BNL-NUREG-50773

AN ADVANCED THERMOHYDRAULIC SIMULATION CODE
FOR TRANSIENTS IN LMFBRs (SSC-L CODE)

A.K. AGRAWAL, Princinal Investigator

Date Published - February 1978

ENGINEERING AND ADVANCED REACTOR SAFETY DIVISION
DEPARTMENT OF NUCLEAR ENERGY, BROOKHAVEN NATIONA’ LABORATORY
UPTON, NEW YORK 11973




BNL-NUREG-50773
NRC-7

AN ADVANCED THERMOHYDRAULIC SIMULATION CODE
FOR TRANSIENTS IN LMFBRs (SSC-L CODE)

A.K. AGRAWAL, Principal Investigator

Contributors

£.G. CAZZOLI T.C. NEPSEE
J.G. GUPPY E.S. SRINIVASAN
I.K. MADNI J.W. YANG

|
i
R.J. KENNETT W.L. WEAVER 11l

Manuscript Completed - January 1978
Date Published - February 1978

DEPARTMENT OF NUCLEAR ENERGY, BROOKHAVEN N {TIONAL LABORATORY
UPTON, NEW YORK 11973

PREPARED FOR THE UNITED STATES NUCLEAR REGULATORY COMMISSION
OFFICE OF NUCLEAK REGULATORY RESEARCH
UNDER CONTRACT NO. EY-76-C-02-0016

ENGINEERING AND ADVANCED REACTOR SAFETY DIVISION




NOTICE

This report was prepared as an account of work sponsored by the United States
Government. Neither the United States nor *he United States Nuclear Regulatory
Commission, nor any of their employees, nor any of their contractors, subcontractors,
or their employ=es, makes any warranty, express or ‘mplied, or assumes any legal
liability or responsibility for the accuracy, completeness or usefuiness of any informa-
tion, apparatus, product or process disciosed, or represents that its use would not
infringe privately owned rights

Printe¢ in the United States of America
Available from
Nationa! Technical Information Service
U.S. Department of Commerce
5285 Port Royal Road
Springfield, VA 22161
Price: Printed Copy $12.00; Microfiche $3.00

May 1978 540 copies




FOREWORD

As a part of the Super System Code (SSC) development project for
simulating thermohydraulic transients in LMFBRs, the SSC-L code was
developed at Brookhaven. This code is intended to simulate transients in
loop-type LMFBR designs. This topical report describes all modeling and
coding efforts for the SSC-L code. A users' manual is under preparation
and it will be issued as a separate report.

This viork, covered under the budget activity No. 60-19-20-01-1, was
performed for the Office of the Assistant Director for Advanced Reactor
Safety Research, Division of Reactor Safety Research, United States

Nuclear Regulatory Commission.
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1. ABSTRACT

Physical models for various processes that are encountered in
preaccident and transient simulation of thermohydraulic transients in
the entire liquid metal fast breeder reactor (LMFBR) plant are described
in this report. A computer code, SSC-L, wa. written as a part of the
Super System Code (SSC) development project for the "loop'-type designs
of LMFBRs. This code has the self-starting capability, i.e., pre-
accident or steady-state calculations are performed internally. These
results then serve as the starting point for the transient simulation.

A users' manual is being prepared as a separate document.



2. INTRODUCTION

2.1 BACKGROUND
The simulation of a 1iquid metal cooled fast breeder reactor (LMFBR)

plant for a variety of off-normal or accident conditions ('Anticipated,’
‘Unlikely,' and 'Extremely Unlikely') is an important part of the overall
safety evaluation. Examples of differen. off-normal or accident conditions
include (a) the withdrawal of control rod, (b) pump seizure in one of the
loops, (c) after-heat removal in the absence of any forced pumping power, and
(d) a major pipe break in the primary heat transport system (PHTS). In all
of these events,the plant protection system (PPS) is assumed operative per
design. The safety implication here is to assure that in any of these events
the plant coolability is not endangered.

In some of the off-normal conditions, a proper design of PPS prevents
any loss of fuel pin integrity. In fact, PPS is perhaps designed with this
requirement in mind. For some other conditions, such as a massive pipe
rupture in the primary heat trar-2ort system, one needs to assure that the
coolable geometry is maintained. In this case, PPS is expected to initiate
rea .t~ scram,and, if possible, the affected loop is isolated. The decay
heat will then have tc be removed, for both short-term and long-term, in an
acceptable manner through the remaining unaffected loops or via alternate
emergency heat removal paths. Depending upon the nature ard location of pipe
rupture and the state of the plant prior to the rupture, coolant flow
reversal or coolant stagnation could occur in the reactor core. Even if this
condition were to persist for only a few seconds, a significant fraction of
the total fuel pins could fail and release fission gases either prior to or
subsequent to sodfum boiling. Any system analysis code, therefore, must
provide a capability to analyze such an accident.

-3~



Another important area for the system response evaluation is the plant's
capability to dissipate after-heat from an intact system in the absence of any
forced pumping power. The natural convection that may be established in the
plant needs to be evaluated from the point of view of assuring the long-term
cooling capability of the plant. The entire plant, with all of the essential
components, needs to be modeled in sufficient detail to predict, in particular,
the thermohydraulic behavior of the reactor core.

For some of the problems, the plant simulation may be required only for
several tens of seconds. On the other hand, the long-term after-heat dissi-
pation capability mav require simulation for up to an hour of transient time.
The computational time should, therefore, not be excessive, in order to permit
execution of a sufficient number of parametric studies.

Restricted analytical models and associated computer codes such as
1anus, (2+1) pemo, (2-2) and naTRANS(2+3) have been developed by other organi-
zations to simulate the overall response of a fast reactor plant. The first
two codes were specifically designed for the Fast Flux Test Facility (FFTF)
and the Clinch River Breeder Reactor Plant (CRBRP). The IANUS code models
PHTS, the intermediate heat transport system (IHTS), and the dump heat ex-
changer. The DEMO code is for CRBRP, with the exception that the dump heat
exchanger is replaced by a steam generator and other components of the ter-
tiary water loop.

Another code, called NALAP,(2'4) for the transient simulation of an
LMFBR system is also available. This code was obtained by adopting the
RELAP 38(2'5) {BNL version of RELAP 3) by substituting sodium properties in
place of those of water. Although this code is capable of providing a rud-
imentary flow decay for a pipe rupture accident, a number of modeling as
well as operating Timitations exist.

-4-



A number of simplifying assumptions and approximations are made in
these codes, which may be acceptable from the design point of view, but are
unacceptable for the safety analyses. For example, the modeling of the
entire reactor core by a single average channel is highly questionable.

The thermohydraulic or neutronic couplings between 'hot,' 'peak,' 'average,’
and 'cold' channels must be inciuded to account for the fact that up to

20 to 25 percent of the reactor core could be operating at peak channel
conditions. An adequate representation for mixing of coolant coming out of
different channels (or assemblies) having different temperatures in the outlet
plenum is critical in determining sodium conditions at the vessel outlet.

The coolant temperature here influences the natural convection capability in
the plant.

There are processes that may be peculiar to the safety analyses. For
example, the sodium boiling and the fission gas release are two important
phenomena that could be encountered in both of the safety problems discussed
earlier. It should, however, be noted that these phenomena may not occur in

all of the channels but only in part of the core.

2.2 O0OBJECTIVES

To provide for a general system code, a work plan was written
in fiscal year 1976 to develop Super System Code (SSC). The prime
objective of this program is to develop an advanced system transient code for
LMFBRs which will be capable of predicting the plant response when subjected
to various off-normal and accident conditions. Two major accidents that
this code will be designed to simulate are: (1) pipe breaks up to and
including a double-ended rupture in the PHTS, and (2) the long-term after-heat

removal in the absence of any forced pumping power. In both of these events,
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the plant protection system (PPS) will be assumed to be functioning. In
addition, the SSC will be able to simulate many of the 'level-2' transients
such as withdrawal of a control rod followed by reactor scram through PPS
action.

Another key objective of the code is to provide a capability within the
code for doing steady-state or preaccident initialization. The initialized
conditions will be calculated from the user-specified design parameters and
operating conditions. A restart capability will be provided so that a series
of transient analyses can be made from a single steady-state computation. A
restart option during transient analyses will also be available.

The first in the series of codes in the SSC program is designed to
simulate thermohydraulic transients in loop-type LMFBRs. Subsequent versions
will include a similar capability for the 'pool’- or 'pot'-type designs of

LMFBRs.

2.3 SUMMARY

The SSC Program consists of developing system transient codes for both
loop- and pool-type designs of LMFBRs. These series of codes are labeled
SSC-L and SSC-P, respectively. The work reported here is on the SSC-L code.
The essential components and their arrangements in a loop system, such as
the Clinch River Breeder Reactor Plant (CRBRP),(Z‘G) are schematically shown
in Figure 2-1. Under normal operation, liquid sodium flows in both primary
and intermediate heat transport systems. The steam generating loop or tertiary
lo~p is also shown in this figure.

A comprehensive description of all of the models that were either
developed or adapted to simulate processes of interest is given in Chapter 3.
In this chapter, descriptions of models for the steady-state plant charac-

terization, prior to the initiaticn of transients, are noted before going
w B -
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into their transient counterparts.

Numerical methodology, that was developed for the SSC-L code, is
discussed in Chapter 4. As a starting point for any transient calculation,

a stable and unique steady-state or pretransient solution for the entire
plant is obtained. In doing so, the time-independent form for continuity,
energy, and momentum conserv..ion equations are reduced to a set of nonlinear
algebraic equations. These equations are solved in two steps: first, the
global parameters are obtained; then, more detailed characterization is done
by using the global conditions, obtained in the first step, as boundary
conditions.

The energy and momentum conservation equations which describe water/
steam flow in the tertiary loop are coupled since the consitutive laws depend
explicitly on fluid pressure. These equations are represented in the form
of a set of algebraic equations for each control volume. These equations
are then solved iteratively for the steam generating system.

For sodium loops, the energy and momentum conservation equations are
decoupled when the effect of pressure on subcooled liquid sodium properties
is neglected. This is a valid assumption. Therefore, the energy equations
for both primary and intermediate heat transport systems are solved in
conjunction with the detailed solution for the steam generator. The head
requirement for sodium pumps is then determined by computing the entire

pressure drop in the loop. The actual pressure at any location in either

primary or secondary systems is then related directly to the cover gas pressure.

The numerical integration of the transient form of the governing equations
is done by the use of a multi-step scheme (MSS) of integration. In this

method, different processes are integrated by using different timestep



sizes. This is achieved by dividing the entire system into a number of
subsystems. Each of these subsystems uses a different timestep in time
advancement. In order to keep the logic required for integrating the
different subsystems manageable, a total of five different timestep sizes

are used. These are for (1) hydraulic response of both the primary and
intermediate heat transport systems, (2) thermal response of both the primary
and intermediate heat transport systems, (3) fuel rod heat conduction and
power generation computations, (4) coolant dynamics in the reactor core,

and (5) the computations in the steam generating system.

Individual processes are solved by the numerical algorithm that is most
suitable for the process under consideration. For example, the heat con-
duction equations for a fuel rod are solved by a first-order extrapolated
Crank-Nicolson differencing scheme. The fission heating computations, on
the other hand, are done either under a prompt-jump approximation (for reac-
tivity insertions of up to +50¢) or by a modified Kagarnove method which
uses a polynomial method. The overall interfacing of all processes is
achieved by matching boundary conditions at the interface. The overall
timestep is controlled by requiring solutions to be numerically stable as
well as by the user-specified accuracy criteria. A feature that is built
into the code allows the timestep sizes to be automatically reduced or in-
creased.

A large number of options for modeling are built into the code.

These are discussed in detail in Chapter 3. A user can select options
through various flags or switches that are required as a part of the input.
A number of constitutive relations and correlations are required.

These can be input either in a tabular form or in an analytic form. For
the sake of computing efficiency, analytic forms are preferred and, hence,
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used in the SSC-L code. Chapter 5 gives a list of all constitutive relations
and correlations that are needed by the code. A set of aporopriate values
for coefficients in these analytic equations is also noted, although no claim
for their suitability for any analysis is made (i.e., whether they are best
values, conservative values, or desirable values). These coefficients are
made available, as default, in the code. They can be overridden through in-
put cards.

The SSC-L code is deliberately structured in a modular fashion. The
data transfer between various modules is accomplished by COMMON blocks.
The entire code is written in a variably dimensioned format, which allows
for most effective usage of computer core space. Standard coding practices
were followed so that portability of the code to other institutions can be
achieved. Chapter 6 discusses various guidelines that were used in develop-
ment of the SSC-L code. A naming convention for all global variables, as
well as subprograms, was developed and utilized in the code. This consider-
ably simplifies debugging of the code. A simplified flow chart, with brief
descriptions of all major subprograms, is also given in Chapter 6.

A word on the units is in order. The SSC-L code is written in a con-
sistent set of SI units.(2:7)

A companion report will give detailed instructions on how to use this

code. Included in this report will be a detailed data dictionary, sample

input deck, and output of the code.

2.4 APPLICATIONS

The SSC-L code is developed as an advanced thermohydraulic transient code
for loop-type designs of LMFBRs. Although the emphasis has been on the safety

analysis of transients, this code can be utilized for a variety of other
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objectives, including (a) scoping analysis for design of a plant and (b)

specification of various components.
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3. COMPONENT MODELING

3.1 IN-VESSEL

3.1.1 Description

The in-vessel part of the plant is responsible for the generation of
heat through nuclear fission of both fissile and fertile materials. In
addition, a portion of heat is also produced by decay of the radioactive
nuclides. A schematic of the in-vessel part of a loop-type breeder reactor
plant is shown in Figure 3-1. Although this drawing represents the in-vessel

(3.1) it is used

part of the Clinch River Breeder Reactor Plant (CRBRP),
here to i1lustrate some of the important components that need to be con-
sidered in modeling for the SSC-L code. From the point of view of thermo-
hydraulics modeling, essential in-vessel components include lower and upper
plena, heat generating portion (fuel, blanket, and control assemblies), and
the bypass coolant flow.

Figure 3-2 shows the core midplant details for the CRBRP. Once again,
these details for a plant under simulation may differ from those in the CRBR.
The core internals are represented by fuel, blanket, and control assemblies.
These assemblies are usually made up of closely packed individual rods sep-
arated by a spiral spacer wire. For the purpose of the SSC-L code, these
different types of assemblies are represented as a set of one-dimensional,
parallel, equivalent channels which can be coupled with each other through
(1) hydraulic coupling in lower and upper plena and (2) neutronic coupling.
In all, there can be N5RTYP number of types of rods, cach one of which can

have one or more channels such that the total number of channels is N6CHAN

(N6CHAN > NSRTYP). A channel represents N6RODS number of rods. The number
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of rods in a channel can be different from that of other channels. Also,
there is an additional bypass channel.

In this section, models for both the steady state and transient behavior
of all processes of interest for the in-vessel part of the plant are presented.

The computational procedures used in the SSC-L code are also discussed.

3.1.2 Coolant Dynamics

The internals of the reactor vessel are modeled by four regions (see

Figure 3-3):

o Lower (inlet) plenum

e Upper (outlet) plenum

e "Extended" core

e Bypass channel
The five elevations (a,b,c,d,e) indicated in Figure 3-3 are the elevations
of sodium level, outlet nozzle, inlet nozzle,and top and bottom of the
extended core. These elevations are basic references for pressure calculation
in the vessel and also serve the purpose of defining various regions.

Under normal conditions, the flow is assumed to be in the upward direc-
tion through the vessel. However, under accident or off-normal conditions,
flow reversal in the core, as well as in the bypass chanrzi, is permitted by
the model. The mass flow rate, fluid pressure,and fluid temperature at the
inlet and outlet nozzles interconnect the flow dynamics between the vessel and

the primary loops.

3.1.2.1 Lower (Inlet) Plenum

At steady-state, the fluid and the metal in the lower plenum are assumed

to be in thermal equilibrium. The temperatures are then equal to the fluid

- 16 -



-
CORE OUTLET MODULE

CORE

BYPASS CHANNEL

IR IEEERNY N ]
T S g B e )

. CORE INLET MODULE |
L]

S T

LOWER (INLET) PLENUM

A
I

—— s T —— ——
Figure 3-3, Identification of regions in the
reactor vessel.

-17 =



temperature at the inlet nnzzle, i.e.,

T (3-1)

coolant ) Tw.cal ) T1n1et nozzle

The coolant enthalpy during transients is computed by assuming complete

mixing of various flows entering the region. The governing energy equations

are
5 (ovE) = 2: (WE) - 3= (WE) + UACT, - T¢) (3-2)
out
L (Te = T.) (3-3)
dt 'm ﬁf .
where
Te = f(E)

Using the semi-implicit scheme, the energy equations are given in the follow-

ing form:
k+1 k+1
a, t ta, Th ] (3-4)
k+1 k+!
8, B +a,, T ¢, , (3-5)
where



¢ = (oE)K + At [ e + 5 we)* - 5 (ue)k
1 o | 2% %0 2
k

k
E
]
P

k
- 7K . At [UA k _E- _ k
¢ Tm*T(nt' (”r & Tm)
P

Equations (3-4) and (3-5) are solved simultaneously for the transient cool-

- 2T

k
o i

ant enthalpy and metal temperature. The coolant density o and heat capacity

Cp are obtained from the constitutive relationships for sodium.

3.1.2.2 Upper (Outlet) Plenum

In the upper (outlet) plenum, the coolant from the core exit and the
bypass channel mixes with the coolant stored in the region. Along with this
mixing process, the heat transfer between sodium and various structural
metals and between sodium and the cover gas also takes place. An accurate
treatment for this mixing process, coupled with the heat transfer, is re-
quired so that the sodium temperature at the outlet nozzle of the reactor
vessel may be properly predicted. A detailed three-dimensional (in space)
thermohydraulic treatment would be expensive for a system code. Therefore, &
simplified treatment was developed.

A schematic of the contents of the outlet plenum is shown in Figure 3-4.

The upper plenum contains a large volume of sodium, an annular bypass channel,

a small region occupied by the cover gac, and three sections of metal. Fluid
leaving the reactor core enters the plenum from the bottom section, while a
small percentage of cold bypass flow enters the plenum through the annula:

space formed by the thin thermal liner and the vessel wall. The vessel out-

let flow is represented by an exit nozzle. The support columns, chimney of the

e
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outlet module, control rod drive mechanism, vertex suppressor plate, control
assembly, cellular flow collector, baffle, and all other structures are lumped
together and represented by a section of mass (ml) immersed in fluids. The
cylindrical thermal liner is indicated as another mass (m2). The vessel
closure head and other metals above the cover gas region are considered as
mass m3. The cover gas region is connected to a large reservoir which
represents all its connections, such as the overflow tank, equalization line
header, and gas region of the lToop pumps.

The outlet plenum, as described above, is represented by two, one-
dimensional (in the direction along the reactor vessel) zones. The maximum
penetration of the average core exit flow is used as the criterion for dividing
the sodium region with two zones. The upper mixing zone is denoted as zone A
and the lower zone as zone B. The basic assumptions are

1) Core flows from different channels into the upper plenum are

represented by a single equivalent flow. This flow is associated
with the mass-average enthalpy of the different channel flows.

2) The maximum penetration distance, which is related to the initial

Froude number, divides the upper plenum into two mixing zones.
Full penetration is assumed for flow with positive buoyancy.

3) The mixing process in both zones is described by the lumped-param-

eter approach, i.e., comyiete mixing in each zone is assumed.

4) The cover gas obeys perfect gas law, and it is initially in equil-

ibrium with the gas in the reservoir.

At steady state, the core exit flow is at a temperature higher than the
mixed-mean +>dium temperature of the outlet plenum. In other words, in

arcordance with our assumption (2) above, the core exit flow is assumed to
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penetrate the entire height of the outlet plenum. In this case, we have only
one zone, as opposed to up to two zones during transients. The governing
energy equations for this complete mixing ¢* steady-state are written for
each material as

sodium:

uc(eC - E) + wBP(EBPE - E,) + UgAlg(Tg - T,)

T.) +UA, (T

+UA (me B ] 2" emz

P - Tz) =0; (3-6)

m2

cover gas:

T)Y+A (T =-T)+A_(T

AuglTy = Tg) + A (Tml T g gm2''m2 g gms' 'm

wg{Te = Tg om T Tg)=0;(3-7)

internal structure (mi):

UlAunl (TQ -T

ml) + U A (T

oPgm - me) =0 (3-8)

9

thermal liner (m2):

UEAlmz (Tg - Tmz) + UgAgmz (Tg - Tmz) + (UA)BP (TBPM - Tmz) =03 (3-9)

vessel closure head (m3):

Tm3 - TBPE =0 3 (3-10)
bypass flow:
k WC i
Tapm = Tmo * (Tepr = Tape) (UI)BP . (3-11)
> : oA s
Tape = Tmo * (Tgpr = Tmo) ©XP (Ff)sp (3-12)

The above seven equations (3-6) through (3-12) <are solved simultaneously
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to yield a complete solution of coolant mixing in the upper plenum.

During transients, we divide the outlet plenum by up to two zones. As
mentioned earlier, this partition is based on the penetration height of the
average core exit flow. The governing equations which determine the instan-
taneous sodium level and various temperatures are expressed for each material

as

sodium level:
W. - W dT dT
dH _ i ex _ B i AL "

sodium in the upper mixing zone A:

A 1

at on Agg

A7 |"ep(Eape - Ea) * EiMc(Eg - Ep) + 0 Ag,(Tg - Tp)

+ UA (Tg - TA) + U f [A (T -T,)+A_ (T : (3-14)

g gt am1 Ty~ Ta) gm2' 'm2 TA)]

— —

sodium in the lower mixing zone B:

dE
B _ 1 f E : 5
& " 5 Ay, WITT) \Hc(Ec - Eg) * 8 Wgp(Ex - Eg) + h AL (Ty - Tp)
e Ul(l-f) [Aﬂnl(Tml - TB) * Almz (Tm2 - TB)]$ ; (3-15)
cover gas:
“, b
& = e [AgL (Ta = Tg) + Agmy (T To) # A (T = To) + A (T, = To) s

(3-16)
metal ml (internal structure):

mi = 1 - - - . -
ar -(m-— {UE Azm1 [f TA + (1-f) TB Tml] + Ug Ang(Tg me)‘, (3-17)
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metal m2 (thermal liner):
- G ’u PR 4 R W W, T SRR S
dt (ﬂf$m2 | 2 ime AT 'm B~ 'm

+ Ug Agmz (Tg - Tmz) + (UA)Bp (TBPM - Tm?): } (3-18)

metal m3 (vessel closure head):
dme U A :
at - o, (g T (3-19)

The auxiliary equations required by the above governing equations are

. _ UA
Tape = Tmo + (Tgpp - Tmz) exp (- at)BP ) (3-20)
T =T + T - T ) uc (3_21)
BPM " ‘ma  U'splI T 'BPE’ \UR)y, °
Wy = W *Wgp o (3-22)
f=1-2z5(t)/Ht) ., (3-23)
5 = (1°f) QB + f DA ) (3'24)

and the liquid sodium densities, PA and pgs are obtained from the constitu-
tive relationships for sodium. The contact areas between the cover gas and

3 i
liquid or metals (Agz’ R o R, Agma) and between liquid and metals (Azml’

gm!® “‘gmg
Aimz) are obtained by assuming that the cross-sectional areas in a direction
perpendicular to the jet are constant during transients.

In the above equations, there are two control indices, 8, and B, which
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take values of either 0 or 1 depending upon the relative location of the out-

let nozzle and the maximum jet penetration height, zj. Their values are

- A N 1
B = 0 and B, 1 for 25 __(zex t s D) ,
B =0and 8_ =0 for (z._ - l-D) <2, < {2 #* 1 D)
1 2 ex 2 J ex 2 ’
and
. . .l .
8, =1 and B, =0 for Z5 < (zex 2-0)

The maximum penetration height is taken from a correlation developed ear]ier.(3‘2)

It is given as

0.785
= (1.0484 Fr ) Yo * 2 o (3-25)

where Fro is the local Froude number and is defined as

2
W P
C B
Fr_ = - - . (3-26)
0 "rspc gré(bc 037

For the case of full penetration, i.e., for zj(t) = H(t), ' becomes zero.

Equations (3-14) and (3-15) are then replaced by the following equations:

dE
B . 1 _ - !
I :NC(EC Eg) + Wgp(Egpp - Tg) + YA, (Ty - Tg)
+y, [Aimx(Tml - TB) * Azmz(Tmz 5 TB)]} : (3-27)
EA = EB (3-28)

The cover gas mass is determined by assuming tha* the temperature of
the gas in the reservoir remains constant and its pressure equals that of the
cover gas in the vessel at any instant. The cover gas mass is then given by

M,V (t) L

M (t) = res , (3-29)
q Voes Tg(t7’+ V(B T
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where
Vg(t) =[L - H(t)] Agg :

These equations, when coupled with the boundary conditions [Nc(t).
NBP(t), Ec(t), TBPI(t) and Nex(t)], provide for a complete solution to the
problem. The transient differential equations are solved by using the sub-
routine DVOGER of IMSL.(3'3) The subroutine integrates a system of first-
order ordinary differential equations according to Gear's method. Some of
the results that were obtained in a parametric study are given elsewhere.(3'4)

It should be noted that a user can use either a two-zone mixing model,

or, through appropriate option flags, a single-zone perfect mixing model.

3.1.2.3 Single-Phase Coolant Dynamics in the Core

The core region is subdivided into N6CHAN parallel chanrels. These
channels represent either fuel, blanket, or cont:r 1 rods. In addition, an
additional bypass channel is also included. At steady-state, there are two
options that may be used to obtain the fraction of the total flow through
these channels. The first option requires that the flow fraction be specified
by the user through the parameters Fk and FBP‘ These are given by the follow-

ing equations:

.= , 1 < k < N6CHAN , (3-30)

and
W
-
Fan = (3-31)
BP wtota]

In the second option, these flow fractions are calculated by assuming the

same total pressure drop for each channel. Knowing the total pressure
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drop and using an iterative procedure, the fraction of the total flow in each
channel can be computed from the momentum equations. In either case, it is

required that

+ FBP =1. (3-32)

Each of the flow channels is divided into a user-controlled number of axial
slices. For the case of the single-phase sodium, the flow is assumed to be
one-dimensional and incompressible. The axial distributions of coolant enthalpy
and pressure in any of the channels are determined, respectively, by the

following energy and momentum equations:

P F. F.(2)
il R o L (3-33)
k k
G, |G, |f
dp K% T« 2411
oS g gy o
a %0 ks

where Lk is the fuel length based on which the normalized axial power distri-

bution is constructed. Details of the power generation (Po and F kterms)

P
and the normalization of power disir~ibution, sz(z), are discussed in Section
3.1.4. The sodium properties, o(T) and T(E), and the correlation for friction
coefficient (f) are given in Chapter 5. Rewriting the above equations in

finite-difference form, the enthalpy and pressure at any axial slice are computed

by

F

P F .
- 0 pk zkd) -

.



o =g i PRI 2 [_1
in J- g 29 th AZJ 5 Gk [9j+1 . —] ; (3'36)

In the case where a core inlet module is attached at the bottom of the
active core (see Figure 3-3), the coolant flow is assumed to be isothermal;
hence no energy equation is solved for this region. The momentum equation

contains three additional loss coefficients as shown in Equation (3-37):

3 Kn Gk Gk fk G ’le
PJ'I = Pe - Z T ge + WALR ’ (3-37)
n=1

where
K, = loss coefficient due to area expansion,

K, = loss coefficient due to area contraction,

K, = loss coefficient of inlet orifice.
The loss coefficients are input values provided by in2 user. The ALk and
th are the length and hydraulic diameter of this section. On the top of the
core, an additional loss coefficient k, is imposed in the core outlet module
such that the computed pressure drop in each channel satisfies the overall

force balance

L
Pa = Prast stice = % lele - 4L, 9o - (3-38)

By adjusting the value of k, or Gk according to the options discussed before,
the calculated Pd can be made to agree with that determined from the upper

plenum, since the pressure at d (see Figure 3-3) is given by
Pa = Py * 00(Z, - Z4) - =)
This additional loss factor k“ will be retained in the computation of the
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transient state.

The fraction of total coolant flow entering a channel, prior to the
initiation of transients, is estabiished by the design of orifice pattern.
During transients, this fractional flow in a channel will be altered by the
buoyancy effect. A model, therefore, for computation of the flow pattern
inside the reactor core is developed in here. This flow redistribution is
then used to compute the enthalpy change and the pressure drop in each of the
flow channels.

Calculations of flow redistribution in the reactor vessel are based on
the following momentum equation for one-dimensional and incompressible flow:

FW W) +aar. &}z-é‘;-go cos(g,W) =0 . (3-40)
In deriving the above equation, it was assumed that the control volume in the

flow circuit satisfies

9—%"2—A= 0., (3-41)

where W is the coolant flow rate (kg/s), v is the velocity (m/s), p is the
pressure (N/m?), A is the flow area (mz). Dh is the hydraulic dianeter (m), z
is the vertical coordinate (m),and p is the fluid density (kg/m3).

The Moody friction coefficient f is expressed in the form
f=c,(Re)"2 , (3-42)

where < and c, are constants determined by the flow regime.

The differential form of the momentum equation [(Equation 3-40)] can be
applied for any of the parallel channels from the elevation e (bottom of the
core) to the elevation d (top of the core) in Figure 3-3 by integrating
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through different axial regions. We obtain

o=, = (), 3+ () -2

J e'd
W WS T, W WD, L - gl . (3-43)
LANN fod J'73 kI g,J
where j denotes the j-t channel, and
(L = (L . (L - (L- (3-44)
K),j A )1 nlet A )core A )out1 et

C

c
1 Ly~ 2 2
1 ___.L..) /LL dz | ( ) ] (3-45)
Fod T[(ACSDC“D 1n‘uet CSDC‘* core \A® ‘30 o Joutlet

i: K
I L ’ (3’46)
k)J =1 (szZ)1 j

g.J' COS(Q»UJ) [(L“)inlet + E:/. de - (Lp)out]et]j ’ (3°47)

ore

—
"

C3'1-C2,
C..’l“'sz

1+¢Cs»

o
w
"

In order to obtain a solution for a finite timestep at, the above equation

is approximated by using the average values of time-dependent terms. Thus.

Y
o) 2 W),

3
. . .+ W W I 3-
¢ WTHTEy - Te o+ WG] - Ty g - 91 5 +(3-48)
where indicates quantities evaluated at the average values of the

density and viscosity as given by
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7 [o(t+at) + o(t)] , (3-49)

o= g luteat) +u(t)], (3-50)

Since the density and viscosity of the 1iquid sodium do not change rap-
idly with temperature, the values of p(t+at) and u(t+at) can be obtained by
Tinear extrapolation of the coolant temperature from the previous timesteps.

The mass flow terms are approximated by using the first-order Taylor series.

For a time-dependent function F(W), one has

F(W + aW) = F(w) + 9ECW) gy (3-51)
ard
F o= 3 r(uean) + F(W)] . (3-52)
HenCEs
wjlujl = wjlel - :zlemwj " (3-53)
and
WsWGIS3 = Wy IMG19% + (cy o 1) Wy SN, (3-54)

The final form of the integral equation which describes the pressure drop

through the jth channel becomes

where
' W c.+ 1
P L 1 1 1 8 Ea = oo
T (I)j at * ;%(:— . f,-") o= W17 Tg g+ 1Nl T g (3-56)

W
. ? A 1% ¢ | AR St
C (Ij') (~ _p_) $ UM g W IT - el (3-57)



Similar equations can be obtained for the bypass flow channel.
The flow redistribution in various channels in the vessel is calculated
from the pressure-drop equation by using two more assumptions:

1) No radial pressure variation in the lower and upper plena, i.e.,

B = Py~ ANij - Cj + golp(ze - zc) + goup(zb - zd)
for j = 1,2, ... N6CHAN , (3-58)
= WgpBgp = Cgp = 90ppy(Z, = 2) -

2) At any instant

NsigéN
Nj(t + At) + pr(t +At) = W

vessel(t vat) (3-59)
j=1
or
NﬁﬁE?N
) ANJ + ANBP = vaessel ' (3-60)
=1
where wvessel = wloop axit? the subscripts BP, ip, and up denote bypass flow

channel, lower and upper plena, respectively. Equations (3-58) and (3-60)
form a set of (N+1) equations “ith (N+1) unknowns (AHBP, ij. j=1 ... N).
These equations can be solved to obtain incremental flow rates Knowing

these flow increments, the new flow rate at t+at is given by
+ At), = + * =
W(t Lt)J Nj(t) ij (3-61)

Knowing the transient flow redistribution in core, the enthalpy rise and

pressdre drop in each channel can be compited by using the one-dimensional,
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incompressible flow equations. The energy equation is

3(oE) , 3(GE) _ bl
3t | oz chc " Ssqs * Qg ' (3-62)
where

TCL-T

% * T, (>80)
h "
CL
Ts- °

9 * 1—-—;-, (3-64)
ht e

Q, = trans.ent hea* generation per unit volume, (3-65)

Re = equivalent thermal resistance in structure,

Ar half-thickness of clad.

In finite-difference form, the coolant enthalpy at the (J+1)th node and the
(K+1)th timestep is

k+1 k k k+1 k+1
Ejﬂ = [Ej+1(°j+l'A2)+Ej (- 05 +A1)

+ E§(o] + A,) + 28t(S,q_ + S, + Qg)] /(o'j‘:: +A) »  (3-66)

where

. At .k+1 . At .k
Ax Ki’G 'Az AzG’

The pressure drop is computed from the momentum equation,

P . _d6 .2 3 (1\ f6le
5 -8 7 3 (B-)- {;lu—hl-+ go cos(g,w), (3-67)

or, at the (K+1)th timestep,

2 - A2 jektr _oky o ak#ny2/ 1 0 1
P T P Kt'[‘“ i )(oj” oj)

SN ) o reppanton.

: (3-68)
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where

cos(g,w) = -1 for upward flow,

= 1 for downward flow.

3.1.2.4 Fission Gas Bubble and Sodium Boiling in tie Core

Fission gas release and sodium boiling have been treated by Chawla et

(3.6) respectively, and similar models have

al.(3‘5) and Cronenberg et al.,
been employed in accident analysis codes such as SASZA.(3‘7) The model of

Chawla et al. for fission gas release is considered to be quite adequate for
present use. In a review article on sodium boiling written for SSC-L, Tanaka(3'8)
recommends the SAS2A slug-annular flow model for present use, except that,
under the conditions of reactor scram,a single-bubbie (rather than multi-
bubble) treatment is considered to be adequate.

Since the temperature in the reactor core can get quite high under acci-
dent conditions, both fission gas release and sodium boiling can occur simul-
taneously. Therefore, a unified model for a bubble containing both fission
gas and sodium vapor is developed. For fission gas release alone, the
model reduces to one similar to that of Chawia et al.(3'5) For boiling
alone, the model reduces to one similar to that in SASZA(3'7); the major
difference is that the pressure in the bubble is taken to be uniform in the
present work,

The configuration for fission gas release and sodium boiling is illus-
trated in Figure 3-5. Sodium boiling occurs in the channel forming sodium
vapor. Fission gas flows from the gas plenum, through the gap impedance and
the rupture, and into the channel. Thus, the bubble may contain sodium vapor

and fission gas. Some condensed droplets may also be formed as the vapor is
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Figure 3-5. A configuration for fission gas release
and sodium boiling model.
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mixed with the cooler gas. A primary safety concern is that if the liquid
film left on the cladding surface is completely vaporized, the cladding tem-
perature may become so high that melting of the claddinc might occur.

The fission gas bubble is considered to be initiated when cladding
ruptures. Cladding is assumed to rupture when the gas plenum pressure
exceeds the cladding hoop strength. The sodium vapor bubble is considered
to be initiated when the temperature of the liquid sodium exceeds the satu-
ration temperature by a specified degree of superheat.

The following assumptions are made:

(1) The bubble fills the entire cross section of the channel except for

the 1iquid films left on the walls of the cladding and structure.

(2) The pressure and temperature are uniform in a bubble.

(3) In a gas bubble, vaporization of the liquid film is initiated when

the boiling point corresponding to the bubble is reached.

(4) 1In a vapor bubble, the vapor remains saturated when gas is intro-

duced.

(5) The saturated vapor undergoes dropwise condensation upon mixing

with a cooler gas.

(6) The gas, vapor,and droplet in the bubble are in thermal equilibrium,

(7) The flow of fission gas through the gap impedance is quasi-steady

and isothermal.

(8) The liquid film is static and its initial thickness is specified.

Although the bubble is considered to have uniform properties, the liquid
film thickness is considered to vary locally. The local vaporization or con-
densation of the film depends on the local heat transfer from cladding and
structure. The motion of each liquid slug (below and above the bubble) is
described by the single-mass velocity approximation.(3‘9)
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The conservation equations for the bubble are

1.

M 2 :
- 1-8 i3
7ﬁ§ Ai pp [ZRg Tp F - zne)} for subcritical flow, (3-69a)
. A, p By for critical flow, (3-69b)
TP (R 1%
g p
dM
v_Q =
® A W
M, E_ -E M
-t e . 8 )
dt ) at ' De (3-71)
d dpy,
at (MgEg : MVEV + MdEd) - Vb dt Q+H , (3-72)

where Mq, Mv’ and Md refer to the mass of fission gas, vapor, and droplet,

respectively, in the bubble; E_, Ev, and Ed are the corresponding enthal-

9
pies; H is the enthalpy addition rate and Je is the entrainment rate. All
enthalpies are functions of temperature T, and Ev - Ed = ) ywhere » is the heat
of vaporization. The Vb and pb denote volume and pressure of the bubble,
respectively, and t denotes time.

In Equations (3-69a) and (3-69b), which describe the quasi-steady iso-
thermal flow of fission gas through the gap impedance, Ai denotes the cross-

sectional area of the impedance, R_ is the gas plenum, respectively. The

9
pressure ratio 8, critical pressure 8*, and resistance factor K are defined by
B = pb/pp. g*2 (2K - 2eng* + 1) = 1, and K = ZfiLi/Di’ respectively, where

fi’ Li‘ and Di are the friction factor, length, and hydraulic diameter, respec-

tively, of the impedance. Subcritical flow occurs when g>g* and critical




flow occurs when g<g*,

In Equation (3-70), the mass of vapor at saturation is Mvs = ovsvb,
where the subscript s denotes saturation and Py is vapor density. If the
vapor is not saturated, it is taken that the vaporization rate is given by
the net rate () divided by the heat of vaporization.

In Equation (3-71), the droplet condensation rate is related to the heat

extraction from a saturated vapor by a cooler fission gas, with E__ denoting

gp
plenum gas enthalpy, and it is not considered for an unsaturated vapor. An
empirical term, D,, which is presently unavailable, may be applied to account
for droplet entrainment.

In Equation (3-72), the net rate Q and enthalpy addition rate H are

given by
Q=Q + Q0 * Oy *+ Q2> (3-73)
dM™ dM dM
. vi _ vo "
W= Egp gt * Eu gt~ Foo @t Ll

where the subscripts ¢, s, l,and 2 appearing in the heat rates refer to
cladding, structure, lower liquid slug, and upper liquid slug, respectively
(see Figure 3-5). The mass of liquid vaporizing or being entrained into the
bubble, Mvi’ has enthalpy Ezi’ and the mass of liquid condensing on the
surface, Mvo’ has enthalpy Ezo‘

The heat rates are taken as

X2d

ch[ FE(TC’Tb)dX'
1
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X d
o = f 7 Ts T @ (3-76)

R
X1 s
T,, =T
_ L1 b
Q) = kA =3 ’ el
21
T, -7
21 b
ok o ey e (3-78)

where d, R, x, k, A, and & refer to perimeter, resistance, distance from
bubble initiation point, conductivity, cross-sectional area, and effective
thermal boundary layer thickness between bubble surface and liquid slug,
respectively. The subscripts ¢ and b refer to liquid slug and bubble, res-
pectively. The cross-sectional area of the bubble is approximated by the
liquid or channel cross-sectional area AQ.
The resistance on the cladding side is given by
1 e

R, = H; + ?FZ Ry (3-79)
where ar, is the cladding thickness (Tc is evaluated at midpoint of cladding),
kC is cladding conductivity, and hC is an effective convection coefficient.
It is taken that h» kmc/"fc' where w. is the film thickness. The resistance
in the bubble, Rb' depends on whether the surface is vaporizing or condensing.
[f the cladding surface is assumed to have the same temperature as the bubble
(zero vapor resistance), then Rbc = 0. The resistance on the structure side
is given b, an equation similar to Fquation (3-79), except the subscript c
is replaced by s. In the simple approximation of Q, and Q,, as presently
employed and given by Equations (3-77) and (3-78), the thermal boundary layer

thickness is represented by o B (alt)%, where o denotes a thermal diffusivity.
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The pressures and bubble volume are given by

Pp = (Mgpo Mg)Rg Tp/Vp ’ (3-50)
Py * Pg O (3-81)
Pg = MgRg Tb/Vb ’ (3-82)
Py = (oyfoyg!Pys o t83)
Vp = A, (x2 = xp)

where Mgpo refers to the initial mass of gas in the gas plenum, Vp is plenum

volume, and x, - x; is the length of the bubble.
For the liquid slug above the bubble, the governing equations are
dx G
2
Caar et it
b

dG pb - pt - k?,:’

dt o L-, ) (3“85)
DTP
0 e -t Qg > (3-86)

where b is the iiquid density at liquid-bubble interface, the subscript t
denotes the top of the liquid slug, and L, is the length of the siug. The

channel resistance k12 is given by

G,,|

2 1 221 f

= S (5 - 7p) 9f 1 5,0y 3 * WPeng +(3-87)
,

&

where Pt is the liquid density at the top of the liquid slug, g is the gravi-

tational constant, x is dis.ance along the channel, f denotes friction factor,




Dh is the channel hydraulic diameter, and 8Pond accounts for expansion or
contraction pressure drop at the end of the channel.

In using Equation (3-84), the effect of mass transfer on the interface
velocity has been neglected. Equation (3-86) governs the local liquid temper-
ature and is used in Lagrangian coordinate. The Qh and Qg denote convective and
direct heating, respectively. The CH is considered to be a function of Ez
(or Tz) only.

The governing equations for the 1iquid slug below the bubble are similar
to Equations (3-84) to (3-87), except that subscript 2 is replaced by subscript
13 Pp = Py in Equation (3-85) is replaced by P ~ pb,where subscript m denotes
the bottom of liquid slug; and (o;: - p;é) in Equation (3-87) is replaced by
(o;é - o;:).where 0um 15 the liquid density at the bottom of the slug.

For the 1iquid films on the cladding and structure walls, the local

thickness, Wes is given by

dw
[ .
T EfT ; (3-88)

where q denotes the local heat flux.
The Lagrangian calculations for liquid temperatures at fixed axial

mesh points are then

T. (z - az,t) (1 - d h,)+d[e+ (Zﬁélscﬂ
T+dn, ’

T,(z,t + at) = (3-89)

where z is the axial distance from inlet of channel, and 4z is the distance

traveled by . liquid particle during at and is given by

sz = fé—z[s" (t +at) + 6, (t)] at . (3-90)
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The d, h,, h, and ¢ are given by

ScAt

Zolci

S

ki 1 + s
1 Rc(Z.t, Rs o)

h (Z) = 1 + SS
2 Rc(I.t + At) Rslz.t + at)

Tc(z.t + At) TC(Z - AZ,t) Ts(z,t + At)
‘" RILET D) F TR S vt

S

TS(Z - aZ,t)
ﬁs(Z.t) ’

surface area of cladding
c volume of coolant

e surface area of structure
s surface area of cladding °

0y p[flaz.t + At/?)] ’

L2
i

= cz[fl(l.t + At/Z)] .

For the interface:

(t +at) = Tinters (t) (1 -ah)) + a¢ |
interf e

T

where

(3-91)

(3-92)

(3-93)

(3-94)

(3-95)

(3-96)

(3-97)



S

1 S
h, = + , (3-98)
1 T R(E) R (E)
N + s (3-99)
2 Rc(t + At) Rst(t + At)
. Tc(t + At) Tc(t) Tst(t + At) Tst(t)
TRt +a) 'R eyt S5 | R (t + at) R ter 1:? (3-100)
C C st st

oo [Tt + )] (3-101)
¢, = ¢ bTQ(t + %E)J : (3-102)

3.1.2.5 Bypass Flow Channel

A bypass channel to represent coolant flow between the barrel and
reactor vessel wall is included. The bypass channel is divided into two
axial sections as shown in Figure 3-6. The lower section is adjacent to
the active core region, and the upper section is separated from the outlet
plenum by the thermal liner. The lower section is allowed to have heat
generation due to gamma heating.

The momentum and energy equations of the bypass flow are treated in a
manner similar to that of the core flow. Two loss coefficients (K and K,)
are incorporated in the momentum equation such that the overall pressure
drop through the channel can be balanced. At steady-state, the total pressure

drop is given by

"
o[, » 0] (L
P

ey o BN 3-103
(°A2)1 (°A2)2 ( :
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Figure 3-6. Modeling of the bypass flow.
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In Equation (3-103), the subscripts 1 and 2 denote the lower and upper section,
respectively. The loss coefficient kl is an input parameter,and k2 is the com-
puted value to establish the force balance at steady-state.

During transients the total pressure drop in the bypass channel is

determined by the one-dimensional momentum equation:

,,p..z.s_w.[t +L)]+wz[A o) +A(L)]
at Kl 1'2 '(oAzl on? ),
NPT ) ‘L )]+ o [st), + 50, ] (3-104)
1 ADth

P2
[ A oDh

) )]

—

Fluid enthalpy at the exit of the lower sections is computed from the

following equation:

P . § '
5 (oF) = 2 - 32 (eW) (3-105)

where A, L, FPBP are the cross-sectional area, height, and fraction of power
generation (at steady-state) of the lower section, respectively. In finite

difference form, this equation becomes

k+1 _ |k Ky , ok k
Eout [Ein (1 + AW )+ Eout (1- AN )
k+1 k+1 k+1
- E1n (1 - A3N ) + 2 PO FpBP P(t) - A%]/ (1+ A3N
(3-106)
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where

. At - 1.k .k
Ay oy o 2= 7 (o4 * Pout)

k+1
out

the upper section of the bypass channel. In the upper section, no internal

The computed E is the inlet enthalpy for computing the enthalpy rise in

heat generation is assumed, but heat transfer through the thermal liner
is considered as discussed in Section 3.1.2.2. Calculation of enthalpy

rise in the upper section is part of the upper plenum mixing model.

3.1.2.6 Computational Procedure

At steady-state, the coolant dynamics and the fuel heat transfer are
uncoupled. The coolant temperature and the convective heat transfer coefficient
are determined first. These are then used as boundary conditions for the
fuel heat transfer calculations. The ¢ nutational procedure is shown in
Figure 3-7.

The coolant temperature and the heat transfer calculations during tran-
sients are coupled. In the SSC-L code, these calculations were decoupled
efther by extrapolating or interpolating boundary conditions. This
decoupling was done for the sake of computing efficiency. The actual time-
step sizes used by the fuel heat transfer and the coolant dynamics modules
are, 1n general, different as discussed in Chapter 4.

Figure 3-8 shows the procedure of transient coolant computation. There
are four major regions in the vessel: Tlower plenum, core, bypass channel,
and upper plenum. Since the core is the most :mportant region of the vessel,

its lower and upper boundary conditions are not extrapolated from previous
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times. The boundary conditions are provided by the lower and upper plena,

which are computed in advance, as illustrated in this figure.

3.1.3 Heat Transfer in Fuel Rod and Structure

A general form of fuel rod and its associated coolant and stiructure
are shown in Figure 3-9. The rod is comr.sed of up to five axial regions:
lower plenum, lower blanket, active fuel, upper blanket, upper plenum. One
or more of these regions may be omitted at the user's request, but the se-
quence will be maintained. Both fuel and blanket are divided into slices in
the axial direction and into concentric rings in the radial direction. The
analysis of a blanket is similar to that of a fuel. The geometry, physical

properties, and steady-state operating conditions are substituted accordingly.

3.1.3.1 Thermal Expansion, Restructuring and Gap Conductance

The radial nodes are shown in Figure 3-10, in which NF is the number of
radial nodes in fuel and is user's input. Only three radial nodes are allowed
in the cladding. The radial nodes are determined at the initial reference
temperature by either the equal radial increment or the equal area method.

The dimensions of the radial nodes are modified by considering thermal ex-
pansion at steady-state. Knowing the fuel and cladding size at a reference
temperature (usually, the as-fabricated dimensions at room temperature), the

inside radius of each radial ring is

R = RFi > (3-107)
1
R2 =R + 7 ARF # (3-108)
R1+1 = R1 + ARF for 2 < i < (NF-1), (3-109)
and 1
Rci+1 = Rci +-§ ARC ’ (3-110)
Rco = Rc1+1 + AQC " (3-111)
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where, for equal radial increment:

and

(3-112)

(3-113)

If the nodes are divided on the basis of equal area, then the radial inc

ments are
ARf
and

ARC

The inside radius of

j+1
and

ci+l

RCO

=

i 2 ; b
RFo = Re;
| N F - 1 J
A0 2'%
Rco Rci
2

each radial ring becomes

L.Cl

[ 2
Rci+1

for 2 < i < (NF-1) ,

%
2 , 1 2
R. . +§‘ARC] ’

i
2 2

+
ARC ]

Correction due to thermal expansion for any radial node is

ARi » ARref [1 o “(Ii - Treéﬂ

The restructuring of the fuel is calculated for each axial slice for

the steady-state condition only.

The fuel density is considered to be

(3-114)

(3-115)

(3-116)

(3-117)

(3-118)

(3-119)

(3-120)

(3-121)

initially uniform throughout the pellet and is equal to the as-fabricated

value.

Grain growth is assumed to divide the fuel into three regions.

e

The



‘haracterization of these regions is indicated in Table 3-1. The reference
temperatures TEG and TCG are specified by the user. The final radius of the

central void is determined by taking the mass balance of fuel in each slice:
R =R2+9—2-R2-R2+91—R2-R2;5 (3-122)
Fi,s EG p3 \ UN EG p3 \ Fi UN '

where RF1 is the initial radius of central void of fuel as-fabricated, REG
is the first node in Region II (equiaxed region), and RUN is the first node
in Region I (unrestructured region).

The gap between fuel and cladding is calculated explicitly:

ARgap y Rci,ref [1 * o, (Tci - Tref) - RFo,ref [1 + o (TFO - Tref)].(3-123)

It is also required that ARgap = 0 if Equation {3-123) indicated that ARgap
is negative.

The radial gap is used to calculate the gap conductance which is an im-
portant parameter for fuel temperature calculation. The gap conductance is
computed for two cases: finite gap size and the closed gap. When the gap is
closed, a direct input of the contact conductance to the code is required.

For the case of finite gap, heat is transported across the gap by

1) conduction through a mixture of fill gas and fission

gases (xenon and krypton),

2) thermal radiation between the outside surface of fuel

and the inside surface of cladding,

3) free convection of the gases in the gap.

Heat transfer via free convection in the gap is negligible and hence will noi
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Table 3-~1

Characterization of Fuel Regions in a Fuel Rod

Power
Generation
per unit Thermal
Region Temperature Density volume Conductivity
[. Unrestructured T<Teq Py Q = Q, k = k(p,,T)
(as fabricated)
I1. Equiaxed Grain | T..<T<T 3
EG 6 3 5
Growth (n? > pl) Q” = 5—1- Qo k k(oz.T)
I1I. Columnar Grain T2T “3 _ 03
Growth c6 (0g >0,) Qg = oy B} k° k(p;sT)




be considered in the model.
The heat flux per unit length at the outside surface of fuel is

T

TC.

i, - b “
e e co(T - T )
ARgap Fo ci

Fo ~

Equation (3-124) can be rewritten as

q = 2r Re, (TFo ‘ Tci) (Pcond . hrad) ; (3-125)
where the gap conductance, hcond’ is given by
hcond v kmix/ARgap’ (3-126)
and the radiative heat transfer coefficient is written as
.= 3 2 2 3 L
Nead = € 9 Tp +(TFo Tei * Tei” Tro * Te ) . (3-127)
where
. R -1
* [81 + RF° (Cl . 1)] . (3-128)
fo ci ci

The above radiation heat transfer coefficient is defined to eliminate the
non-linearity of the equation. It is considered as a temperature-dependent
property and is calculated explicitly. There are several correlations to

calculate the thermal conductivity of a mixture of monatomic gased. A simple

empirical equation was given by Brokaw: ¢3+10)
- 1
Kmix = 0-3 f: o e Jll . (3-129)
ZRS T
i=1
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The mole fractions of the gases, (Xi) are determined from models of fission

gas release and are supplied as input by the user.

3.1.3.2 Fuel Rod Radial Temperature Calculation

The radial heat transfer in fuel and blanket at the j-th axial node

at steady-state (see Figure 3-10) i. given by

i 2R k (T;‘z) g§-|R2 +Q (Rl2 - Rzz) =0 ; (3-130)
node i:
" (13 ) 1) T k(Ti 1+1) ar Ir,, PRin Qi(Ri+12 ; Riz) >0
2 <i<NF-1 5 (3-131)
node NF:
i (T&F-l,NF) ar InF 2F = ZReohcona (TNF s Tci) " My ¥ 0 (anu - Tci“)
* Qur (RFo RyF ) 0 (3-132)

node ci (cladding inside surface):

y 4 =l
2Reo"cond (TNF ; Tci) T (TNF " Tei ) * Rejn K (Tci,c1+1) L

2 -1, I ~
+ Qg (RCi+l - Ry ) " (3-133)

node ci+1 (cladding midplane):

- " dT
- (Tci.ci+1) ar I Rejer * K (Tci+1.ci+2) ar leivz PReiss

ci+1

2 2) . ] )
* Qci+l (Rci+2 > Rci+1 ) U (3-134)
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node ci+2 (cladding outside surface):

- 2R .,

dT 2 2] .
civa K (TE1+1.C1+2) dr |ci+2 - 2Reo he (?c1+2 E Tc) : Qco(Rco - Reier ) ¥

(3-135)
The above equations are expressed in finite difference form which results
in a set of simultaneous nonlinear algebraic equations. These equations
form a tridiagonal matrix and are solved by using the Gauss eliminations
procedure. The final equations are, at a given Zj.

i
1
d 2 To * g :[: by o (3-136)

i+ 50

-
"

and

ci+s Tcoolant ° (3-137)

where

g. =0 , (3-138)

8, = ﬁ“?‘kﬁ‘%’ZEf : (3-139)

( R
B, = 1=l ’ : for 3 < i < (NF-1) (3-140)
i R. i -
NF s NF
Bue = : (3-141)
NF -~ ZReo = Rye - Ryeay
Bei © Peond * Brad (3-142)
k T R
ci,ci+l ci+l
R = <=ﬁ s (3-143)
ci*+1 - Rojes * Rejy - 2Rc1




k (T c1+2) it

ci+1
8 - ~ - A (3-144)
ci+2 2Rco ;§:i+2 Rc1+1
Begis ® Bigny b (3-145)
B, = "Fo - o T + T2 T ¢+ T T2+ 3) (3-146)
rad 2 °© NF NF e NF 'ci ci »
R "
- 1 Fo( 1 )]
c s + =] z (3-147)
[‘r(TNF) Rei \ec(Teq)
Reo
Bcond © 7 hcond ' (3-148)
hCRCO
Beonv = T2 ’ (3-149)
0 [ )
==l 10 for 1 < i < (NF-1) (3-150)

ci f_—i o ci+l ’

2 2
O Reg - Ry )

UNF 3 " (3-151)
Yeiea © et (Rﬁoz : R°i+2?) . (3-152)
Q; = Q Fp 5 Fpg  for fuel (3-153)
Q; = Q, Fz,j for cladding , (3-154)

where Qf, QC are the average heat generation per unit volume for fuel and
cladding, respectively.
For transient analysis the time-dependent radial temperature profiles

for both fuel and cladding are governed by the heat conduction equation in
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the cylindrical geometry:

T .1 2 aT ;
The approximatec solution of the above equation is obtained by using tho
extrapolated Crank-Nicolson differencing scheme for the discretized radial

nodes (see Figure 3-10 for the noding arrangement). There are ICO coupled
k+1

algebraic equations to be solved simultaneously to obtain Ti for all i at
each axial node. The final forms of the equations are
k+1 _ N
Tico = Freo » (3-156)
™Mo E T for2 < i< 100 (3-157)
i-1 i=1 i-1 i - = )
The coefficients are defined as
F, =d,/E, » (3-158)
d. + F g
F,oe e 1 for2<i<1c0, (3-159)
i
8i+1
H, = for 1 < i < (ICO-1) , (3-160)
i Gi
G, =€ , (3-161)
2
8
G, = E; ~ 7 for 2 < i < 1CO , (3-162)
i i Gi-x - -
= —1—- i -
E, ay + B+ By, for 1 < i < ICO , (3-163)
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¢ (Ty) o(T)) (RS, - RF)

24t

¢ (Tye) o(Tye) (Rygap = Rye)

2at

- 2 2
¢(Treo) #(Treo) (Reg = Ryco!

k(T; 2) R,

iia " IE2 . ZIE1 *
k(Ti_,,4) Ry
R 1 Ri-l

i+

K(Tur-1,n) Pue
2R

Fo - "NF - Rwpoy

Bcond E Brad ’

k(Trer,1c141) R

Rico * Rice:

k(Trco-1,1c0" Rrco
- Rico-1

ICI+1

Reep °

™
"
e
= g

for 1 < i < (NF-1)
i=1CI, ICI +1 ,

for 3 < i < (NF-1)

2 RN ] k [ k ]
f=1 Bi] T [a1 Bs = By ) * Tiar LBjer ) * ¥y

for 2 < i < (ICO-1)

-3 -

(3-164)

(3-165)

(3-166)

(3-167)

(3-168)

(3-169)

l5-170)

(3-171)

(3-172)

(3-173)

(3-174)

(3-175)

(3-176)



- ¢ k 1. ; |
d1c0 = Trco-1 [“ICO]”ICO[ 100 ~ Peonv) * Y10+ (3177)

*1C0
Qi for 1 < i < (NF-1)
- (RZ = R.2) (3-179)
U ® 2 ‘Fo T ONF O .
. J1co (R2 = Ryp2) (3-180)
Yico " —2 ‘"co - "1co’ °

Qi = transient heat generation per unit volume.
The parameters 8 . and Beond 27 defined by Equations (3-146) tu (3-148).
A1l of the thermal properties in the above expressions are determined at

the temperature extrapolated to the middle of the (k+#1)th time internal, that

is
k k-1
< T, - T
AR (—‘———kl—- ™! (3-181)
The thermal conductivity k (T,_ ;) is evaluated at

My | K
Ti-l,i 2 [Ti-l * T}] ; (3-182)

The wire wrap on the outside surface of cladding is included in the
transient aralysis. It is assumed that the wire wrap provides an additional
mass to the outermost node of cladding. The additional mass increases the

heat capacity of that node. An effective mass is given by

r? /1 +(i%§)2
= Wl AN -
oeff = OICO 1+ " 2 - R o . (3 183)
1CO 1CO-1
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3.1.3.3 Structure Temperature Calculation

The detailed calculations of radial temperature distribution are not
performed for the gas plenum and structures. The structure is divided into
the same axial slices as its associated fuel rod. For each slice, the plenum
or structure is treated as a lumped mass. The fission heating rate, decay
heating rate, and heat convection of coolant flow are used to determine the
average temperature of tha* axial node. The inner surface of plenum and
the outside surface of structure are assumed to be adiabatic.

The temperature of the structure (or plenum) at the j-th axial node is

given by

-
L

£ . (3-184)

The transient temperature of structure is governed by the single energy

balance:
dT h A Q. (t)
S c's S
s (T - T ) + e (3"185)
dqt CspsvS c s psCS

For a given axial node, the structure temperature at (k+1)th timestep is

o1 TE 4 Bat + 0.5 at TK*! 4 1k _ 1K
S - < c.3 (3-186)
S 1 + 0.5A At
where & hcAs ’
CepsVs
Q(t)
B = > 3
Pss
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Figure 3-10. Radial noding in the fuel and blanket rods.
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Qs(t) = transient power generation per unit
volume,

hc = convective heat transfer coefficient.
The clad of lower or upper fission gas plenum is treated in a similar

manner,

3.1.3.4 Calculation for the Molten Fuel

The computations of transient heat iransfer in the core is terminated if
1) clad temperature reaches to its melting temperature, or
2) fraction of fuel melted exceeds a given criterion supplied by user
as an input parameter.
The method of computing the fraction of melted fuel is described in this
section. According to the steady-state fuel model, there are three possible
regions across the radius of fuel: the inner columnar and equiaxed grain-
growth regions and the outer unrestructured region. Proper modifications
of material properties and volumetric heat generation rate are applied to
each of the restructured regions. When the fuel temperature reaches its melt-
ing point, which is expected to propagate outward from the ~enter of the rod,
a fourih region is identified as the molten fuel region. Figure 3-11 is a
schematic representation of an axial segment of the fuel rod.
The basic assumptions used in calculating the fraction of molten fuel
are
1) within any radial node, the fraction of molten fuel and the
remaining solid fuel are in thermal equilibrium, i.e., both
liquidus and solidu~ phase are at the melting temperature;

2) the melting temperature is specified by user;
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3) molten fuel is stationary and is attached to its original axial

slice;
Rm '
4) computation is terminated at ﬁ;; > Rcr’ where Rm iz the outer radius

of the molten region to be calculated, RFo is the outer radius of
the fuel, and Rcr is the termination criterion imposed by user
(0 <« Rcr <1).
The fuel temperature at the i-th radial node is first computed by
neglecting any melting during the time increment according to the heat con-

duction model described in Section 3.1.3.2:

k+1
it °

k+1 = -
Ti Fi + Hi T (3-187)

where F1 and H1 are time-dependent coefficients related to the material

k+

properties and the heat generation. If the computed Ti : is greater then

o @ pseudo-temperature T is defined:

Tmel pse

k+1
Tpse T1 . (3-188)
The mass of the molten fuel (Mmelt) and the fractions of mass melted (Fmelt)

are calculated by

2 2
» (R - Ri) AZJ eF Ci (Tpse - Tmelt)

i+l
Qmelt

=

Moelt " (3-189)

C, (T - T )
. 1 ' pse melt s
F 1t (3-190)

Qmelt




where CF and Ci' respectively, are the density and heat capacity of solidus
fuel, and Qme]t is the latent heat of fusion. The outer radius of the molten

region is then determined by

L.
Mmelt )2

- 7 -
i (Ri o Azj (3-191)

'3
For the i-th radial node with mixed solidus and liquidus phase, the material
properties are approximated as

X = (1 - F

X (3-192)

mix Fmelt) xsoHd * melt

lig °

where X denotes density, heat capacity, thermal expansion coefficient, and
thermal conductivity. The volumetric heat generation term in heat conduction

equation was determined for solidus fuel and has to be modified:

“mix
Q » QO T— D (3"193)

where

Q, = average volumetric heat generation
at steady-state,
p = fuel density as fabricated.
The spatial power distribution function and the transient power generation
terms are imposed on Equation (3-193).

Finally, if the computed fraction of molten fuel in any radial node is




greater than one, i.e.,

c, (T

i ‘V'pse ~ Tmelt) ” Upert

the model will

1) set F = 1 for this radial node,

melt
2) assume the molten fuel in this radial node is superheated and its

temperature is given by

C g (T -T ) = Q
k+1 _ i,solid ‘ pse melt melt .
i “Tmert * = ¢, Tiquid ' e

3.1.3.5 Computational Procedure

The fuel heat transfer computation involves three different sections of
rod; fuel, blanket, and fission gas plenum. Each section is treated according
to the material index specified by the user. At steady-state, the nonlinearity
of the heat conduction equations and the option of fuel restructuring require
an iterative procedure to obtain the steady-state temperature. The procedure
is shown in Figure 3-12. For transients, the temperature-dependent properties
are evaluated at extrapolated temperatures and hence no iteration procedure
is needed, as shown in Figure 3-13. However, checks of melting of pellet or
clad are done during the transient computation. If the computed pellet tem-
perature is above the snecified melting temperature, a simple molten fuel
model will be used to replace the solid-phase heat transfer model. Melting of
clad, as stated previously, is the index of terminating the transient computa-
tion. Calculation of hoop stress and comparison with the fission gas pressure
are performed for every channel. Release of fission gas is indicated, if the fis-

sion gas pressure is higher than the hoop stress. Boundary conditions of gas
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bubble formation are tra’ iitted to the coolant model for the initialization
of bubble computation. It is assumed that rupture of clad has no effect on

clad heat transfer calculations.

3.1.4 Power Generation

The power generated in the reactor core includes both the fission and
decay heat contributions. Also, both the time-dependent and spatial-dependent
aspects of the power generation are accounted for. In our multi-channel

representation of the reactor core, the total reactor power, P5TOT(t), is

written as
N6CHAN N N
PSTOT(t) = PSFISS (K,t) + PSDCY (K,t) + P5BYPS (t) , (3-195)
K=1 K=1
where

PSFISS (K,t) = FSPFIS (K) - FETPOW (K) - PSTOT (0) - n(t) , (3-196)
PSDCY (K,t) = FSPDCY (K) + F6TPOW (K) - P5TOT (0) - d (K,t) » (3-197)

P5BYPS(t) = F6PBYP - PSTOT(O) - {FSPFIS(NGCHAN+1)- n(t) + (3-198)
F5PDCY (N6CHAN +1) - dB(t)},

subject to the following initial conditions:

n(t)| =1,
t=0

dixt)] =1,
t=0

doft) | =1
B"™ t=0
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The first two terms on the right hand side of Equation (3-195) represent,
respectively, the fission and decay heating contributions. The third term
represents gamma heating of coolant in the bypass channel. Equation (3-195)
can also be written as

N6CHAN
P5TOT (t) = P5TOT (0) - [ :E: F6TPOW (K) - {FSPFIS (K) - n (t)

K=1

+ FSPOCY (K) - d (K,t)f + F6PBYP - {FSPFIS(NGCHANH) « n(t)
+ F5PDCY(N6CHAN +1) - aB(t)}] (3-199)

Various factors are now defined:

F6TPOW (K) = fraction of total power allocated to the K-th channel,

FS5PFIS (K) = fraction of power from fission and gamma heating in the
K-th channel,

FS5PDCY (K) = fraction of power from decay heating in the K-th channel,

F6PBYP

fraction of power in the bypass channel,
n(t) = normalized time-dependent factor for fission and gamma heating,

d(K,t) = normalized time-dependent factor for decay heating in the
K-th channel,

d,(t) = normalized time-dependent factor for heating of the bypass
B channel.

Two consistency equations are

N6CHAN
FETPOW (K) + F6PBYP = 1 (3-200)
K=1
and
FSPFIS (K) + F5PDCY (K) = 1. (3-201)



The power generated in a channel is further subdivided into four terms:
(1) portion deposited in the fuel (or blanket or control rod pellets),
F5PWRS (K); (2) portion deposited in cladding, F5PWRE (K); (3) portion de-
posited in coolant, F5PWR1 (K); and (4) portion deposited in structure,
F5PWR7 (K). These numbers are normalized so that

FSPWRS (K) + F5PWR6 (K) + F5PWR1 (K) + FSPWR7 (K) = 1.0 (3-202)

for each channel.

3.1.4.1 Spatial Power Normalization

From the power values deposited in the fu2l, cladding, coolant, or
stiucture material of any channel, an axial variation along the lengtt of the
channel is specified by a profile which must be supplied by the user. Thes~
profile data are normalized consistent with the nodal structure (see Figure
3-14). For any channel, five axial regions are available for user specifica-
tion. These include upper and lower fission gas plena, upper and lower blan-
ket and fuel regions. As shown, for any given region, the associated fuel,
cladding, coolant, and structure zones have the same axial mesh. Since the
total number of rod axial sections for the K-th channel is NSASEC(K), the
axial distribution profile data supplied by the user are stored in the F5PAX(J,K)
array J=1, NSASEC(K) . The data are taken to apply at the nodal midpoints.
These relative axial distribution data are then normalized such that the re-

sulting F5PAX(J,K) array satisfies:

NSASEC(K)
7 1 % FSPAX(J,K)-AZSJ = 1.0 , (3-203)
TOTAL 1
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where ZTOTAL is the total axial rod length and 625, is the length of the J-th
axial rod node. Thus, the user-supplied rod data are normalized on a unit
length basis.

The radial power distribution is broken into two sections: (1) the
radial distribution on a whole core basis, and (2) the radial variation within
a channel. The radial distribution on a whole core basis is incorporated
with the fraction of power in the channel, F6TPOW(K), and by specifying the
number of rods in this channel, N5SRODS(K).

The radial power distribution within a channel, for any given axial
section or slice in Figure 3-14, is depicted as follows:

(1) For axial regions containing fuel and/or blanket zones, the user

may specify any number of radial nodes. This number is stored in the
NSNFR(K) array and is taker. to apply to all axial fuel and/or
blanket sections in the K-th channel.

(2) For the cladding zone, only three radial nodes are allocated.

(3) The structural zone is allocated one radial node.

(4) The coolant associated with any rod axial section is allocated one

radial node.

Any power deposited in the cladding, coclant or structural material is
assumed t. be distributed uniformly in the radial direction. However, the
radia! power within the fuel and blanket zones is allowed to vary in the manner
specified by the user. The user-input radial power shape is normalized such

that the following equation is satisfied:

NSNFR(K)
Ng‘ FSPRAD(I,K)+A(I)
=1

N5?§(K)
A(T)
[=1

“«7) -

=1 , (3-204)



where FS5PRAD(1,K) is the radial power shape in the I-th radial node of the
K~th channel, A(1) is the cross-sectional area of the I-th node and NSNFR(K)
is the number of radial nodes in the K-th channel.

In surmary, the amount of heat generated in the (I,K)th fuel mesh of

the K-th channel is given by the following equation:

Pryer (1sdsKst) = PSTOT(0) - F6TPOW(K) - | FSPFIS(K) - n(t)

+ FSPDCY(K) « d(K,up, * FSPWRS(K) - F5PAX(J,K) - FSPRAD(I,K).
(3-205)
Similarily, the power gereration in the cladding mesh at the J-th slice of

the K-th charnel is given by the following equation:

Petad (J+Kst) = PSTOT(0) - FETPOW(K) - | FSPFIS(K) - n(t)

+ FSPOCY(K) - d(K,t) } - FSPWR6(K) - FEPAX(J,K) ,
(3-206)
since the radial power variation across the cladding is assumed to be constant.
The equations for power generation in the coolant or structural materials may
be obtained by replacing F5PWRG(K) in Equation (3-206) with FSPWR1(K) or
FSPUR7 (K), respectively.

3.1.4.2 Fission Heating

The time-dependent portion of the fission power contribution is cal-
culated by solving the space-averaged, one-energy group reactor kinetics
equations. The one-energy group assumption is reasonable, particularly for
a fast reactor. The space-averaged model is quite adequate since the core
of an LMFBR responds, due to the relative smallness of the core and the large

neutron migration area, more uniformly than a light water reactor core to
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changes in reactivity.
The point-kinetics equations written in terms of the prompt neutron

generation time (A) may be expressed (source term neglected) as

p=8
= —T N +Z: T I (3-207)
dC1 BiN
T« T NG 3eD00)
where
N = neutron density (which is proportional to the power),

p = total reactivity (ak/k),

By = total effective delayed neutron fraction = g Bys

A = prompt neutron generation time (s),

Ay = decay constant of the i-th delayed neutron group (s'l),

C, = density of the i-th effective delayed neutron precursor,

™
-
"

fraction of the i-th effective delayed neutron group,
t = time (s),

By rewriting N and Ci in normalized form such that

¢, (t) -
n(t) = ji 5 cye) = ti‘éﬂ ; where C, (o) = A—:—;N(o).

tquations (3-207) and (3-208} become

p -8
- Y D T (3-209)
de,
-a-t—" Ai (n - Ci). (3'210)

The direct integration of these equations requires veiy small time-
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step sizes due to the small numerical value of the generation time (A). To
assure numerical stability and accuracy, step sizes of approximately (100 to
1009) + A are required. Typically, A 1s abcout = 6 x 10'7 s, therefore, the
step sizes of the order of 0.00006 to 0.0006 s would be required.
The simplest way to circumvent this problem is to utilize the

prompt jump approximation (PJA). This approximation makes use of the very
fact that A is extremely small. By assuming that A approaches zero, the
product A dn/dt in Equation (3-209) also approaches zero. Thus, n may be

directly solved for as

n = 3}'1'52; 8,C; - (3-211)
This means that any disturbance in the reactivity (p) will be instantaneously
reflected in the power (n). Thus, for a step change in g, n jumps immediately
to some initial level dependent on the size of the reactivity insertion.

The PJA is in excellent agreement (to within < 0.1%) with the exact
solution for values of p less than +50¢. It should be noted that this approx-
imation gets even closer to the exact solution when the prompt neutron
generation is smaller.

The main drawback of using the PJA is the fact that agreement to the
exact solution diminishes as o apprcaches By It can be seen from Equation
(3-211) that n is discontinuous at p = By To provide for these cases where
p approaches BT (or more conservatively, when o > 50¢), an option is available
in the SSC-L code to solve the equations "exactly." However, it should be
stressed that for most cases which the SSC will analyze, the PJA will be

adequate. For cases where the plant protection system (PPS) is assumed to

- Y




operate, the reactor may be shut down well before reactivity insertions
approaching +50¢ are attained.

To provide an “"exact" solution to Equations (3-209) and (3-210),
without integrating them directly, the method proposed by Kaganove(3'11)
was used. Here, Equations (3-210) are solved for C; in terms of dci/dt

and substituted into Equation (3-209) such that

. U
dn _pon 1 i i .
R " Tt lTw (3-212)

The assumption is then made that over any integration step (at), the
normalized power (n) and reactivity (o) may be represented by second-order

polynomials. Thus,

"

n(t) =n_+n_ t+ n, t? 0<tc<at , (3-213)

0 1

1]

o(t) =p,  +p

. t + ,oztz Bt ek, (3-214)

1

where
n_ = value of n at the end of previous timestep,
o, = value of p at the end of previous timestep,
and Ny» Nys 0,5 0, are constants to be evaluated.

Equation (3-210) is now integrated in a straightforward manner:

t

Xit t Air
fd [ci () e ]=fAi e n(t) dv . (3-215)
0 0

Then

"Ait -}\.t t Ait
ci(t) = ¢, © ta; e : J/.e n(t) dv , (3-216)

0
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where

- |
Cio = Si{t)i¢ag

Making use of Equation (3-213), Equation (3-216) becomes

-Ait -Ait n, -Ait
ci(t) = Cip © +n, (1 -e ) + ;;-(xit -1+e )
n -).t
+ = [x?tz -at-2(1-e ] )] ; (3-217)
A
i

Likewise, Equation (3-212) becomes

t 8.
n(t) - n(o) = 71\‘/0(1) n(x) dr - % z: —\-;- [Ci(t) - cio] » (3-218)
0 i
Upon substituting Equations (3-213) and (3-214) into Equation (3-218), one
obtains
2 _ 1 . t’ t’ t’ t"
mtent =3 (f’o"ot YoM 3 YoM 3 *o%7 e 3 ten g

+ o,y %3 + o, %“ *o,n, ?t:) i %_Zs_}[ci(t) - cio] . (3-219)
i

The boundary conditions are then imposed that the integral Equation
(3-219) be satisfied at the midpoint and end of the step (i.e., at t=at/2
and t=at). Thus, Equation (3-219) yields two equations in the unknowns n,
and n,. {'ith the assumption that during any given timestep, the power and
reactivity are functions of time only (i.e., decourled), the sclution is now
complete. For small timesteps (~.01 sec or less), this latter assumntion
is certainly justified.

During a transient, the implementation of the solution in the SSC-L

= T8 »



will proceed as follows (assuming a predictor-corrector type of integrator):
(a) wusing the predicted value of reactivity at t=At and the two

previous values, the two constants o, and o, in Equation (3-214)

2
are calculated;

(b) wusing Equation (3-219) solved at at/2 and at, the constants n,
anu n, are calculated;

(c) the predicted power may then be calculated using Equation (3-213);

(d) repeat the above procedure during the correction portion.

3.1.4.3 Reactivity Contributions

The total reactivity at a given time, t, is the sum of an applied reac-
tivity, ”a(t) (e.g., control rod movement), plus the sum of the various reac-

tivity feedback contributions, pi(t):

o(t) = o (t) + 21: o (t) . (3-220)
As indicated in Figure 3-15, the total reactivity is then incorporated into
the point-kinetics model and used in the evaluation of the normalized time-
dependent factor for the fission and gamma heating. It should also be noted
that the reactivity effects a~ inherently spatially-dependent. This is not
only due to the fact that the temperatures vary spatially, but even for the
same temperatures the magnitude of the effect will depend on the location
within the reactor. Since the point-kinetics equations suppress any spatial
dependence, aﬁ appropriately weighted spatial integration of the evaluated
local reactivity feedback effects must be performed.

(3.12-3.16)

A survey of several references and existing computer
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models(3‘7’3'l7) has identified the following contributions to the feedback

effects:

e Doppler
® Sodium density and voiding

e Fuel axial expansion

Structural expansion

Bowing

Fuel slumping

The first three effects will be discussed in more detail in subsequent sub-
sections. Merdels are presented and equations developed for incorporation
of these effects into the present version of SSC. The remainder of this

section will briefly discuss the last three effects.

Radial Structural Expansion

As the core heats up there is radial expansion of the fuel assemblies
and core support structures which tends to effectively increase the pitch-
to-diameter ratio of the fuel lattice, reducing the reactivity. However,
this effect has a long time constant relative to the fuel, for example,
since it is related to the structural components. From a normal operational
viewpoint (e.g., taking the reactor from zero to full power), this effect will

be much more important than for those transients that SSC-L will be analyzing.

Bowing

Bowing is caused by differential thermal expansion and is a result of

radial temperature gradients. Positive reactivity can be added when fuel

w. Bl »



material bows towards the center of the reactor. To reduce this effect,
spacers are placed between fuel elements and fuel assemblies. The temper-
ature gradients cause stresses in the contacted material which is designed
to be strong enough to prevent appreciable displacements.

Also, as with structural expansion, this effect will have a relatively
long time constant since it is the fuel assembly and not the fuel pins them-

selves that provide the structural strength.(3‘12)

Fuel Slumping

In the event of fuel melting, there is the possibility for fuel move-
ment within the cladding material. If the fuel moves (slumps) towards the
center of the core, then there will be positive reactivity added to the
system. However, the current version of SSC-L does not treat the class of
transients that would lead to this condition; hence, fuel slumping is not

considered further.

3.1.4.3.1 Doppler Effect

The Doppler effect is the most important and reliable prompt negative
reactivity effect in current thermal and fast reactor designs which utilize
high fertile (U238) material concentrations. Probably one of the better
understood reactivity phenomena, the Doppler effect is due to the increased
kinetic motion of the fuel atoms, as measured by an increase in fuel temper-
ature, resulting in the broadening of cross-section resonances and increased
resonance absorption.

The Doppler coefficient is defined as the change in multiplication

factor, k, associated with an arbitrary change in the absolute fuel tempera-

a2 =



ture, T. Since in fast reactors this coefficient is found to vary as the

inverse of fuel temperature, a temperature independent Doppler parameter,

QDOP’ can be generally defined as

o2 = T dk/dt . (3-221)

Equation (3-221) may be integrated to yield
k! - k2 = a0 g 7172 (3-222)

where T' and T2 represent two different fuel temperatures and k' and k* are

the resulting multiplication factors. Rigorously, reactivity is defined as

_ k-1
O-—r' »
and changes in reactivity, 4p, as

bp = ol - 02 .
k'k?

For small reactivity changes (the Doppler effect is of the order of 10’“)
and with k = 1,

and the change in reactivity due to the Doppler effect, ApDOP, can be written
as
1
ApDOP e a2 4n I;- . (3-223)
T

This equation may be applied locally or regionally depending on how the

temperatures and Doppler coefficient are defined. Specifically, in discrete
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DOP .

notation, the local Doppler reactivity, Py 18
Tt
DOP _ DOP JK
DJK = O.JK n "-2—— » (3-224)
Tk

where K represents the channel, J is the axial position in the channel K,
and TJK is the effective local temperature at position JK. This effective
fuel temperature can be taken to be the volume-averaged fuel temperature
which is defined as

) 1ok T1ok

, IR

" Zx Vesxk

where VIJK is the fuel volume in channel K, axial slice J, and between radial

(3-225)

mesh I and -1, and TIJK is the local fuel temperature at this position.

It should be noted that the Doppler coefficient in Equation (3-224)

is shown to be a spatially-dependent variable. Although aggp will be a

constant with respect to fuel temperature, there will be spatial variations
due to different fuel types (e.g., enrichment, pin size, volume fractions

of structural material, coolant, and fuel) and different sodium density.

pop
JK

by the user. Thus, the first concern relating to fuel type can be directly

In the present model, a will be a spatially-dependent parameter supplied
addressed.

The sodium density dependence is actually a neutron spectrum depen-
dence--the harder the spectrum, the smaller the Doppler effect (since there
are less neutrons in the resonance range). The less sodium present, owing
to density decreases or voids, implies a harder spectrum. To treat this

effect, an effective isothermal sodium void fraction, Xgﬁ, is defined
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NA NA

NA _ PIK"ef - ok
JK NA
?JK

X

(3-226)
ref

where pgﬁ is the local, time-dependent sodium density at position JK, and

ogﬁref is the local reference sodium density at position JK. Thus, if ngp

and yggp are the Doppler parameters with and without sodium present, respec-

tively, then the net Doppler parameter can be approximated by

DOP _ Boop'(l L A )*, DOP NA (3-227)

gk = Bk kY ok Kok

To get an overall Doppler reactivity, oDOP, for use in the point-kinetics

equation, a summation of Equation (3-224) must be performed. Thus,

T
DOP _ DOP _ Do ToK .
o - P K aj = (3-228)

J,K J,K JK

The values of the Doppler coefficients, aggp, for each JK-th region must be

supplied by the user in units of reactivity (ak/k) for that mesh.

3.1.4.3.2 Sodium Density and Void Effects

Heating of the sodium coolant decreases the coolant density and can
ultimately lead to vaporization (voiding). These density decreases affect
the reactivity of the reactor through two competing effects: increased
leakage, which adds negative reactivity and is important away from the
center of the core; and spectral hardeninj due to a decrease in the macro-
scopic sodium scattering cross-section which adds positive reactivity. The
net effect depends primarily upon the location in the reactor.

In modeling this effect, both sodium density changes and voiding can

o 5 =



be treated in a similar fashion. Basically, what is required along with
the spatial sodium density distribution is a table of spatially-dependent
sodium reactivity worths. The sodium density will be determined internaily
by SSC-L from knowledge of the sodium temperature distribution. However,
the reactivity worths are user supplied.

There are several ways to present this reactivity effect depending on
the form in which the reactivity worth data are known. For application in
SSC-L, Fquation (3-229), which can treat either sodium density or voiding

reactivity effects, is used:

NA
o . ;;; By Mg > (3-229)

where wNA is the overall sodium density and voiding reactivity for use in
the point-kinetics equations, ﬁJK is the sodium reactivity worth in axial
slice J, channel K, in units of eactivity per unit mass of sodium effec-
tively voided, and MJK is the effective mass of sodium voided in segment JK,

and is defined in the following equation:

NA  NA ) A

Mg = (”JK” oakt) Vak (3-230)

In this equation, oga is the local average, time-dependent sodium density

and Vgﬁ is the local coolant volume in segment JK.

3.1.4.3.3 Fuel Axial Expansion Effect

Axial expansion of the fuel pellets tends to increase the active core

height while decreasing the fuel censity, resulting in a net decrease in
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reactivity. An upper limit to the magnitude of this effect is obtained if
it is assumed that the fuel pellets are free to move within the cladding.
However, the actual mechanisms for expansion are difficult to model, especially
for ceramic fuel. Fuel pellet cracking or friction between the pellet surface
and inner clad wall will reduce the expansion significantly. On the other
hand, if the fuel pellets are not stacked in perfect contact wi.n1. the clad,
then there may be negative fuel expansion if the fuel pellets settle

Physics calculations for CRBRP(3'1) indicate a maximum overall reactiv-
ity of -0.12¢ per mil of fuel axial expansion. The range of this effect is
quoted to be 0.0¢/mil to -0.12¢/mil owing to the uncertainties previously
discussed. In fact, neglecting this feedback effect would tend to yield
higher positive reactivity values during a positive temperature transient.
This would result in a high estimate of the reactor power level and a conser-
vative (i.e., more severe) prediction of the thermal-hydraulic performance.

Nevertheless, for inclusion in SSC-L, the reactivity due to fuel axial
expansion, QAX, is based on a model which parallels the treatment of sodium

density reactivity effects:

AX *
o' = ZCJKNJK g (3-231)
JK

where CJK is the fuel reactivity worth in axial slice J, channel K, in units
of reactivity per unit mass of fuel effectively voided from segment JK and
N;K is the effective mass of fuel voided in segment JK.

The user will supply values for the CJK constants. An expression for
the internal evaluation of NSK is now derived based on the logic that as

the fuel temperature increases, the fuel expands axially according to the
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following equation:

zJK [1 + a(T JK)] zjK " (3-232)

where « is the linear fuel expansion coefficient in units of cm/cm-K and
TJK i the fuel volume average temperature as evaluated by Equation (3-225).
To conserve mass, an axial increase in the fuel length (FL) implies a decrease

in the fuel density, ogt, (ignoring other dimensional changes); thus

FL,1 . L
o3k 2ok = Pokelyk (3-233)
or
2 1
o (T = Vi)
L RL L k- Tk . (3-234)

Pakt T faKk? T P! 2 1
1+ a(T5, - TJK)

The difference in density time the original fuel volume (before expansion),

vSt , will give the amount of fuel voided from location JK, NJK
= FL, yFL JFL,

Nak = Pok® *ak Yok o (3-235)
where XSt is the fuel void fraction at location JK and follows from Equation
(3-234) to be

a (T3, - T 3
JK 1 & a(-— ) y
JK JK

The effective amount of fuel voided from location JK, NSK’ and the

resulting net reactivity effect associated with fuel axial exparsion are



given by the following equations:

N (3-237)

* -
kK =ZENy o

AX _
p =g Z: CJK NJK 5 (3-238)

where ¢ is a user-supplied constant that accounts for the fact that the
present model does not account for the uncertainties associated with the mode
of fuel expansicn and does not explicitly evaluate the increase in reactiv-
ity because the fuel that was calculated to be voided from location JK
[Equation (3-235)] actually causes a net increase in axial fuel height, re-
ducing leakage. An estimate on the size of these effects is given in Ref-

erence 3.14. A recommended upper limit for ¢ is thus given to be 0.3.

3.1.4.4 Decay Heating

The time-dependent portion of the decay heat contribution is handled
in one of two ways:

(1) tabular look-up of user supplied data, or

(2) solution of user-supplied empirical relationships.
The decay heat calculations are handled in one subroutine (PDCY5T). If the
tabular Took-up option is used, then paired points of time v/s decay heat
fraction must be supplied on input. If the user wishes to supply empirical
correlations, they must be inserted into PDCY5T at the appropriate place.

Both the relative magnitude and the time-dependent shape of the decay
heating are al's =d to be channel-dependent, as discussed earlier. A user

will have to provide FSPDCY(K) as well as d(K,t). An additional time-



dependent function dB(t) for gamma heating of coolant in the bypass channel
must also be provided. Both d(K,t) and dB(t) are normalized so that at

steady-state their values are 1.0.
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3.2 HEAT TRANSPORT SYSTEM
3.2.1 System Description

The heat transport system provides the vital function of removing
reactor generated heat ard transporting it to the steam generator while
maintaining an adequate flow rate for controlling reactor temperatures
within safe limits under all plant operating conditions.

In this section of the report, a detailed analysis to predict the
thermal and hydraulic response of the heat transport system under both pre-
accident and transient conditions will he presented.

Figure 3-16 shows an example confiouration of the heat transport
system for a lToop-type LMFBR plant. Only one circuit has been shown. It
consists of the primary loop carryinc radioactive liquid so ium and the
intermediate loop carrying nonradioactive liquid sodium. Ti2 number of
parallel heat transport circuit: usually depends on total flow rate,
allowable pressure drops, degree of plant reliability, size of available
components, and allowable coolant velocities.(B‘la) The Clinch River Breeder
Reactor Plant (CRBRP) has three heat transport circuits operating in par-
atter. (3-1)

Each primary loop contains a variable speed, centrifugal, liquid
metal pump, a check valve, an intermediate heat exchanger (shell side),
and the associated piping interconnecting these components. The pump cir-
culates coolant through the reactor where it picks up the heat generated in
the core and exits at a higher temperature. The coolant transfers this
heat during its passage through the shell side of the intermediate heat ex-
changer and returns to the reactor to complete the cycle. All primary loops
share a common heat source at the reactor core and a common flow path through

the reactor vessel, but otherwise each circuit operates independently.
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transport system.
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The primary and intermediate loops are thermally linked at the Inter-
mediate Heat Exchanger (IHX). Here, the intermediate coolant, as it rises in
the heat transfer tubes, picks up the heat from the primary coolant. It then
passes to the shell side of the steam generator, where it gives up this heat
to produce steam in the tubes, and returns to the IHX to complete the cycle.
The coolant is circulated by a variable speed centrifugal pump. An expansion
(surge) tank is also provided in the intermediate loop to accommodate coolant
volume changes due to thermal expansion. In the case of the primary heat
transport looos, the reactor vessel also serves the purpose of the surge
tank.

In the example configuration of Figure 3-16, which corresponds to the
CRBRP design, heated intermediate sodium leaving the IHX flows through
hot leg piping and enters the steam generation system superheater module.

At the superheater exit, the piping consists of two parallel runs, each
extending to an evaporator inlet. Cooled sodium from the evaporators

flows through two parallel runs, joined at a tee, and continues as a single
run to the pump situated in the cold leg and then back to the IHX. The
expansion tank is located just upstream of the pump.

Transfer of reactor power by the heat transport system is achieved
by varying system flow rates, which in turn are controlled by changing
pump speeds. The piping runs are insulated on the outside to minimize

heat loss.

3.2.2 Analysis

For modeling purposes, the primary loop is understood to extend from the

reactor vessel outlet to its inlet. The intermediate loop is assumed to
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start at the IHX secondary outlet and includes the shell side of the

steam generator. The heat transport system calculations thus interface with
the reactor calculations at the vesse! inlet and outlet, and with the tertiary
loop calculations at the steam generator.

The analysis is aimed at allowing considerable flexibility in the arrange-
ment of components in the loop for future PLBRs. In the CRBRP arrangement
illustrated in Figure 3-16, the primary pump is placed in the hot leg. How-
ever, it could be located in the cold leg at the user's option, as also
the check valve could be anywhere in the loop. or be absent altogether. The
figure also shows one superheater and two evaporators in the intermediate
loop, with the intermediate pump in the cold leg and the expansion (surge)
tank just upstream of it. The model could accommodate variations in this
arrangament such as none or more than one superhea‘er, and one or more eva-
porators at the user's option. Also, the purp and surge tank could be located

away from each other.

3.2.2.1 General Assumptions

The following basic assumptions are inherent in the analysis:

(1) one-dimensional (space) flow, i.e., uniform velocity and temperature
profiles normal to the flow direction;

(2) single-phase liquid coolant, i.e., temperatures in the loop are
always below coolant saturation temperature;

(3) incompressible 1liquid, i.e., coolant properties are not pressure
dependent;

(4) single mass flow rate model, i.e., the effect of time rate of

change of density on mass flow rate distribution in space is neglected,



so that at any instant of time, the mass flow rate would be uniform
everywhere in a circuit, except at a free surface, or at a break where
there is flow loss, or at a junction where flows meet, or at a branch
where flows separate;

(5) axial heat conduction in walls is neglected.

3.2.2.2 Model Features

Aside from its flexibility, the model has several other features.
Some of these are

(1) temperature-dependent material properties, expressed as curve-
fitted polynomial functions of temperature,

(2) gravity effects included in detail,

(3) flow-dependent friction factor encompassing the full range of
flow conditions from turbulent to laminar,

(4) loss-coefficients included for area changes,etc.,

(5) heat transfer with pipe walls considered.

3.2.2.3 Steady-State Simulation

Figure 3-17 shows a skeleton flow chart for the overall solution
approach to the heat transport system. Certain boundary cond: ‘ons and
input data are necessary to start the calculations. These the system
geometry, i.e., pipe lengths, diameters, angles at nodes, loss coefficients,
heat transfer tube dimensions, etc., and certain reference parameters, such

as the loop flow rates W_ and NS, the coolant temperature at reactor out-

P

let Tl 1 the pressure at inlet to the primary loop Pl. the reactor pressure

drop APRV' cover gas pressure in the pump tank Pgas’ etc. Of these,
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wp. Ns’ Tl.l are determined from overall plant thermal balance, and P1 and
APRv are obtained from the in-vessel simulation.

With this information, along with the constitutive relations, the
calculation begins at the entrance of the primary loop and marches in the
direction of coolant flow. The conservation equations for flow in piping
are solved first, unless an IHX is encountered {see Figure 3-17) in which
case the energy and momentum equations at the IHX are solved. Following
each component or pipe run, the boundary conditions are set for the next
ccmponent or pipe run. This process continues until the outlet of the loop
has been reached and temperatures and pressure drops in all piping runs and
the IHX have been computed. At this point, the check valve pressure drop,
pump pressure rise and operating speed, and height of coolant in the pump
tank are all determined. The intermediate loop calculations now begin at

the IHX secondary outlet, and a similar process continues until the steady-

state thermal-hydraulic conditions in both loops are completely specified.

3.2.2.4 Transient Solution Approach

The simulation appreach is strongly influenced by the nature of the
flowing medium within the range of conditions of interest to the model.
Thus, for liquid sodium loops, the time-dependent energy and momentum
equations can be decoupled since the effect of pressure on subcooled
liquid sodium properties is considered negligible. However, whereas the
momentum equations are only loosely dependent on temperature through the
sodium properties, the converse is not true, since convective terms in
the energy equations are directly flow dependent. So, if hydraulic

equations are solved first with coolant properties evaluated at temperatures
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corresponding to the earlier time (one time step behind), the energy
equations can then be readily solved, using the flow rates calculated from
hydraulics at advanced time. More details on hydraulic and thermal simulation
procedures will be presented in subsections 3.2.10 and 3.2.11.

The next few subsections will be devoted to description of the model

equations for the individual components of the heat transport system.

3.2.3 Coolant Flow in Piping

By far the longest time the coolant spends in its passage through the
heat transport circuit is in the piping runs interconnecting the different
components. Hence, a thermal-hydraulic model for coolant flow in piping

should form an important part of the overall system simulation model.

3.2.3.1 Heat Transfer

A detailed model with discrete parameter representation has been for-
mulated for the heat transfer process in the piping. This is preferable
to a simple transport delay model as used in other codes(3'19’ 3.20) for two
reasons. Firstly, the tem; »rature signal is not only delayed in its passage
from inlet to outlet of a pipe run, but also altered. Seccndly, a detailed
temperature distribution will aid in a more accurate determination of the
gravitational heads, hence, the natural circulation capability of the heat
transport system under loss of forced flow conditions.

Figure 3-~18 shows the model configuration. In the axial direction the
number of nodes in a pipe section is user specified, the number being influ-
enced by the pipe length and the coolant velocity at full flow. In the

radial direction, there are two nodes - coolant and pipe wall. Perfect
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insulation (i.e., negligible heat losses) is assumed on the wall outer
surface. As shown in the figure, the coolant and wall nodes form a stag-

gered arrangement.

Governing Equations

The governing equations are obtained by the nodal heat balance
method, where energy balance is applied over the control volume formed
between two adjacent fluid nodes to give the coolant equation, and the
wall equation is related to the coolant equation through the heat flux term.

These equations can be written for i=1, N-1, as follows:

Coolant: deHl
°ii+1AAx ~at N(ei B ei+1) = Ve Acw {Tii+1 > Twi] ’ (3-239)

where e. is the coolant enthalpy at node i+l, T is the average coolant

1+ it
temperature in the control volume between nodes i and i+1, expressed as

g =7 » (3-240)

is the coolant density corresponding to Tii+1’ W is the flow rate
nD

; " ; i

in the pipe, A is the cross-sectional area for flow given by R et Ucw

Pii+1

is the overall heat transfer coefficient between coolant and wall, eval-

uated at the midpoint between coolant nodes i and i+l, and Acw is the area

for heat transfer between coolant and wall, given by

Acw = nD;ax. (3-241,
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Inherent in Equation (3-23¢) is the assumption that

de. de de. .
LN d‘;* v —p L (3-242)

Wall:
dTw

. _ .
M Cwi at = Yew Acw [*ii+: Twi] . (3-243)
where Hw = mass of wall for length ax.

Finite Difference Forms

A fully implicit single-layer time integration scheme is applied to
Equation (3-2392) and the wall heat flux is allowed to be determined explicitly.
With this, Equation (3-239) becomes

k+1 k
(ei+1 - ei+1> k+1 [ k+1 K+
Arx y = W (g - e )

Pii+1 : S
k k k
* Wi Acw <Tii+z - T"i) ; (3-244)
and Equation (3-243) becomes
tk#l ok
V- e T | A [tk .k (3-245)
. h ow “ow \ i 7w )

where the index k represents previous time, (k+1) represents the current
(advanced) time, and h is the size of the timestep.

k+1

The flow rate W in Equation (3-244) is known since hydraulic calcula-

tions precede thermal calculations. Equations (3-244) and (3-245) are now
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k+1 k+1
41 and T"i

marching fashion going from i=1 to N-1.

uncoupled and unknowns e can be determined algebraically in a
It is worth noting that Equations (3-244) and (3-245) are for forward
flow only. However, the code has the formulation in terms of general node
counters so that the equations and the marching direction in each pipe
section are automatically adjusted depending on the flow direction, be it

forward or reverse.

Overall Heat Transfer Coefficients

In Equations (3-239) and (3-243), Ucw represents the overall heat trans-

fer coefficient between coolant and pipe wall, and it is defined, based on

the resistance concept (see Figure 3-19), as

1 1
i vl 2 & . (3-246)
Ucw hfilm wall
The film heat transfer coefficient is given in terms of Nusselt number
NuC as

Nuckc

Peitm = o, (3-247)

where duc is obtained from established correlations (see Chapter 5).
The wall resistance term is obtained by considering half the wall

thickness (since that is where Tw is defined), and is expressed as
i

D; + D
o 0
D, ~ 251
all 7T ’ (3-248)
w
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Figure 3-19.

Nodal diagram for thermal balance.
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where Di' Do are the pipe inner and outer diameters, respectively.
Since Ucw is dependent on material (kc, kw) and flow (Nuc) properties,

which are functions of temperature, it is evaluated at each nodal section

of the pipe.

3.2.3.2 Pressure Losses

The hydraulic model essentially calculates the pressure losses in the

pipe section as

(aPg )

= acceleration loss + frictional loss

f.g'pipe

+ gravity loss + other losses.

A? 1

L L
2
= W _I_-J_‘%!Mf .tdx+gfosinedx+!(!m,
°N P DA2 = ;Az
0 0
(3-249)

where f is a flow-dependent friction factor (see Chapter 5 for details).

K is a user-specified loss coefficient to account for losses due to bends,
L
fittings, etc. Since g-is a continuous function,d/p g dx is evaluated

0

using Simpon's rule. However, osiné, unlike g, is a discontinuous

L
function, dependent on the pipe geometry; hence~/ﬁ psing dx is evaluated
N-1 o

rather as the summation Ax ;E: ps sine,, where o = o(T,).
=1
The importance of these pressure loss evaluations will be seen later

under transient hydraulic simulation.

3.2.3.3 Steady-State Model

The energy equations are considerably simplified because of the
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absence of time derivatives. In fact, with the assumption of perfect

insulation, the wall equation, i.e,, Equation (3-243), disappears, and the

coolant equation simply gives
T1 = Tx for i = 1,N , (3-250)

This equation also implies constant fluid properties over the pipe run.

The formulation for pressure losses in the piping is the same as for
transient, except that the acceleration term drops out, and f, p are constant,
simplifying the evaluation of frictional loss term. Since under ¢*eady-

state, momentum balance yields

pressure drop = pressure losses, (3-251)

there being no flow acceleration, the terms loss and drop can be used
interchangeably. Generaliy, the term "drop" has been used in the steady-

state analysis.

3.2.4 Intermediate Heat Exchanger

3.2.4.1 Description and Summary

The IHX in an LMFBR serves to physically separate the radioactive primary
coolant from the nonradiocactive intermediate coolant while at the same time
thermally connecting the two circuits in order to transfer the reactor-
generated heat to the steam gonerator. Its location 1. n circuit of
current loop-type reactor system designs was illustrated by the example

configuration of Figure 3-16.
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The IHX incorporates a 1iquid metal-to-liquid metal cylindrical shell-
and-tube heat exchanger where primary coolant flows in the baffled shell and
gives up its heat to secondary coolant flowing at a higher pressure in the
tubes. The higher pressure in the secondary side is to assure no radiocactive
coolant entering into the secondary circuit in the event of a leak in any of the
heat transfer tubes. Secondary fluid ir the tubes is a natural choice because

it is more economical to put the higher pressure fluid in the tubes,(3‘18)

besides the fact that primary coolant in the shell allows more design freedom.(3'21)
A1l current designs use essentially counterflow arrangement. However, the model
to be described is equally valid for parallel flow as well,

The thermal response, in terms of temperature distribution in the IKX
and heat transfer from primary to secondary coolant within the heat exchanaer,
is predicted by the thermal model, which involves dividing the heat transfer
region into a user-specified number of sections, and then applying energy
balance over each section. The analysis includes mixing in plena, heat trans-
fer with wall, fouling,and primary bypass flow. Fouling resistance is included
as a user-specified parameter to allow the code to analyze the preaccident
conditions of the plant at any stage of its operatina 1ife. The hydraulic
response is obtained in terms of pressure drop characteristics on both pri-
mary and secondary sides of the IHX. The model includes variable friction
factor in the heat transfer section, gravity heads, and losses due to con-
tractions, expansions, etc. A loss coefficient has been introduced into *he
hydraulic model in order to absorb uncertainties in the evaluation of various

losses within the heat exchange unit.
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3.2.4.2 Energy Equations

If a detailed model is needed *> descrit. the heat transfer process in
the piping, there is even greater justification for a detailed model here,
apart from the need to evaluate accurately the heat removal capability
of the heat exchange unit at all times.

Figure 3-19 is a model diagram for the thermal model (under counterflow
arrangement). A1l the heat transfer tubes have been shown as one repre-
sentative tube. As in the piping, the coolant equations are derived using

the nodal heat balance method.

Essential Features

Some features of the model are enumerated:

(1) user-specified number of equidistant axial nodes:

(2) variable material properties and heat transfer coefficients
(functions of temperature, flow, etc.) which are evaluated locally;

(3) presence of bypass flow stream on primary side accounted for;

(4) ideal mixing plena at the inlet and outlet of each coolant stream;

(5) four radial nodes (secondary coolant, tube metal, primary
coolant, shell wall);

(6) axial heat flow due to conduction in the metal wall is assumed
negligible;

(7) fully developed convective heat transfer is assumed, i.e., entrance
effects are neglected.

The tube and shell wall nodes (see Figure 3-19) lie in the midplane
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between the fluid nodes, giving rise to a staggered nodal arrangement.

Representative time-dependent equations are noted below.

Plenum primary inlet:

d
- W - b 3-252)
pvin a'f (epl) Np (epin epl) ( !

where

e =e(T_ )ande. = e(T (3-253)

I 9
pin pin P pl

vin is the stagnant volume in the primary inlet plenum, and o is the
average ccolant density in the plenum. Further, from mass conservation,

we have
' = 3 -254
Hp (1 Bp) Wy (3-254)
where 8_ is the fraction of flow bypassing the active heat transfer region.

p

Plenum primary outlet:

d
oV (e ) =W e +8 W e, -W e . (3-255)
out dt pout p PN pp PB p pout

Plenum primary bypass:

d
DVPB af (ePB) - Bp Hp (epin - ePB) . (3‘256)

Similar equations can be written for the inlet, outlet plena and downcomer
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in the secondary side.

Active Heat-Transfer Region

Primary coolant:

d

v = W - -U, A, (T - T
oVp af-(ep1+1) W (ep1 ep1+l) ot Aot ( Mt ti)
- A - T " 3-257
Upsh psh (Tpi1+1 Shi) ( )
Secondary coolant:
d
pV (e. ) =W_(e -e_)+U A (T, -T . (3-258)
s dt 5 s Usiy, S5 st st 't Sii+)
Tube wall:
d
M, C (T, Y=uU_, A (T -T,)-U_ A, (T, -T ). (3-259)
t Ut dt Ut Pt TPt tpii,,  t st Ust Mt T Usil
Shell wall:
d = - -
Moh cshi dt (Tshi) 5 Upsh Apsh (Tpﬁ+1 Tshi) . (3-260)

In the above equations V_, Vs are the control volumes between i and i+

p
on primary and secondary sides, respectively. U

U denote the

pt® “st’ Upsh

verall t
overall heat transfer coefficients and Apt' Apsh’ and ASt are the areas per

length ax for heat transfer between primary coolant and tube wall, primary
coolant and shell wall, and secondary coolant and tube wall, respectively

defined as

A =n02n

ot AX (3-261)

<

Ast = le n

¢ 8% (3-262)




i

A, = —fﬁ X , (3-263)

psh
where n, = number of active heat transfer tubes, A, is the shell heat
transfer area, and L is the length of the active heat transfer region.

Equations (3-257) to (3-260), along with the plena equations, are
integrated by a fully implicit single-layer scheme. The heat flux terms in
Equations (3-257) and (3-258) are allowed to be determined explicitly, which
uncouples them. These equations are then solved in a marching fashion without
resorting to matrix inversion. At the same time since the heat fluxes in
Equations (3-259) and (3-260) are evaluated implicitly, no stability Timita-
tions are imposed on the integration step size. The timestep control is
achieved by regulating the relative change of the integrated variables from
the standpoint of accuracy. This is required particularly since the heat
flux terms, being allowed to lag in the coolant equations, could swamp the
solution if unlimited step sizes were attempted.

The above equations, in the form shown, are valid for counterflow
arrangement, positive flow only. However, they have been coded with general
node counters to allow for reverse flow in either coolant stream, as also
a choice of parallel or counterflow arrangement.

A1l functional relationships between enthalpy and temperature and vice

versa were obtained from property relations (see Chapter 5).

Overall Heat Transfer Coefficients

In Equations (3-257) to (3-260), U represent the over-

pt’ Ust' and Upsh
all heat transfer coefficients from primary fluid to tube wall, from secondary

fluid to tube wall, and from primary fluid to shell wall, respectively, and
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& . defined, based on the resistance concept, by:

1 $n 1
= P + ’ <5
Ut Peimmp  Wa1TP - Pegn o (-]
L. L a8 * . L ¥ (3-265)
Ust  Peiim,s  YalTes  heoyy o )
£ '3 ;
0 - ’ (3-266)
psh film,p

where the film heat transfer coefficients are calculated in terms of Nu

by
Nu k
= t -
Neitm,p __%h_p_g ’ (3-267)
Nu_, k
| gy B ’
hfﬂm,s —_ - (3-268)

1

The Nusselt numbers,Nu_, and N"st' are obtained from established correlations

pt
(see Chapter 5).

The wall resistance terms are obtained by dividing the tube wall thickness
equally between primary and secondary sides, since Tt is defined at the

midpoint of wall thickness.

= ! - -269
"wall,p = "2 . ' (3-269)

and r,tr,
""(“Tr"'_

- 3.27
"wall,s (8-210)
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Fouling is a time-dependent phenomenon, and the fouling resistances

E"'l"" and ﬁ——l-— are included as a user input quantity in order to lend

foul,p foul,s
capability to the model to better analyze the response of the heat exchange
unit at any stage of its operating life.

The overall heat transfer coefficients, U_, and Ust’ are dependent

pt
on material (kp. kt’ ks) and flow (N"pt' Nust) properties, which are
functions of temperature and, therefore, are evaluated at each nodal section
along with the temperatures. Referring to Figure 3-19, for each 1, kt
would be evaluated at i on the tube wall node whereas all other variables
(kp, ks, N”pt' N"st) would be evaluated at the midpoint between the
fluid nodes i and (i+1). The Nusselt numbers are obtained from established
correlations.

There are three options available to the user in which either

(1) he supplies both A and D, , or

p sP
(2) Ap is user input and D, 5 is calculated from
4A
By.p ® W;B'z_ , or (3-271)

(3) both Ap and D, p are calculated by the code as follows:

0 (25 [PV .
Ap=nt—-4-— T 6-);) - Lt g (3-272)

and Dh " is given by Equation (3-271). The Reynolds number for the primary

side is defined as

Re = —EA-—:JB . (3-273)



where Ap is the fluw area on the shell side. On the tube side, the Reynolds
number is civen by
501 74
Re = Ks—u‘ s (3'2 )

where As, the flow area through the tubes, is given as

nD2

A = ne o . (3-275)

3.2.4.3 Pressure Losses

Figure 3-20 illustrates an example hydraulic profile of the IHX. The
primary coolant rises in the inlet region, turns around, flows down around
the tubes, and exits at the bottom through the outlet nozzle. The secondary
(intermediate) coolant flows down the central downcomer into the bottom
header (inlet plenum region) where it turns upward and distributes itself
into the heat transfer tubes. The pressure losses on both primary and

secondary sides of the IHX can be expressed as follows.

(APf g)IHX = acceleration loss + frictional loss + gravity loss + inlet loss

+ exit loss + other losses,

For the primary side this equation gives

W 2 A
Bl (a L Bl e
(Apf.g)IHX,p ('p—- - —-—-) + -2- h o / - dx + Apg
’ 0

p
W_|W_| W_|W_| W IW_|
: (3-276)
"Kp ’E'A?L"'Kp _.P_.[L,,Kp _L..E__A‘ .
in (o), out (oA ), .+ oA,
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where

Apg = g(p sin® Ax)inlet st * 9 “/Lp sine dx + glp sine Ax)outlet plenum *
0

(3-277)
up = (1 - sp) wp . (3-278)
and
p +9
o0 Out (3-279)
2

K1n (Kout) is user specified and can represent expansion loss (contraction
loss) from inlet pipe to the inlet plenum and nozzle losses, or it can also
include inlet plenum losses due to turning, flow distribution, etc. Ain
represents the area of primary piping at the IHX inlet. Kp is an uncertainty
absorber that is either calculated during steady state if APIHX,p is known
from flow testing (or other means), or is input by the user if APIHX,p is

not known. Once determined or known, the value of Kp remains constant for
transients. This is a useful parameter especially because of the difficult
task of determining accurately all the losses in the complex internal
geometry of the heat exchange unit.

Similarly, for the secondary side,

w2 wiw | f
1 1 17s'"s ./P f
AP o il fplvis . gon ) ¥ & L dx + AP
( f,g)IHX.S Ag (Dl DN) C DIA 2 : 3 dx g

S
Wl W_iw | Wl
CF i Mo AR oot 4 8P et K e
Sin (oA%),,  Cout (eA%),, ¢ % oA
(3-280)
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where

0Pg = 9lo s1nd ax)yoncomer * 900 S1N® 8X)4p10¢ pren

L

+ QU/O sing dx + g(p s1n8 8X); 410t pren ° (3-281)
and
WoW_| W_IW_|
8P, o = K, — 3 + Ky 2 3 . (3-282)
(0A")tube in (0A%) tube out

Ks in Equation (3-280) is the uncertainty absorber for the secondary sie.

The friction factor f is a function of Reynolds number Re and the relative

roughness of the channel £ . The same approach has allowed formulation of
D

h
hydraulics in the shell (sodium) side of the superheater and evaporator as well.

3.2.4.4 Steady State Mcdei

Energy Equations

To start the calculations, the boundary temperatures at one end of the
IHX, in this case T and TS , are assumed to be known (T is known
Pin out Pin
from pipe calculations and Ts is selected by the overa’l plant thermal
out
balance). Applying thermal balance at the primary inlet plenum (see

Figure 3-17) gives

- + W' = (. -
Hpepin (Bpwpepin Hpepl) 0 (3-283)

On simplification, this yields
T =T . (3'284)
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Similarly, at the secondary outlet plenum,
Ts = TS ' (3-285)

Thus, the boundary temperatures at one end of the active heat transfer

section are known. Now, energy balance at each nodal section (see Figure 3-21)
gives, for i=1, N-1:

primary fluid:

T +7
(1 -8.) W e -e -U, A p-—1-—----—1)-113--— = | =0; (3-286)
P "o %Ry T Ty | T Rt TRt T Y
tube wall:
U, A Tp’”p“‘ T U, A r-]s‘ns‘“ = 0 (3-287)
pt "pt B 't1 st st t; > T P
secondary fluid:
T +7
g Te  ~e Touwan, fr, -t 20l o (3-288)
fd' T |5y, s,] st st | 't >
where
Lfd = 1 for parallel flow,
= -1 for counter flow,
and
ep = e(Tp).
. e(Ts).

Equations (3-286) to(2-288), together with the functional relationships
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of the enthalpies to temperatures, form a system of coupled, independent,
nonlinear algebraic e uations that are solved iteratively for each i to
determine T s ,and T

Pis:1  Si# ¢
back to Figure 3-19, we have

For bypass mixing volume, referring

€pg © ep1 ’
or
TPB = Tp1 ’ (3-289)
and, at the primary outlet plenum:
. =(l1-8)e. +8 e . (3-290)
pout p PN p "PB
This yields
T o= T(e ) (3-291)
pout pout
At the secondary outlet plenum:
© =e_ ,
Sin SN
or
T =T . (3-292)
Sin SN

With all temperatures thus obtained, an overall energy balance yields the

heat transferred in the IHX as:

P (3-293)

loss,p : Hp [epin - epout] 4
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and
P =W _|e - @ (3-294)
phims 3 [ Sout sin]

Equations (3-293) and (3-294) should yield results that match as closely as
possible. Also, the heat transferred at the IHX should equal the reactor

heat plus heat addition at the pump, to within specified limits. If

not, the secondary outiet temperature has to be reselected and the computations

repeated until convergence is obtained.

Pressure Drop

The formulation for hydraulics in the IHX is the same for steady
state as in transient, except that "pressure drop" (APIHX) is used instead

of "pressure loss" i.e., (Apf,g)IHX’

3.2.5 Centrifug«l Pump

Liquid metal pumps for LMFBRs are vertically mounted, free-surface,
centrifugal pumps driven by a variable speed motor. The impeller is attached
to the bottom of a long shaft while the drive motor and its bearings
are located at the upper end. The shaft is surrounded by a tank which
extends upward from the pump casing to the motor mounting. In order to pro-
tect the bearings of the motor, the level of sodium in this tank is main-
tained well below the bearings, and an inert gas such as argon is used in
the region above the liquid 1eve1.(3'22)

The sodi. ™ tank thus essentially sees only the inlet pressure to the pump
at its lower end, and the cover gas pressure acting on the sodium free

surface at its upper end. Hence, for modeling purposes, the pump is most
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conveniently divided so that a free-surface pump tank is located

just upstream of the pump impeller (see Figure 3-22). The impeller is
modeled in terms of homologous head and torque relations which des-ribe pump
characteristics, and angular momentum balance to determine impeller . peed
during transient. The behavior of the free surface in the pump tank is
described by a mass balance at the tank. Yhe pump equations are solved
together with the hydraulic equations in the loop, as part of hydraulic
simulation, to account for the interaction between the impeller and the

flow resistance in the circuit.

3.2.5.1 Impeller Dynamics

Homologous characteristics: Any given turbomachine, flowing full,

has definite relationships between head and discharge, torque and dis-
charge, horsepower and discharge, etc. for any given speed. These are the
pump characteristics relating the different parameters. However, there
are very few complete sets of data available. Also, we need characteristics
for all ranges of flow and speed conditions. Here, homologous theory(3‘23)
can be used to advantage in two ways. Firstly, it permits the results
of model tests with units of the same specific speed to be used. Secondly,
by usiig dimensionless, homologous relationships, one can use one set of
relationships to represent a whole series of different pumps having nearly
the same specific speed.

In a severe accident such as a double-ended pipe break in the cold
leg of a primary heat transport loop, the pump can go through several
regimes of operation. These are illustrated in Figure 3-23. If the

pump parameters are nondimensionalized through division by the appropriate
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Figure 3-23, Pump configurations under different
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- 122 -




rated values as follows:

h = H/HR. v = H/HR, a = Q/QR, B = (3-295)

T —
h_yc!/‘R
then these variables can be related by homologous curves, whi.. are
dimensionless extensions of the four-quadrant pump characteristics.

Homologou . curves for head discharge can be 'rawn by plotting

h? vs. =~ in the range 0 5_]51 <1,
a

b} vs. = in the range 0 < [3] <1
v

and, for torque-discharge, by plotting

f& Vs, 5- in the range 0 < |* <1,
5} 3 % in the range 0 < 1%2 <1

v

Figures 3-24 and 3-25 show these curves encompassing all four quadrants

and all regions of pump operation. The curves can be read either in

(3.24) or in the form of

tabular form, as is done in the RELAP3B code,
curve-fitted polynomials. In this analysis, the latter approach has been
used. The polynomial relations are of the following form (up to 5th order):

3

N-re v 2_2 ¥ -
pOF =, * 8 +8 =+a, (a) +a (1) % ro (3-296)

1 2 b

in the range 0 :,l%t <1,
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Figure 3-24. Complete homologous head curves.
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Complete homologous torque curves.

Figure 3-25.
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I h <@ .u\z a 3
= or - = al + aZ 9 + ‘3 \-V-' + a“ (") L P (3'297)

in the range 0 < || <1,

where a,, a,...a are user-specified constants for each polynomial.

There are seven polynomials for head discharge and seven for torque dis-
charge. This is a very convenient representation and avoids tabular look-
ups during computation. The code has built in coefficients for a pump
with specific speed 1800 (gpm units). This is in the range of specific
speeds for LMFBR pumps. They have been obtained by curve-fitting the data
points 1n(3'23) for all regions except reverse pump, where the values

are not available. The reverse pump region corresponds to positive flow
and negative impeller rotational speed (see Figure 3-23) and can occur
during the later stages (t > 60 s) of the transient following pipe break,
without pony motor. Values for this regime were generated from the Karman

(3.25) and then curve-fitted.

Knapp Circle diagram
Once the characteristics are available in this fashion, the head H and

torque Thyd can be determined, knowing rated values, operating speed, and

flow rate at any time during transient. The head then yields the pressure

rise across the pump as
(PRISE)pump " Pgu gH , (3-298)

where Pin is the density of coolant at pump inlet.
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Angular Momentum Balance

The hydraulic torque is used to determine the operating speed of the
impeller. At any time during the transient, the rotational speed of the
pump is obtained by integrating

da _ S :
o ‘hyd = "fr ® (3-299)

where I is the moment of inertia of shaft, impeller and rotating elements
inside the motor, t  is the applied motor torque (= 0 during coastdown),

Thyd is the hydraulic load torque due to fluid at the impeller, Tep is

frictional torque, and © is the angular speed of the pump (rad/s).

3.2.5.2 Pump Tank (Reservoir)

Mass conservation at the pump tank (reservoir) yields the equation

describing the level of coclant free surface below the cover gas as
A e o (025) = Wy = W, (3-300)
res dt ‘"R ut *

where Ares is the cross-sectional area of the pump tank, H1 is the mass

flow rate into the pump, W is the mass flow rate out of the pump, ZR

out
the height of coolant in the pump tank, and p is the density of coolant in
the pump tank.

Assuming negligible gas flow to and from the cover gas volume in the
reservoir and applying ideal gas law, the pressure of cover gas is deter-

mined from

as "gas 'gas . (3-301)
]1 %tot Zp)

res-
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where Zyot is the total height of the pump tank. The temperature of cover
gas is assumed to be the same as that of the coolant below it.
The inlet pressi- : to the pump impeller is governed by the behavior of

coolant and cover gas in the pump tank, as ‘ollows:

Pin = Pgas * P92 * Kres (Wip = Wout) | (g = Woue) £ (3-392)

where Kres is a user-specified loss coefficient for the tank orifice.

knowing P, , (PRISE) from Equations (3-302) and (3-298), respectively,

pump
the pressure at pump discharge is simply obtained as the sum

Pos ™ Py * (pruss)wmp . (3-303)

3.2.5.3 Steady-State Model

The aim of the steady-state pump model is two-fold:
(1) to determine the pump operating conditions from its
characteristics, and

(2) to determine the level of sodium in the pump tank.

Impeller

In the current approach, it war felt more logical to determine pump
operating speed during steady state by matching pump head with load (total
hydraulic resistance) in the circuit. Thus, for the primary loop, the

required pressure rise across the pump is obtained from

(PRISE) o -Z 4Py + BPgy + BPpy (3-304)
J
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where APJ.S are the pressure drops in the piping runs and the IHX.
APCV and APRV are, respectively, the pressure drops in the check valve and
the reactor vessel,

S5imilarly, for the intermediate loop

(PRISE) oo = 2; 8Py + aPyy o+ BPg + 0Py (3-305)

where APSH. APEV are the sheil side pressure drops in the superheater and
evaporator, respectively,
Pump head is related to (PRISE)pump by

H = (PRISE) (oing)- (3-306)

pump
Knowing the head and flow rate, the pump operatinc speed can be
obtained from the nomologous head curve. Equation (3-296) can be re-

arranged to give

alas + azva“ + (a3v2 - h)ad + a“v3a2 + asv“q + 56\;5 = (. (3-3n7)

This is a fi“th degree polynomial equation in o, and is solved by a Newton's
iteration method specially adapted for polynomialsf3'26) Pump steady-state
operating speed can now be obtained from Equation (3-295), since both a and

QR are known.

Pump Tank

The cover gas pressure in the tank at steady state is assumed known,




For the primary loop, the gas pressure is generaily equal to the gas
pressure in the reactor vessel. In the case of the secondary loop, the
gas pressure is generally equal to that in the surge tank. Thus, static
pressure balance yields the height of coolant in the pump tank:

= (P ) 7 (0;,9) 5 (3-308)

IR in ~ pgas

where Piﬂ’ Pip Are, respectively, the pressure and c¢oolant density at pump

inlet.

3.2.5.4 Pony Motor Option

while the arrangement of the primary and intermediate loops is
intended to be such that natural circulation will provide sufficient heat
transport for safe decay heat removal in the event of loss of all pumping
power, the pumps may be equipped with pony motors (as is the case with CRERP)
supplied with normal and emergency power to provide forced circulation
decay heat removal. Therefore, an option for pony motor has been included
in the pump model. The pony motor is assumed to come into play when the
main motor coasts down to a user-specified fraction of its rated speed.
Once the pony motor takes over, the angular momentum balance equation
i.e., Equation (3-299), is bypassed since pump speed remains constant. All

other calculations remain the same.

3.2.6  Check Valve

A check valve in the heat transport system serves two purposes:
(1) to prevent thermal shock and flow reversal in a non-operating

loop, and
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(2) to allow cperation of the plant while one loop is out of commission.
The valve generally closes on reverse flow. The most commonly
used type utilizes a pivoted disk which closes against a seat if flow is
reversed.

The modeling approach for the check valve is similar to that employed in

(3.24)

the RELAP3B code. The {low-dependent pressure losses are assumed to be

represented by

LILTR (3-309)

AP .
Pev

v - %

where ey is the coolant density at the check valve location. The
mode] allows for three regions of operation for the valves, hence, three
pressure loss coefficients are required:

(1) ¢, for pusitive flow with valve open,

(2) c, for negative flow with valve open,

(3) <, for negative flow with valve in closed position,
where c;, C,, Cy are user-specified constants, in addition to pCV’ the back
pressure required to close the valve. The code, however, has default
values for these built in.

For positive flow, the valve remains open at all times. On reverse
flow, the valve remains open as long as APcv with ¢, = ¢, is less than PCV'
So far, both valves behave identically, but from the closed position, type
1 valve opens when APCV with ;= c2 is less than PCV’ whereas type 2 valve
opens when APCV with ¢y = ¢, is less than PCV' At the user's option, the

valve can also remain open in the failed position on reverse flow.
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3.2.7 Surge Tank

The expansion (surge) tank in each intermediate loop serves to
accommodate the coolant volume change due to thermal expansion over the
operating range. Figure 3-26 shows a schematic diagram of the expansion
tank and pump tank. Much like the reactor vessel upper plenum in the
primary system, the surge tank adds another free surface in the intermediate
Toop. During stzady-state operation, the pressure in the loop at the
location of the surge tank is evaluated, assuming that the level in the

tank is known by

Ptank = Pgas + chL . (3-310)

Here, ¢ is the density of coolant at the tank location, and Pgas ic the

pressure of cover gas in the surge tank.

Equation (3-310) gives the starting point for evaluating all other
pressures in the intermeciate loop, once pressure drops in the different
piping runs and components have been computed.

During transient, the equations are very similar to those for the

pump tank and will not be repeated heie.

3.2.8 Tipe-Break Model

During a pipe - break accident in an LMFBR, the coolant flow in the
system is coupled to the break discharge rate. Since a coolant pipe is
usually surrounded by an outer pipe, the discharge fluid, depending on

the gap size between pipes, may expand freely or be space limited.
(3.20, 3.27)

In the current models,

only two lTimiting *types of breaks are




considered. One is the small leak for which a discharge coefficient of
0.611 is used. Another is the guillotine break with large separation
distarce so that the flow interaction between the two sides of the break
can be neglected. The medium size breaks are treated as either small
leaks or guillotine breaks. Furthermore, the effect of the sleeve or
guard pipe flow confinement is not considered.

The existing models result in a conservative prediction for the
discharge rate. However, this may not necessarily result in a conserva-
tive impact on the reactor core since the most conservative discharge rate
results in an optimistic reactor scram time. This effect may be
illustrated in Figure 3-27, which is a sketch of the flow rate and power
versus time. For a predicted fast coolant loss, one predicts an early
scram operation which is initiated by a sensing device; while in reality,
with a slower coolant loss, the scram may be initiated at a later time, or it
may not occur at all. Thus, it is important to employ a realistic rather
than a conservative model to determine the discharge rate.

The model to be described(3‘28) covers the entire range of break/pipe area
ratios (from small leaks to guillotine breaks with large separation distance)
as well as gap/pipe area ratios (from free-jet flow to confined flow).

The flow in the break region is considered to be quasi-steady and
incompressible, and gravity effects are neglected. When the break area
is small compared to the space between the coolant and outer pipes, the
discharge fluid is assumed to behave as a free jet. When the break area

is large such that the discharge fluid is limited by the gap space,

confined flow theory accounting for dissipation pressure losses is employed.




- TIME, T

Figure 3-27. Effect of flow rate on scram time.
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3.2.8.1 Free-Jet Discharge

Consider the case of small break/gap area ratio in Figure 3-28(a).
The jet then expands freely (i.e., with a free stream surface), and the

following conservation equations apply:

(vl - v?)Ap ¥y (A3 + A“). (3-311)
E - 2 . y2 - o
(p, Pz)Ap pled ~ ¥3) Ay * ovi (A, - A, (3-312)
P sdov2ap, +lov2, an1,2 (3-313)
a 2" j ‘2’ jl 2y

where A, p, o, and v denote area, nressure, density, and velocity, res-
pectively. Here, Ap denotes the inside cross-sectional area of the pipe.

The pressure-velocity relations for upstream and downstream pipe
flows are given in the form

F (P,v)=0,a=1,2. (3-314)
a " a’ a

In addition, if the discharge coefficient based on two-dimensional free
streamline analysis(3'29) without wall impingement effect is employed, one

deduces

2N

[+ k2)tanh™d v, = (1% rd)tann™ ry = 5 (rf - rd)tani ™l g (ry 1)

+(r, =) [1 - (r, + r2)7/4} % . A/, (3-315)
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PIPE BREAK MODEL

FREE STREAM SURFACE
A A
L3 __SLEEVE OR GUARD PIPE l.
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(a) FREE~JET EXPANSION
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L ///" 2
B e s
'

(b) CONFINED FLOW

Figure 3-28. Illustration of pipe break flowfields.
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where r = vllvj and r, = v2/vj.
For given geometry and Py» Equations (3-311) to (3-315) may be
solved for Pis Puos Viou Vo, vj. Aq, and A“. [f coolant is discharged from

both sides of pipe, v, is negative. The contraction (discharge) coefficient

2
may be defined as Cc = (Ay + A“)/Ab. The discharge rate is then given by
Q= CcAbvj‘

Equations (3-311) to (3-314) are applicable for jet discharge between
two pipes as well as between two plane walls. Equation (3-315) is based on
two-dimensional (planar) flow considerations. However, two-dimensional
results have been known to be very good approximations for circular

(3.29, 3.30) and it is expected that Equation (3-315) is a valid

geometry,
first approximation for various break configurations. It should be empha-
sized, however, that the impingement effect of the outer wall on the dis-
charge coefficient has not been considered.

It may be noted that, using Equations (3-311) and (3-313), one may

replace Equation (3-312) by

. (A

j -A) . (3-316)

(vy #v,) Ay + A ) =2vy (A, - A,

3.2.8.2 Confined Flow

When the break/gap area ratio is large, the discharge rate is limited
by the gap space [Figure 3-28(b)]. Confined flow is accompanied by sig-

nificant dissipation losses in pressure. The governing equations are

(vl - v‘,)Ap = (v3 + v‘.)Ag s (3-317)

- 138 -



pl v %’pvf - pB + %’ DV; * QIB % pvfa B = 293’4 5 (3'318)

Fip,v)=0, a=1,2,3,4 ; (3-319)
where Cg denotes the loss coefficient from stream 1 to stream g, and
Equation (3-319) represents a pipe flow relation for each stream. For
given geometry, Equations (3-317) to (3-319) may be solved for p,and v _,
where « = 1,2,3, and 4.

The loss coefficients need to be determined by experiment. Meanwhile,
however, a momentum principle employed by Taliev and described by Ginsberg(3‘31)
for converging and diverging pipe flows may be generalized to the present
configuration to obtain the idealized formulas for the loss coefficients.

Consider the control volume for each separate stream as shown in
Figure 3-29. The effective average pressure at a separating stream sur-
face is assumed to be of the form p = p, ¢ k %—pvf, where k is a correction

coefficient. For example, consider stream 1-2 shown at the bottom of

Figure 3-29. A momentum balance for the control volume yields

PrA, + (B, * ky g ovd) (A, = A) +oviA, = pA + oVZA, . (3-320)

12) 112 2 2

Simplified by the continuity relation of V1A1: - v2A2, Equation (3-320)

becomes
Py = B, = vy, = v)) (14 5k v, /v,) 5 (3-321)
similarly, for streams 1-3 and 1-4, one obtains

Py = Py = oy, (v, +v) s (1= 5k v /v,) (3-322)
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Figure 3-29. Control volumes for confined flow.
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P1 - Py = ovi(vy - vy) + % oV [(kb.- ka)v3 + kau - kavl].
(3-323)

Comparison of Equations (3-321) to (3-323) with Equation (3-318) yields

Vo V2

L2 = {1l - -V—l_ + kb Vl- - s (3-324)
v3\? V3

Zi13 = (l + ;—1-) - ka(_\71-+ 1) ’ (3-325)

vy \2 v Vy
( - VT- + [‘kb - ka) i kb VT -k ] (3-326)

The correction factors ka and kb remain to be determined from experiments.

Ty

Presertly, however, the idealized values of ka = 0 and kb = (0 are assumed.

If the fluid is discharged from both sides of the pipe (v, is negative),
then there exists only one separating stream surface, and the analysis is
modified accordingly. Consider stream 2 to mix with part of stream 1 to
exit at stream 4. Then, following the momentum principle, Equations

(3-321) to (3-323) are replaced by

1

PL = P3 = ovalvy + vy) (1 - %—kc vi/v3) (3-328)
Pp = Py = O[Qu(vu - Vl)l' va(vy + Vu)]
+ '2‘ pY, Kdvl W—:—v-z—-' - kC (V3 + Vl) ’ (3-329)

- 141 -



and Equations (2-324) to (3-326) are replaced by

V2

e (1 : W)+ Ky (3-330)
v3\? Vs

Ei3 * (1 + -‘;l— - kC (";—1’4‘ 1) . (3-331)
V¥ 2va(vy + vy) V3 + vy vy + Vs

B1u = (1 - v—l- - vi— + kd Vi - vz kc "T"‘. (3'332)

Again, kc and kd are correction factors which are to be determined
experimentally. These are presently given the idealized value of zero.
The equations for confined flow are applicable for both circular
pipes and plane walls. However, for the unsymmetrical case such as a
circular break on the inner pipe, it is implied in the analysis that the
discharge fluid spreads out circumferentially to fill the cross-sectional

gap area between the inner and outer pipes.

3.2.9 Guard Vessel

As a safety feature to minimize the effects of a pipe-break accident,
guard vessels are provided around the reactor ve: =, IHX, primary pump
and all piping which is below the elevation of the tops of the guard vessels
while their volume is such that reactor vessel coolant level does not fall
below the outlet nozzle, so that the core is always submerged in coolant.
If a break occurs such that coolant spills into the guard vessel eventually
the vessel will £111 up to the break height. Any level rise above that
will create back pressure against further leakage.

An example configuration of a guard vessel for a break in the reactor

vessel inlet region is shown in Figure 3-30. At any time t during the
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Figure 3-30. CGuard vessel configuration for break
in the inlet region of the reactor vessel.
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transient following a pipe break within a guard vessel, the volume of

sodium collected in the guard vessel can be determined by

W
Vey f Lt , (3-333)

Wy =Wy ) =Wy, > (3-334)

and p is the coolant density at break.
To determine the height of sodium in the guard vessel (ZGV), a
detailed knowledge of configuration and dimensions of the annular and
bottom space between the component and its guard vessel is required. However,
a simpler and more general approach is to have a functional relationship between

Z., and VGv in the form of a polynomial equation as follows:

GV

Zgy = € * €5 gy = Viin) * €3 (Vgy = Vpin)” if Voy > Viin °
and (3-335)

=0 if Vey <V

ZGV min °

where € €0 C, are user-input coefficients depending on the geometry
of the guard vessel space. Vmin is the volume required to fill up to the

lowest elevation of piping in the guard vessel. This is also a user-input
quantity and will be different for different guard vessels. VGv is Timited

by V

e the maximum capacity of the guard vessel. It seems reasonable
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to assume Vmax to be the same for all guard vessels based on the volume
contained in the upper plenum between the operating level and the minimum
safe level. ZGv is limited by Zmax’ the height of the guard vessel. This
can be different for different guard vessels.

With ZGv known from Equation (3-335), the pressure external to the

break can be determined by

Pext = Patm if ZGV < g

n N
= Paen * 09 (Zgy - ) if 25 > 2, - (3-336)

3.2.10 Transient Hydraulic Simulation

The equations describing the behavior of pumps, free surface levels,
pressure losses in different components, and flow rates in the loops,
together constitute the hydraulic model for the heat transport system.
Since the primary and intermediate systems are only thermally coupled,
their hydraulic equations do not have to be solved together, even though
it is advantageous to solve them at the same time.

In this section, the hydraulic model will be presented for the
primary system. Similar analysis is performed for the intermediate loop
also. Figure 3-31 is an example configuration for two loop simulation
with a break near the reactor vessel in one of the loops and all intact
loops being lumped together as the other loop. Note that the code has the
more general formulation.

The model equations are described on the following page:
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Figure 3-31. Hydraulic profile of PHIS for test case.
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Momentum: The uniform mass flow rate model implies that at any instant in
time, flow rates are constant throughout the loops except at a free surface,
or junction where several flows meet, or a break where there is flow loss.
With this as background, the flow rates have been indicated in Figure 3-31.
Volume-averaged momentum equations can be written relating rate of change of
mass flow rate in a constant mass flow rate section to the terminal pressures

and losses in that section. These are

dw

1,1 L _ )
'&EL‘IZ:K‘ " Pin, ZAP f,q°* (3-337)
Mo L
—dt £ A" Pout,y " Piny - ; Apf’g , (3-338)
dW

3s1 L _ - - X
'cx"t"'Z-:1 A= Pout,b = Pinv ?:‘1 APg g (3-339)
dul 2 L

ap P Sl TR -?_: P (3-340)
dw

gal L. e 4 )

dt ;: A pout,r Pinv ; Apf’g . (3-341)

Here, Py,  and P . , represent the pressure just upstream and downstream

of the break, respectiveiy.

Pump: The pressure in the loop at pump exit is obtained from Equation
(3-303) in the pump model description.

Reservoir: The inlet oressure to the pump is obtained from Equation
(3-302). Level chanyes are described by Equation (3-300).

Reactor Vessel: The primary loop has interfaces with RV at inlet to loop

and inlet to RV. The level of sodium in the upper plenum is determined by
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d 2 -
ARV Tt (pZRv) = HC - Hl’l-n W ’ (3-342)

where
W =W +nW : (3-343)

Px‘ the pressure at the inlet to the loop, is given by

P, =P (3-344)

qas,Rv * °9Zpy -

Equations (3-342) and (3-344), as well as the equation for pgas,RV’ are
described in more detail under the "In-Vessel" section.

An equation to determine the vessel inlet pressure, which utilizes
information from the primary loop hydraulic equations, as well as from
vessel coolant dynamics, has been 1nc1uded as part of primary loop hydraulic
model. The equation is obtained as follows {again, a two loop simulation is

used for illustrative purposes):

Mass conservation at vessel inlet yields

W =nW + W . (3-345)

or, differentiating both sides,

dwc dw2 dw
' _d.zzt + —-lLLdt . (3-346)
From loop hydraulics
P -P,y - ;E:
dN§%2= out,?2 inV 22 Apflgf . (3-347)

;ii L
o ]
and, assuming break after pump:

. - ;E; A
d”azl Pout,b Piny : Pfdg E
L

3 (3-348)




The core flow can be expressed as
= Z wj ,» J =1, (NCCHAN + 1) , (3-349)

where (N6CHAN + 1) represents the number of channels simulated in core, including
bypass. Differentiating both sides of Equation (3-349) and substituting along
with Equations (3-347) and (3-348) in Equation (3-34€), one obtains

: Z p ] LP ZAP ]

dW P 4

:E: - [ out,2 Piny ;2 f,0),. | out,b Piny - . (3-350)
3 L 2K

Also, applying momentum balance across the core yields

e

LYA
Substituting into Equation (3-350) and simplifying yields the vessel inlet

pressure as

p =(A+B+C)/‘ S FYRN WP LA g (3-352)
Z|E | B 5

z,2 .1

where

A= Z Pl +E: Apf’g)j (3-353)

B = n |_0uts2 ;%2 29 (3-354)
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P :E: AP

c=|-0ut,b 3,1 f.gf, (3-355)

)
31 A

Equations (3-337) to (3-344), together with equations for pump, break,
guard vessel, vessel inlet pressure, etc., form a system of ordinary
differential equations and associated algebraic equations to be solved
together to yield the flow rates, pressures, and free-surface levels in
the system. These equations are solved using a predictor-corrector
algorithm of the Adams type.

The solution procedure is shown in Figures 3-32 and 3-33 by means
of simple flow charts. Only the main calculations involved during each

timestep are indicated. During each step, several detailed subroutines,

which are not shown here, are called.

3.2.11 Transient Therma:@ s.mulation

On the primary side, the loop thermal calculations interface directly
with the reactor vessel at loop inlet and outlet. On the intermediate
side, the coupling is through heat fluxes at the steam generator.

As mentioned earlier, since the wall equations are decoupled from the
coolant equations in each module, the solution can march in the direction
of flow. Figures 3-34 and 3-35 show flow charts for the simulation pro-
cedure, To keep the illustration simple, the overall logic shown is for
forward flow only; however, the code has the more general logic to handle

reverse flow as well.
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3.3 STEAM GENERATING SYSTEM

3.3.1 Introduction

The steam generator module of the SSC-L code is intended to be a general
purpose simulation model for forced-recirculation or once-through sodium
heated steam generating systems. The function of the steam generating system
is to remove the reactor-generated heat from the intermediate heat transport
system. The energy removed from the intermediate heat transport system is
used to generate superheated steam which is fed to a steam turbine. The tur-
bine converts the thermal energy contained in the superheated steam to mechan-
ical energy which is in turn converted to electrical energy by a generator.
The low pressure, saturated steam from the turbine exhaust is condersed to
water in a condenser and the condensate returned to the steam generator through
a series of feedwater heaters. As an example, a schematic diagram of the steam
generating system for the CRBRP is shown in Figure 3-36. It consists of two
forced-recirculation evaporators, a steam drum with internal separators, a
recirculation pump, a superheater, a steam header, a steam turbine, a condenser,
feedwater heaters, and all interconnecting pipings. Any other plant could very
well use this recirculating type or once-through type steam generating system.

The complexity of the model is determined by the user who constructs the
simulation model by interconnecting individual models of four types of compo-
nents. These four components are a pipe, a heat exchanger, a pump, and an
accumulator. These components are represented in the simulation model by a
user-specified number of control volumes in pipes and heat exchangers and
single-control volumes for pumps and accumulators. The steam turbine, condenser,
and feedwater heating equipment are modeled, in the first order of approxima-

tion, in terms of user-suppiied performance characteristics, such as the
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turbine inlet pressure as a function of time and the feedwater enthalpy as
a function of feedwater flow rate.

Once the geometry of the steam generating system has been defined by
the user, it is divided into two groups of components for calculational pur-
poses. These two groups are flow segments and accumulators. A fiow segment
is a linear series of components and contains only pipes, pumps, and heat ex-
changers. The division of a steam generating system into flow segments and
accumulators can be illustrated using the CRBRP steam generating system. This
system is divided into three flow segments and two accumulators. The steam
drum and steam header are modeled as accumulators. The first flow segmeat re-
presents the recirculation loop, beginning at the steam drum, proceeding to the
recirculation pump, from the recirculating pump to the evaporator, then from
the evaporator back to the stcam drum. The second flow segment also begins
at the steam drum, proceeds to the superheater and then to the steam header.
The third and last flow segment consists of the piping from the steam header
to the turbine inlet.

3.3.2 Model for Flow Segments

The type of flow model used to describe the flow segments in the simula-
tion model is dictated by the type of transients to be analyzed by the model.
The transients to be analyzed by the initial version of the SSC-L code are ini-
tiated by faults in the reactor core, the primary heat transport system, or
the intermediate heat transport system. Their offect on the steam generating
system is to change the amount of heat transported to the steam generators. This
results in changes in the surface heat fluxes in the heat exchangers. Flow tran-
sients initiated by changes in the surface heat fluxes are classified as inter-
mediate speed transients for which the momentum integral flow model is appro-

priate.(3‘9)
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3.3.2.1 Conservation Equations

The basic one-dimensional conservation equations for a constant arce

duct are(3'32)
mass:
%%+% %;iao ; (3-356)
energy:
-:T(oe-p):r% —aé-z-(HE)=;'lq : (3-357)
momentum:

The sonic effects associated with the fluid compressibility can be

eliminated by assuminy that the fluid density is a function of enthalpy only,

o = o(E,P.) (3-359)

where Pr is a suitably chosen spatially constant reference pressure.(3’9)

It will be shown later that this reference pressure must be constant in
order to remove the sonic effects associated with the fluid corpressibility.
In order to integrate these equations to determine the time-dependent
behavior of the enthalpy and flow, their spatial derivatives must be approx-
imated. A nodal approximaticn, rather than a finite difference approximation,
was chosen in order to stabilize and increase the accuracy of the calcula-
tions. This was done because when discontinuities in the material properties
and their derivatives are encountered (i.e., the density derivatives are

discontinuous across the two saturation lines, the largest discontinuity being
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at the liquid saturation line)(3'33’ 3.34) the conventional finite differ-
ence approximation would require placing a movable node at this discon-
tinuity.(3'35) There are other methods of reducing the effects of discon-
tinuities in the derivatives of the fluid properties.(3'36) but they can

be seen to be variants of the nodal approximation of spatial derivatives.

3.3.2.2 Nodal Form of Conservation Equations

3.3.2.2.1 Thermal Equations

The nodal form of the one-dimensional conservation equations for mass
and energy are formed by integrating the partial differential form of these

equaticns over a control volume extending from 21-1 to Zi:

mass:
Z; Z
3p 1 W . . . K
Afatdz+Aanzdz 0 (3-360)
Zi-l Zi-l
energy:
4, Zi1 3 Fi Ph
Aif o (oE = ) dz+A1/ i 35 (WE) dz=A1f T q dz.
i iy iy (3-361)
Defining the volume avevages as
Z;
. 1 d (3-362)
i-1
7.
{ b (3-363)
e » PE—— e » =
U P A -
j-1
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i
g, = z—rlz—/ qdz , (3-364)

the nodal form of the conservation equations becomes:

mass:
3mi 1
(Azi) 3t + A-i- (“1 - ui-x) =0 ;3 (3-355)
energy:
aei aPr 1 Ph
(82) 55~ = (62) 55~ * - 48y = Wy jByy) = () (8%4) <@y - (3-366)

Remembering that the fluid density is a function of enthalpy only, and
assuming that enthalpy varies linearly with position in the control volume,

the volume averages may be written as

E
i
= 1 = -
. q“g‘i"l"/ o(E,P) dE = my(E;_ ,E(.P) (3-367)
i-1
and
£
e [ ol P IE dE = (€, ELP) (3-368)
o E;—:_E;:: £ st it A PR Lt L -
i-1

Here, the volume averages were :efined in terms of the enthalpy at the ends

of the control volume.(3'33) T

ie derivations of m; and e, in terms of Ei
and Ei-l are given in Appendix ‘. Using tkese definitions of the volume

averages, the mass and energy <quations become

mass:
am dE am,\ dE am,\ dP W, - W
i i-1 i VD da | Yol PN N i 20O 7 | P P
(aE. ) at (aE )'a=' "\ ) at ' KT'( aZ ) SRR L
i-1 i r i i
energy:
€, ) dt 3, ) dt "\ ) dt " dt A aZ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>