
coefficient from one iteration to the next are converted to effective pressure
changes and the above convergence criteria is used.

MAXIMUM VELOCITY CHANGE, EPSV. The maximum velocity change (default
= 5.e-5). The difference momentum equations are converged if

vkﬂ " vh

k+1

< EPSV

MAXIMUM VOID FRACTION CHANGE, EPSA. The maximum void fraction
change (default = 5.e-5). The vapor continuity equations are converged if

l o
e "% |

< EPSA

MAXIMUM INTERNAL ENERGY CHANGE, EPSU. The maximum phasic internal
energy change (default = 5.e-7). The phasic liquid and vapor energy equations
are respectively converged if

uuo ) uu |
9 £ | < EPSU
bl
Ug
and
k+ R k
: L | < EPSU
ket
Uy

A-2



A.3 Card 150 Through 169, Volume Initial Conditions

These cards are required to specify control volume initial conditions. A minimum of two words is
required and no more than nine words can be supplied. All words must be entered on a single card.
Continuation cards can be used Words entered as zero are ignored as initia!l conditions when the
zero is part of a legitimate input combination. Words omitted from the end of the card default to
zero. The cards need not start at 150 and need not be consecutive.

w1) VOLUME NUMBER

W2(R) PRESSURE (Pa, Ib,/mz). This is the absolute pressure, not gauge pressure.
W3(R) TEMPERATURE (K, °F)

W4(R) QUALITY

WE(R) NONCONDENSABLE QUALITY (Currently not used.)

W6E(R) LIQUID SPECIFIC INTERNAL ENERGY (J/kg, Btu/lb)

W7(R) VAPOR SPECIFIC INTERNAL ENERGY (J/kg, Btu/lb)

WB(R) VAPOR VOID FRACTION

WS(R) MIXTURE LEVEL, MIXL (m, ft). The mixture level of the controi volume.

Several combinations of the above parameters can be used to specify the state of the system. The
allowable combinations are the same as those presentiy used in volume components, plus two
additional combinations. These new corabinations, are the pressure only and/or the phasic-specific
internal energies and vapor void fraction (uy, ug, a).
The five allowed input combinations follow. Words not listed are entered as zero.

{ r |
P>0
Thermal noneguilibrium

P>0

u >0 ;
u9>0 ﬂ0<a°<1
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P = absolute pressure

T = temperature,

X = quality or mass fraction,

Y = liquid-specific internal energy,

ug = vapor-specific internal energy, and
ag = vapor void fraction.

A.4 Card 170 Through 189, Junction Initial Condition

These cards are used to specify junction mass flow rate initial conditions and the location where
form loss coefficients are to be calculated. A minimum of two words must be entered on the card
and a8 maximum of three words is allowed. The card numbers need not be consecutive,

W1 JUNCTION NUMBER.

NUREG/CR-8325 A-4



W2(R)

W3(A)

JUNCTION FLOW RATE (kg/sec, Ibm/sec).

# 0, initial mass flow rate
= 0, ignore mass flow rate specification

CALCULATE LOSS COEFFICIENT . Used to specify that the junction loss coefficient
is 10 be calculated by the steady-state initialization option.

= calck - calculate the loss coefficient
# calck - do not calculate the loss coefficient

A.5 Card 190 Through 199, Steam Generator and Feedwater

System Description

These cards are used to describe steamn generators for PWR system modeis and feedwater systems
for BWRs. A minimum of five words is required and a maximum of 205 can be supplied
(continuation cards can be used). The card numbers need not be consecutive.

A.5.1 Steam Generator Option

Wi1(l)

w2l

STEAM-GENERATOR NUMBER. This is a unigue number used to identify a steam
generator, Steam generator numbers start with 1 and must be consecutive.

BIAS JUNCTION. The junction number for which the feedwater enthalpy may be
biased to obtain an overal energy balance. This junction must be a positive time
dependent junction.

POWER REMOVAL JUNCTION. Outlet junction number for the power removal
system (typically in the steam line).

SECONDARY-SIDE REFERENCE TEMPERATURE. Options are:
= 0, eliminate overall energy balance equation,

> 0, use the saturation pressure method

< 0, use the inlet enthalpy method

POWER FRACTION. Fraction of the net system thermal power removed by this
steam generator. The sum of all power fractions on Cards 190-199 must be equal to
1.0.

CONDUCTOR NUMBER. The first conductor number associated with this steam
generator.

A-5 NUREG/CR-6325
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CONDUCTOR NUMBER. Repeat until all conductors associated with this steam

generator are listed. The maximum number of conductors per steam generator is
200,

A.5.2 Feedwater Option

Wi

w2l

W3l

wWa(l)

W5(R)

FEEDWATER SYSTEM. This is a unique number used to identify a feedwater
system.

BIAS JUNCTION. The junction number for which the feedwater enthalpy may be
biased to obtain an overall energy balance. This junction must be a positive time-
dependent junction.

POWER REMOVAL JUNCTION. Outlet junction number for the power removal
system (typically in the steam line).

Not used
= 0

POWER FRACTION. Fraction of the net system thermal power removed by this
steam generator. The sum of all power fractions on Cards 1980-199 must be equal to
1.0.
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