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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 thevSSC-L code. A users' manual is under preparation
and it will be issued as a separate report.

This work, 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 Tiquid metal fast breeder reactor (LMFBR) plant are described
in this report. A computer code, SSC-L, was 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 fqr the transient simulation.

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

2.1 BACKGROUND
The simulation of a liquid 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 different 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 pbwer, 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 p1an; 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 witﬁ this
requirement in mind. For some other conditions, such as a massive'pipe
rupture in the primary heat transport system, one needs to assure that the
coolable geometry is maintained. In this case, PPS is expected to initiate
reactor scram,and, if possible, the affected loop is isolated. The decay
heat will then have to 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 and 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 fractionAof
the total fuel pins could fail and release fission gases either prior to or
subsequent to sodium 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 thekmohydrau]ic 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 may require simulation fof 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) 4nd 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 3B(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 limitations exist.
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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 included 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 temperature§ 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 OBJECTIVES

To. provide for a general system code, a work_p]an 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 initia]ization; 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

(2.6) are schematically shown

the Clinch River Breeder Reactor Plant (CRBRP),
in Figure 2-1. Under normal operation, Tiquid sodium flows in both primary
and intermediate heat transport systems. The steam generating loop or tertiary
loop 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 initiation of transients, are noted before going
-6 =



i

COVER GAS PUMP

STEAM
GENERATOR
M SURGE
b TANK ! TURBINE
| — @] o "
[ 1
P i
i) ! CONDENSER
CHECK 1) d o
VALVE L) O [—= E
| T
CORE IH‘X PUMP l
: ]
- : : ~ PUMP -
: ]
| INTERMEDIATE : TERTIARY
L

\/' PRIMARY

Figure 2-1. Sketch of one set of loops in an LMFER.



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 conservation equations are reduced to é 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 thé form
of a set of algebraic equations for each control volume. These equations
aré then solved iterafively for the steam generating system.

For sodium loops, the energy and momentum conservation equations are
decoupled when the effect of pressure on subcooled 1iquid 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 difect]y 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 procéss 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 Kaganove method whiﬁh
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 appropriate values
for coefficients in these analytic equations is also noted, although no claim
for théir 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

081D e i

part of the Clinch River Breeder Reactor Plant (CRBRP),
here to illustrate 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, each 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):

e 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 channel, 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 Tower plenum are assumed

to be in thermal equilibrium. The temperatures are then equal to the fluid
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temperature at the inlet nozzle, i.e..

Teoolant = Tmeta1 = Tinlet nozzle (3-1)

The coolant enthalpy during transients is computed by assuming complete

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

are
L (oVE) = 30 (ME) - 3T (WE) + UA(T, - Tp) (3-2)
in out
d UA
gt mm Te- T o or.
where
T = f(E)

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

ing form:
1
R LR o (3-4)
k+1 k+1 _
a,y E e 0 Tm TGl (3-5)
where

L At k+1 At UA
Byt T o 7 7V(;z:bd ) T nk

k
out Cp
X At
B =i s ?V-UA 3
il A UA
Ao = ° EEE'(M-) 3
p
= UA\ At
a,, = 1+ (—E» g



k
o)

Equations (3-4) and (3-5) are solved simultaneously for the transient cool- -
ant enthalpy and metal temperature. The coolant density p 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, a
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 gas, 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 annular
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
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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
éy]indrica] 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 loop 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 Tumped-param-

etér approach, i.e., complete m%xing 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 sodium temperature of the outlet plenum. In other words, in

accordance 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 at steady-state are written for
each material as

sodium:

We(Ee - Ep) + Wgp(Egpp = Ep) + UA, (T

g"eg Ty)

g

+ UA,_ (T

27 am1 T)+UA (T 'T2)=0;(3-6)

m 2 2 em2 " 'm2

cover gas:

Pyg(Ty = Tg) + Agny (T = Tg) + Ay, (T = Tg) + Agy (T = Tg) = 0:(3-7)

jnternal structure (ml):

(T, -T )=03 (3-8)

U,A (T2 - Tml) + UgA g m

2" am gm1

thermal liner (m2):

UA, (T, =T )+ UA (To= T )+ (UA)gp (Tppy - Tpp,) = 05 (3-9)

Lam2 2 m2 ggmz g
vessel closure head (m3):
bypass flow:
- , WC i
Taem = Tme * (Tapr * Tape) (UK)BP ’ (3-11)
- - - {UA . -
Tape = Tme * (Tgpr = Tp) €XP QRQBP (3-12)

The above seven equations (3-6) through (3-12) -are solved simultaneously
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to yield a compiete 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 pehetration 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, - dT dT
di _ i ex _ _B _A|. _
sodium in the upper mixing zone A:
dEA 1
Tt " op Ay, W Wep(Egpg = Ep) * BiWc(Eg - Ep) + h Ay (Tg - Tp)

+ UgA‘gz(Tg - Ty) + U f [Azmi(Tml' Ty) + Azmz(Tmz - TA{]} s (3-14)

sodium in the lower mixing zone B:

dE
B _ 1 - -
T~ o Ay, HO-D) {”c(Ec - Eg) *+ B Wpp(Ey - Eg) + h AL (T - Tp)
+ U (1-f) [Aml(Tm1 - Tg) + A, (T, - TB)J} ; (3-15)
cover gas:
Ty
dat - MC g Agz (Ty - Tg) * Agm1 (Tm1 Tg) * Agmz (Thp - Tg) * Agm3 (Tms B Tg) ’

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

dT :
m_ 1 ) ) i e
dt ~ (MC), {Uz Agm1 [f Ty + (1-F) Tp Tml] + Ug Agn, (Tg Tm1)}’ (3-17)
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metal m2 (thermal Tliner):

dT :
_ 1
d?z "(Mc)mz {Uz Aumz [f(TA - Tmz) + (1-f) (TB - Tmz)]

Ug gm2 (T - Tmz) ¥ (UA)BP (TBPM B Tmz)} » (3-18)

metal m3 (vessel closure .head):

dT u A

) - | (3-19)

~

The auxiliary equations required by the above governing equations are

Topg = Ty + (Tapp = Tp,) €X0D (- gj—lé)BP , (3-20)
Tepm = Tz + (Tgpy = Tppg) (%g)BP ; )
Ny = g + Vg (3-22)
f=1- zj(t)/H(t) , . (3-23)
o= (1-F) pg + F oy (3-24)

and the liquid sodium densities, Pa and pg> are obtained from the constitu-
tive relationships for sodium. The contact areas between the cover gas and
g2’ gml’ Agmz’ Agms) aqd between liquid and metals (A2m1’
A mz) are obtained by assuming that the cross-sectional areas in a direction

liquid or metals (A

perpendicular to the jet are constant during transients.

In the above equations, there are two control indices, B, 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

_ - ; _]_.-
B, = 0 and B, 1 for Z 3_(2ex t 5 D) ,
B. =0and B_ =0 for (z__ - l-D) <z, < (z + l-D)
1 2 ex 2 J ex 2 ’
and
- - 21
B, =1land g, =0 for 2 5_(2eX > D)

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

It is given as
0.785

z; = (1.0484 Fro ) o ¥ Zep o (3-25)"
where Fro is the local Froude number and is defined as
2
W : D
C B
Fr_ = — . (3-26)
0 wrépc gro(pC pB)

For the case of full penetration, i.e., for zj(t) = H(t), f becomes zero.

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

dE
B 1 . i }
IR {WC(EC Eg) + Wgp(Egpp = Tg) + UgA ,(Tg = Tg)
4y, [Alml(Tml - TB) * Azmz(Tmz - TB)]} ’ (3-27)
£y = Eg (3-28)

The cover gas mass is determined by assuming that 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) T
e (329
g res g g res
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where

Vg(t) =[L - H(t)] A

g%

These equations, when coupled with the boundary conditions [wc(t),
pr(t), EC(t), TBPI(t) and Hex(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 e]sewhere.(3‘4)

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

ok, 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 channels. These
channels represent either fuel, blanket, or control 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
BP .
F... = (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. 1In either case, it is

required that

N6CHAN

2 F *Fp=1. (3-32)
k=1

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:

gg.:.l_ PO Fpk FZk(Z) s (3_33)
Z Nk Lk : . .
6,06, |f ~ |
LI Ly L SPC Y I | i

where Lk is the fuel length based on which the normalized axial power distr%-l

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

p
and the normalization of power distribution, sz(Z), are discussed in Section
3.1.4. The sodium properties, p(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

<P0 Epk FZk j) ( )
E... =E, + 20 ) Az, 3-35
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b =p R P S B

+t1 i’ ge 2p Ehk J k pj+1 QJ} ) (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 K G, G |G |
-y Akt k k [gp +.L2.p.'.<b.._]ALk , (3-37)
=1 hk
where
Ky = 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 the user. The ALk and
th are the length and hydraulic diameter of this section. On the top of the
core, an additional ioss coefficient k, is imposed in the core outlet module
such that the computed pressure drop in each channel satisfies the overall

force balance

= 4
Plast slice ~ ’2-'Gk|Gk| - AL, gp - (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

Py =Py +-pg(Za - Zd) . (3-39)

d
This additional loss factor kq 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 established 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 compﬁtation 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:
' 2
W)+ (W-v) + AR+ 7. "—‘2’—{‘?- gp cos(g,W) = 0 .  (3-40)

In deriving the above equation, it was assumed that the control volume in the

flow circuit satisfies

—q7 - 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 diameter (m), z
is the vertical coordinate (m),and o is the fluid density (kg/ma).

The Moody friction coefficient f is expressed in the form
f=c(Re)C2, (3-42)

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

1
The differential form of the momentumlequation[(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

b 6, 5 0 (-2

Cc3
UGN e 5+ Wy WD g

where Jj denotes the j-th channel, and

(e (Bl (1
A inlet 8 core A outlet

/_\
i
e
!

—
|

>(-£)
I, . = .
KsJ i=1 (ZpAZ il
J N
Ig,j = c,os(g,wj) [(Lp)inlet + f odz + (Lp)outlet]. ,
. core J

and

Cy < 1 - Csr »

Cu =1+ C2 s

cs =1+c¢3,

-9l (3-43)

(3-44)

¢y LuS2 1 €2 L2
£ 7 (oo t e J/.E’ dzl oo » (3-45)
2 A“SD"%p Jinlet A™SD™H P core A"SD"%p Joutlet

(3-46)

(3-47)

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

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

AW,
—_— L Wy [1 1
(p _p)_=<_>_.l+ _) (.."_..:._>
e d’j A 5 At A 3 by Pg 5

*Hglgles - T

where indicates quantities evaluated at the average

density and viscosity as given by

- 30 =

“ L,y 9t

g9,J > (3-48)

values of the



5 = zle(t+at) +o(t)], (3-49)

o= g lu(tat) +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

linear extrapolation of the coolant temperature from the previous timesteps.

The mass flow terms are approximated by using the firét—order Taylor series.

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

FQU+ o) = (W) + S0 gy (3-51)
and
F = %—[F(W-!-AN) + F(W)] . (3-52)
Hence,
wjlel = |w | + 2|w |Aw s (3-53)
and
C3 . WL 163 1630, -
|w | lele + (c3-+1)|w3| AwJ . (3.54)

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

through the jth channel becomes

To = AW.B.- C. . -

(Pe pd)j AWsBs- G5 s (3-55)
where
W. c.+1
o () A () T e
Jj A: \p P 2
j ‘rd e
J
W2

- J _]_,___1_ C3 T _— . -

‘; (“?) (5‘ E>+w|w| ey * W5 Ty - olg - (3-5)
d e j
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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.,

Pe - Pp = ijBj - Cj + gplp(ze - Zc) + gpup(zb - zd)
for j = 1,2, ... N6CHAN , (3-58)
= MMgpBgp - Cpp - 9rgpy(z, - 2) -
2) At any instant
N6CHAN
. wj(t + At) + pr(t + At) = wvesse](t + At) (3-59)
J=1
or
N6CHAN ‘
‘ ij + Mgy =AW ccay o (3-60)
J=1
where wvesse] = w]oop exit’ the subscripts BP, 2p, and up denote bypass flow

channel, lower and upper plena, respectively. Equations (3-58) and (3-60)
form a set of (N+1) equations with (N+1) unknowns (AWBP, 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
+ .= W (t) + aW. - 3-61
W(t at); 5(t) oM (3-61)

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

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

3(pE) , 3(GE) _
3t v Tz © Sl t 3%t Qg i (3-62)
where
Tay =T
- CL
qc = i_-f-I’ . (3-63)
b Ko
TS- T
qs = F—R—s (3-64)
e
Qg = transient heat generation per unit volume, (3-65)
Re = equivalent thermal resistance in structure,
Ar = half-thickness of clad.

In finité-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
Eser = [Ej+1(°j+1"A2) * Ej (- Pj +A,)
k, k k+1 ' i
+ Ej(pj +A,) + zAt(chC *+ 8.9, * Qg)] /(pj+1+A1) > (3-66)
where
_ At . k+1 _ At .k
A, = N G"'", A, = iz G .

The pressure drop is computed from the momentum equation,

_g_; = _%%-(5233_2. (%)-g-i(; + gp cos{g,w)» (3-67)
or, at the (k+1)th timestep,
. _AZ |kt _nky ek 11
Pi1 Pj = &t BB VG ) - (&) (pj+1 °j>
1, .k+l
- fggek’“ |6¢* l[<5t>j+1 +<{->j]+ F [os54y +05lgcos(gu) »

(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 the Core

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

a].(3'5) and Cronenberg et a].,(3'6)

respectively, and similar models have
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 sing]efbubble (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

3.5) For boiling

model reduces to one similar to that of Chawla et al.(
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 cladding 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 eﬁtire cross section of the channel except for

the 11quid 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) In 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 bhbb]e are in thermal equi1ibrium.

(7) The flow of fission gas through the gap 1mpedance is quasi-stéady

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 consfdered 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

dM 2 &
= 1 - B 1+ -
?ﬁ?’ Ai pp [ZRg Tp F - zns)] for subcritical flow, (3-69a)
=A.p “—igi—q- for critical flow, (3-69b)
1P (R T )/2
g p°.
dm '
—v.Q -
dt A2 (3-70)
dM. E -E dM
d_ g gp g . -
at 3 at * Des (3-71)
d dpy,
it (MgEg + MVEV + MdE ) - Vb i Q+H , (3-72)

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

respectively, in the bubble; Eg, EV

pies; H is the enthalpy addition rate and De is the entrainment rate. All

, and Ed are the corresponding enthal-

enthalpies are functions of temperature T, and Ev - E, = A where X is the heat

d
of vaporization. The Vb and Py dendte 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 ffssion gas through the gap impedance, Ai denotes the cross-

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

g
pressure ratio B, critical pressure 8*, and resistance factor K are defined by
B = pb/pp, g*2 (2K - 2ang* + 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
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flow occurs when B<g*.

In Equation (3-70), the mass of vapor at saturation is My = PysVp
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 Q 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

ap
plenum gas enthalpy, and it is not considered for an unsaturated vapor. An
empirical term, Dy, which is presentTy 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=0,+Q +0Q +0Q > (3-73)
dM dM. . dM
_ vi _ VO : -
H=Egp gE * Egg 3t " B wE (3-74)

where the subscripts ¢, s, 1,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

0= [ (T - Ty dx s (3-75)
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X .
o - [ 4 (1, - 1) dx (3-76)
s . R
X1 s
T, -T
= 21 b
21
T, =T
_ 21 b
R (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 2 and b refer to liquid slug and bubble, res-
pectively. The cross-sectional area of the bubble is approximated by the
Tiquid or channel cross-sectional area Az'

The resistance on the cladding side is given by

» Ar
R =E1—+—9+R
Cc

(3-79)
(o 2kC

be °?

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 he = kmc/wfc’ where We is the film thickness. The resistance
in the bubble, Rb’ depends on whether the surface is vaporizing or condensing.
If 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 by an equation similar to Equation (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 8, = (azt)%, where o denotes a thermal diffusivity.
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The pressures and bubble volume are given by

Pp = (Mgpo - Mg)Rg Tp/Vp s (3-80)
Pb = Pg + PV s (3-81)
Pg = MgR Tb/V s (3-82)
Py = (oy/0y5)Pys ; | (3-83)

Vb = AQ (XZ - Xl) ’

where M refers to the initial mass of gas in the gas plenum, V_ is plenum

gpo p
volume, and x, - x; is the length of the bubble.

For the liquid slug above the bubble, the governing equations are

“dx G
2 22
= —— Y (3-84)
dt °ob
4Gy, _Pp = Pt " Ky (3-85)
dt L, ’
DTQ
PoCe Tt Qh + Qg s (3-86)

where Pob is the liquid density at liquid-bubble interface, the subscript t
denotes the top of the 1liquid slug, and L, is the length of the slug. The

channel resistance k22 is given by

_ G
= 2 1 12‘ 22 f -
Kzz G;Lz <—-p———>+ g/.p!z dx + f dx+Apend ,(3-87)
2t 2b
where Pot is the liquid density at the top of the liquid slug, g is the gravi-

tational constant, x is distance along the channel, f denotes friction factor,
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Dh is the channel hydrau]ic diameter, and APand 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. Equationv(3-86) governs the local 1iqufd temper-
ature and is used in Lagrangian coordinate. The Qh and Qg denote convective and
direct heating, respectively. The Py is considered to be a function of E2
(or TQ) only.

The governing equations for the liquid slug below the bubble are similar
to Equations (3-84) to (3-87), except that subscript 2 is replaced by subscript
1; Pp = Pt in Equation (3-85) is replaced by P - pb,where subscript m denotes
the bottom of liquid slug, and (p;; - p;é) in Equation (3-87) is replaced by
(p;é - p;;),where Py Ts 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

dwfz__ﬂ_

' o 0 > (3-88)

where q denotes. the 1ocal heat flux.

The Lagrangian calculations for Tiquid temperatures at fixed axial

mesh points are then

T (z - 82,8) (1 - d By) + dfe + (20 /Sc)]
Tz(z!t + At) 1 + d h L] (3'89)

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

traveled by a liquid partit]e during At and is given by

AZ = —21—[(; (t + at) + G, (t )] at . (3-90)
Py
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The d, h;, hy and ¢ are given by

h,(Z) =

(o]

L

SCAt
ZpZCQ
21 + 3 ,
R(Z,t) * R (Z,t)
1 + Ss
Rc(z,t + At) RS(Z,t + At) °
TC(Z,t + At)

= +
Ré(Z,t + At) RC(Z,t)

TC(Z - AZ,t)

TS(Z,t + At)
S +
s RS(Z,t + At)

TS(Z - AZ,t)
RS(Z,t) i

surface area of cladding

volume of coolant

surface area of structure

surface area of cladding °

o[r e« o)

cl{Tg(Z,t + At/Z)] . |

For the interface:

where

T

inter

¢ (t +at) =

Tinterf (t) (1 - ahl) + a¢

T+ ah,)

*

(3-91)

(3-92)

(3-93)

(3-94)

(3-95)

(3-96)

(3-97)

e L Rt



S

_ 1 S
h, = R.(E) * R () ° (3-98)
1 S

h, = + , (3-99)

2 R.(t +at) " R, (T +4t)
T (t +at) T (t) T (t+at) T_.(t)
¢ = Rc(t + at) * Rc(t) * 35 RSt(t + Afj’* RSt(t) > (3-100)

p, = p TT (t + éi)— , | (3-101)
2 L £ 2 i

g, = c [Tt + 4h)] (3-102)
2 L 2 2 J

3.1.2.5 Bypass Flow Channel

A bypass channel to represent coo]ént 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 {s 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 coéfficients (K1 and Ké)
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

» - 2
+ W2 A _1_ + A _1.. + L _L + L . (3_103)
a2 : A2 2 A2 22
1 PR /2 PRN PR /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 coeffjcient kl is an input parameter,and k2 is the com-
puted value to establish the force balance at steady-state.

During transients the total preésure drop in the bypasshchannel is

determined by the one-dimensionél momentum equation:

AP :AW.[L) + L)]+ W2 [A (—L) +.4 (L)]
At | A ) K.Z . ? pA2 1 DAZ 2 o '
+E¥L fL>+.jL)]+g[dh+pud - (3-104)°
hl ApDhZ .

| a%oD

(2]
1 PR />

2
L rA

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

following equation:

P« Foo + P(t) : |
d . _0 PBP 13 -
3t (PE) = — TRz (B - (3-109)

where A, L, Fppo 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 k k k
Eout - [Fin (1+ AM ) + Eout (1- A )'

k+1)’

k+1 k+1
- Ein (1 - A3w ) + 2 P0 FPBP P(t) - A%]/ (1 + A3w
: (3-106)
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where

_ At -_1,k k
Ay =a and e =3 (o *+ gyt

The computed Eﬁjé is the inlet enthalpy for computing the enthalpy rise in
the upper section of the bypass channel. In the upper section, no internal
heat generation is assumed, but heat transfer through the thermal liner
is considered as discqssed 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 computational 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
either 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, in 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: lower plenum, core, bypass channel,
and upper plenum. Since the core is the most important region of the vessel,

its lower and upper boundary conditions are not extrapolated from previous
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Figure 3-7. Computational logic for coolant dynamics
at steady state.
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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 structure
are shown in Figure 3-9. The rod is composed 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 according]y.

3.1.3.1 Thermal Egpanéion, 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
temberature 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 =Rpi > (3-107)
_ 1
R, =R + 358k (3-108)
Riyp = Ry + AR for 2 < i < (NF-1),  (3-109)
and )
' Reser = Reg * 5 B8R, s (3-110)
Rco = Rc1+1 + ARc ’ (3-111)
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Figure 3-9. Axial noding in a generalized fuel rod.
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where, for equal radial increment:

R, - R..
e = - (3-112)
and
R -R.
OR = C"—ZE‘- ’ (3-113)

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

ments are (R 2 " 2 3
MR = LF%TIF'] o (3-114)
and ~ :1
R 2-Rr.%[? :
ARC = _CO_Z_QJ_ ) (3-115)
! J
The inside radius of each radial ring becomes
R, = RFi s (3-116)
1 L
R, = [Rlz + 5 ARFZ]‘ , (3-117)
_ 2 2|k )
Ry = [Ri * Re for 2 < i < (NF-1) , (3-118)
and
1 3
_ 2 2 '
Reia [kc1 * 5 AR, ] i (3-119)
2 2% |
RCo = [Eci+1 + ARc J . (3-120)

Correction due to thermal expansion for any radial node is

ARi = ARref [1 + a(Ti - Treéﬂ . _ (3-121)

The restructuring of the fuel is ca]tu]ated'for each axial slice for
the steady-state condition only. The fuel density is considered to be
initially uniform throughout the be11et and is equal to the as-fabricated

value. Grain grthh is assumed to divide the fuel into three regions. The
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:haracterization of these regions is indicated in Table 3-1. The reference

temperatures T.. and T.. are specified by the user. The final radius of the

EG CG
central void is determined by taking the mass balance of fuel in each slice:

L
lr24e2fp 2 _p 2y 01 (p 2 _ g 2\|* i}
ReiLs I:REG Py <RUN REG>+p3 (RFi RUN>] ; (3-122)
where RFi is the initial radius of central void of fuel as-fabricated, REG
is the first node in Region II (equiaxed region), and R, is the first node

UN
in Region I (unrestructured region).

The gap between fuel and cladding is calculated explicitly:

ARgap = Rci,ref [1 +a. (Tci - Tref) - RFo,ref [1 +op (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 not
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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
I. Unrestructured T < TEG p{ QI = Qo k = k(pl,T)
(as fabricated)

II. Equiaxed Grain [T . <T<T P2 p

G G 2
Growth E ¢ (o2 > pl) QTI = ET'QO k = k(pz,T)

III. Columnar Grain T2T f3 Py B

Growth CG (o3 >70,) 4 Qppp =5, &) k= k(p.T)
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be considered in the model.

The heat flux per unit length at the outside surface of fuel is

T - T..

- Fo S 4 b
.q = 27 RFO km‘ix R + ec<TF0 - TC1' ) . (3-124)

gap .

Equation (3-124) can be rewritten as
q = 2 Rp, (TFo - Tci) (Pcond * hrad) g (3-125)
where the gap conductance, hcond’ is given by

heond = kmix/ARgap’ (3-126)

and the radiative heat transfer coefficient is written as

= = 3 2 2 3
h = €0 TFo +<TF0 Tci + Tci TFO + Tci > s (3-127)

rad
_ R -1
- - [ 1, RFO ( 1 1)] ) (3-128)
€Fo ci \Eci

The above radiation heat transfer coefficient is defined to eliminate the

where

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)
k .. =0.5 ix. k, + 1 (3-129)
mix ' : i i N .
=l :E: Xi/k;
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—staté (see Figure 3-10) is given by

node 1:
= dT 2 2\ _ .
2R k (Tl’z) & |Rz +Q (R1 - R, ) =0 (3-130)
node 1i:
¥ d7 7 a7 2 _p2).
K (Ti-l,i) ar lg, i * k(Ti,i+1) ar Ir,, R * Qi(Riﬂ R ) 0
2 <1 <NF-1 3 (3-131)
node NF:
-« (7, dT | 2 _ - 2R_ h T_-T. -2 Tolr.*-71."
NF-1,NF/ dr 'NF = NF Fo cond NF ci Fo NF ci
2 2\ _ . )
. (RFO - Ry ) -0 (3-132)

node ci (cladding inside surface):

dr ci+1
2 2\ _ ) )
* Qg4 (Rci+1 - R ) =05 (3-133)

node ci+l (cladding midplane):

= dT
-k (Tci,cj+1) dr

. L I —
2RFohcond (TNF - Tci) * 2RFo €90 (TNF B Tci ) * 2Rci+1 k (Tci,ci+1) gI-|

= dT
!Rci+1 2Rc1'+1 t ok (Tci+1,ci+2) HF'|c1+2 2Rc1+2

2 2\ _ ) -
* Qeiny (Rci+2 " Rein ) =05 (3-134)

- 55 =



node ci+2 (cladding outside surface):

- 2RCi+2 k <T

ci+1,ci+2)

a7
dr

Ic1'+2

- 2Rco hc (Tci+2 - Tc) *

2 21 _
(3-135)

QCO (RCO

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.

and

where

T

ci+3

citl

Tcoo]

ant

The final equations are, at a given Zj,

for 3 < i < (NF-1)

B

cond

k

+ B

T..
ci,

rad

ci+l

Rc1’+-1

R

cit2

+ R

cit1

- 2R . °
ci
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(3-136)

(3-137)

(3-138)
(3-139)
(3-140)
(3-141)
(3-142)

(3-143)



g . = k (Tci+1,ci+2> Rci+2 (3-144)
citz 2Ry = Rejup = Rejn

BC‘i+3 = Bconv ’ (3-145)
B =EE2_0T3+T2T + T T2+ T8 (3-146)
rad 2 °© NF NF ‘ci © 'NF ci ci)

R -1
= 1 Fo 1 ~
- + - _
R
_ _Fo

Beond = 72 Neond * (3-148)

he Reo '

Beonv = T2 (3-149)

Q. (R. 2 . R.Z)
v, = i 121 i for 1 < i < (NF-1) (3-150)
ci <i<cit1 ,
e -5
_ NF \'Fo NF ,
YNF T T ’ (3-151)
Q.. (R 2_R_, 2) :
_ _ci1+2 \' co ci+2
Veidn ~ il > _ (3-152)
Q; = Q. Fz,j Fri 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, respectiveTy.
‘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:

oMemA=L 2 rim Lo . (3-155)

The approximated solution of the above equation is obtained by using the

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

Tico = Fico (3-156)
™o e e MY for2 < i < 100 (3-157)
i-1 i-1 i-1 i - = )
The coefficients are defined as
F,o=d/E (3-158)
d. + F. . By |
Fp= 4——5— for 2 < i < ICO , (3-159)
1'
B1'+1 .
Hi = 5 for 1 < i < (ICO-1) , (3-160)
i
G, = E, (3-161)
8,2
6 = E; - g— for 2 < i < ICO , (3-162)
i-1
_ 1 - : -
E; = o0 % By + Byyy for 1 <i < ICO , (3-163)
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B1c0

Broo+1

oat for 1 < i < (NF-1)

¢ (T,) o(T,) (R.2 - R.%) i=1CI, ICI +1 ,

1 1+1 . 1

2at

2 2) i

¢ (Tye) e(Tye) (Rygap = Ryp

2At

o

(T,

2 ]

= 2
co) *(Trco) (Reo = Rico?

L for 3 < i < (NF-1)

B

k

con

(T;

dt Brag >

c1,1ci+1) Ricre

R

k

I1CO

(T,

* Reerer Ryer

co-1,1¢0) Rico

2R~n - R

B

co

con

- R ’

ICO 1CO-1

=1
v =2 Meonv Reo

[ - a) e [
[Bi] T [a- By = B Tin B )t ¥

;
for 2 < i < (ICO-1)
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(3-164)

(3-165)

(3-166)

(3-167)

(3-168)

(32169)

(3-170)

(3-171)

(3-172)

(3-173)

(3-174)

(3-175)

(3-176)



K

] K r1 . ]
%1c0 ~ T100-1 [Brco] * TIco [aICO 8160~ Beonv | * Y10+ (3-177)
for 1 < i < (NF-1)
‘l—'- = ~2_' (R. T- R) (3_178)
ICI < i < (ICO-1)

Q
= NF p2 _p2 -
unp = 2 (Rgg = Ryp) s (3-179)
) (N SRS (3-180)
Yico ™ —2 ‘tco T “rco’

Qi = transient heat generation per unit volume.

The parameters 8 _:, and 8 are defined by Equations (3-146) to (3-148).
rad

cond
K11 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-1
_ TS - TS
T, =T+ L A (3-181)
2at
The thermal conductivity k (T'i_1 i) is evaluated at
T S L (3-182)
i-1,i 2| i1 i )

The wire wrap on the outside surface of cladding is included in the
transient analysis. It is assumed that the wire'wrap providesAan additional
mass to the outermost node of cladding. The additional mass increases the
heat capacity of that node. An effective mass is given by

2 / 1 \2
r 1 +(———
14+ M p/D) . (3-183)

2 - 2
Rico - R1co-1

Peff = PICO
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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 fs 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 that axial node; The inner surface of plenum and
the outside surface of structure are assumed to be adiabatic.

The temperature of the structure (dr p]enum) at the j-th axial node is

given by

S . (3-184)
The transient temperature of structure is governed by the single energy

balance:

dT h A Qs(t)
-T.) + . (3-185)

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

7% + Bat + 0.5A at TK'! + 7K - 7K
Tk+1 = S C C S (3_106)
s 1 + 0.5A At ©
where A~ hCAS ’
CspsVs
i Q. (t)
B - C .
pS S
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Figure 3-10, Radial noding in the fuel and blanket rods.
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Figure 3-11. A schematic arrangement of radial noding
for a partially molten fuel rod.
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and

Qs(t) = transient power generation per unit
volume, ‘
hc = convective heat transfer coefficient.

The clad of lower or upper fission gas p]enum.is treated in a similar

manner.

3.1.3.4 Calculation for the Molten Fuel

The computations of transient heat transfer in the core is terminated if
1) clad temperature reaches to its melting temperature, or
2) fraction of fuel melted exceeds a given criterion §upplied 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 unrestruétured‘region. Proper modifications
- of material properties and volumetric heat generation rate are applied to
each of the restructured regions. Wheﬁ the fuel temperature reaches its melt-
ing point, which is expected to propagate outward from the center of the rod,
a fourth 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 solidus 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;
R
4) computation is terminated at ﬁﬁl-z_R
Fo cr
of the molten region to be calculated, RFO is the outer radius of

,» where Rm is the outer radius

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 _ k+1 _
where Fi and Hi are time-dependent coefficients related to the material
properties and the heat generation. If the computed T§+l is greater then
Tme]t’ a pseudo-temperature Tpse is defined:
_ —k+1
Tpse = Ti . (3-188)

The mass of the molten fuel (M_.,.) and the fractions of mass melted (Frett!

are calculated by

2 2 ’ :
v ) i (R_i+1 - Ri) AZJ- D.i C.i (Tpse - TmE]t) (3—189)
melt Q ’
melt
. : Ci (Tpse ) Tmelt) (3-190)
melt Q ’
( melt
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where pi'and Ci’ respectively, are the density and heat capacity of solidus
fuel, and Qmelt is the latent heat of fusion. The outer radius of the molten

region is then determined by

M 19

2 melt )2

= {R; + ———=— . - (3-191)
Rm (1 %"sz

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

F

X (3-192)

Xmix = (1 - Fme]t) Xsolid ¥ Tmett 1iq °
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:

P .

Q=0 > " (3-193)

where

Q0 = average volumetric heat generétion
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
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greater than one, j.e.,

¢ (Tpse = Tmett) ” Qpett ?

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

TKFL o N Ci,s01id (Tpse " Tmelt) - Q

melt
i melt C;» Tiquid ) (3-194)

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
js 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 specified 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 transmitted 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 N6CHAN
P5TOT(t) = PSFISS (K,t) P5DCY (K,t) + PS5BYPS (t) , (3-195)
K=1 K=1
where
PSFISS (K,t) = F5PFIS (K) - F6TP0NA(K) - P5TOT (0) - n(t) » (3-196)

P5DCY (K,t) = FSPDCY (K) - F6TPOW (K) - P5TOT (0) - d (K,t) » (3-197)

P5BYPS(t) = F6PBYP - P5TOT(O) - %FSPFIS(NGCHAN+1)- n(t) + (3-198)
F5PDCY (N6CHAN +1) - dB(t)} s

subject to the following initial conditions:

n(t)| =1,
t=0

(kot) | =1,
t=0

d.(t =1

5 L
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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

+ F5PDCY (K) - d (K,t)}+ EGPBYP - {FSPFIS(NGCHAN+1) © n(t)
*+ F5PDCY (N6CHAN +1) - dB(t)}J (3-199)

Various factors are now defined:

F6TPOW (K) = fraction of total power allocated to the K-th channel,
F5PFIS (K) = fraction of power from fission and gamma heating in the
K-th channel,
F5PDCY (K) = fraction of power from decay heating in the K-th channél,
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,

do(t) = normalized time-dependent factor for heating of the bypass
B channel. ' « '

Two consistency equations are

N6CHAN
:E: F6TPOW (K) + F6PBYP = 1 , (3-200)
K=1

and
F5PFIS (K) + F5PDCY (K) = 1. (3-201)
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The power generated in a channel is further subdivided into four terms:
(1) portion deposited in the fuel (or blanket or control rod pellets),
F5PWR5 (K); (2) portion deposited in cladding, F5PWR6 (K); (3) portion de-
posited in coolant, F5PWR1 (K); and (4)‘ portion deposited in structure,

F5PWR7 (K). These numbers are normalized so that

FSPWR5 (K) + FS5PWR6 (K) + FS5PWR1 (K) + F5PWR7 (K) = 1.0 (3-202)

for each channel.

3.1.4.1 Spatial Power Normalization

From the power values deposited in the fuel, cladding, coolant, or
structure material of any channel, an axial variation along the length of the
channel is specified by a profile which must be supplied by the user. These
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 lTower fission gas plena, upper and Tower 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 seétions 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, N5ASEC(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 Z F5PAX(J,K) -AZ65 = 1.0 , (3-203)
TOTAL  47%
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where ZTOTAL is the total axial rod length and AZSJ 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 chaﬁne], F6TPOW(K), and by Specifying the
number of rods in this channel, NSRODS(K).

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

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

may specify any humber of radial nodes. This number is stored in the
NSNFR{K) array and is taken 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) fhe coolant associated with any rod axial section is allocated one

radial node.

Any power deposfted in the cladding, coolant or structural material is
assumed to be distributed uniformly in the radial direction. However, the
radial 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:

N5SNER(K)
FSPRAD(I,K)«A(TI)

I=1

N5SNFR(K)
A(T)

=1 , (3-204)

I=1
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where F5PRAD(I,K) is the radial power shape in the I-th radial node of the
K-th channel, A(I) is the cross-sectional area of the I-th node and N5NFR(K)
is the number of radial nodes in the K-th channel.

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

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

Peyer (I»05Kst) = PSTOT(0) - F6TPOU(K) - {FSPFIS(K) - n(t)

+ F5PDCY(K) - d(K,t)} * F5PWR5(K) - F5PAX(J,K) - F5PRAD(I,K).
(3-205)
Similarily, the power generation in the cladding mesh at the J-th slice of

the K-th channel is given by the following equation:
Pc]ad (J,K,t) = P5TOT(0) - F6TPOW(K) - {FSPFIS(K) - n(t)

+ FSPOCY(K) - d(K,t) } - FSPURG(K) - FSPAX(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 F5PWR6(K) in Equation (3-206) with F5PWR1(K) or
FSPWR7(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

dn _ P Br

where
N = neutron density (which is proportional to the power),
p = total reactivity (ak/k), |
By = total effective delayed neutron fraction = ? Bi>
A = prompt neutron generation time (s),
A; = decay constant of the i-th delayed neutron group (s'l),
Ci = density of the i-th effectivé delayed neutron precursor,
Bi = fraction of the i-th effective delayed neutron group,
t = time (s), |

By rewriting N and Ci in normalized form such that

C.(t) . 8.
n(t) = %%%% ; ci(t) = E%TBT'; where Ci(o) = K%T N(o),

1 1

Equations (3-207) and (3-208) become

- B
dn _° " F7 1
iy el I D LI

dci

dt

(3-207)

(3-208)

(3-209)

(3-210)

The direct integration of these equations requires very 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
1000) - A are required. Typically, A is about = 6 x 1077 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 thé
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

=1 .

This means that any disturbance in the reactivity (p) will be instantaneously
reflected in the power (n). Thus, for a step change in p, 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 p approaches By It can be seen from Equation
(3-211) that n is discontinuous at p = B To provide for these cases where
p approaches Br (or more conservatively, when p > 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
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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
dn _pn 1§ 5i %
> : (3-212)

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

polynomials. Thus,

2

n(t) = ngtn t+n,t 0<t<at , (3-213)
o(t) =p_ +p, t+pt 0<t<at , (3-214)
0 1 2 -
where
Ny = value of n at the end of previous timestep,
Py T value of p at the end of previous timestep,

and Nys Nys Pos p, are constants to be evaluated.

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

t ' t ' '
Air Air
/d [Ci (t) e ]:f)\]. e n(t) de . (3-215)
0 0
Then
ALt At t.

T
ci(t) =cioe | +aye | fel n(x)dr (3-216)

o
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where

Cio - Ci(t)|t=o

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

-xit -Ait n, -Ait
Ci(t) =Ci, € +ng (1 -e ) + x;—(xit -1+ 9 )
n -x.t
+ —%-[%?tz - 2A1t -2(1-¢e 1 )] . (3-217)
Ao

i

Likewise, Equation (3-212) becomes

=

n(t) - n(o) = & _[p(r) n(z) dr -

B.
DR RO PR )
1.

Upon substituting Equations (3-213) and (3-214) into Equation (3-218), one

obtains
2 3 2 3 y
2_1 t t t t t
nt 4+t =g (f)onot Tz teg 3ty ey 3 teng
t> t* t 1
T3y teMmg 3') ) K'}E:A [ i(t) - c1o] - (3-219)

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,. With the assumption that during any given timestep, the power and
reactivity are functions of time only (i.e., decoupled), the solution is now
complete. For small timesteps (~.01 sec or less), this latter assumption
is certainly justified.

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

>
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will proceed as follows (assuming a predictor-corrector type of integrator):
(a) using the predicted value of reactivity at t=At and the two
previous values, the two constants p, and p, in Equation (3-214)
are calculated;
(b) using Equation (3-219) solved at At/2 and At, the constants n,
and 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, pa(t) (e.g., control rod movement), plus the sum of the various reac-

tivity feedback contributions, pi(t):
p(t) = o (8] + 37 0y(t) (3-220)
1

As indicated in Figure 3-15, the total reactivity is then incorporated into
the point-kinetics model and used in the e;aluation of the normalized time-
dependent factor for the fission and gamma heating. It should also be noted
that the reactivity effects are inherently spatially-dependent. This is not
only due to the fact that the temperatures vary spatially, but even for the
same tehperatures the magnitude of the effect will depend on the location
within‘the reactor. Since the point-kinetics equations suppreés any spatial
dependence, an 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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(3.7,3.17)

models has identified the following contributions to the feedback

effects:

e Doppler

e Sodium density and voiding
e Fuel axial expansion

¢ Structural expansion

e Bowing

e Fuel slumping

The first three effects will be discussed in more detail in subsequent sub-
sections. Models arc presenled 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 expansioh 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 Tong time constant relative tb 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
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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 theré 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-

- 82 -



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

inverse of fuel temperature, a temperature independent Doppler parameter,

GDOP’ can be generally defined as

" = T dksdt . (3-221)

Equation (3-221) may be integrated to yield
k' - k2= oD gn 112, (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

and changes in reactivity, 4p, as

Ao = ol - p2 k! - k2
pP=p P 12

For small reactivity changes {the Doppler effect is of the order of 107%)

and with k = 1,

and the change in reactivify due to the Doppler effect, ApDOP, can be written
as
ol
ApDOP = aDOP &n IE' . (3-223)
T

This equation may be applied locally or regioha]]y depending on how the

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

notation, the local Doppler reactivity, pgk 18
7l
DOP _ DOP JK
pL]K = uJK n T s (3"224)
Tak

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

2 V1ak T1ok

T, = —L : (3-225)

o 21: Y13k

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

mesh I and I-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.

DOP
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 spectrur, 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

NA

effect, an effective isothermal sodium void fraction, XJK’ is defined
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NA_. _ NA
NA _ Pak"eT - egk
JK WA
pJKref

X (3-226)

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

pgﬁref 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 _ _DOP NA\ . DOP NA
k= Bk (1 - XJK)'+ Yok Kok - - (8-227)
DOP

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

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

DOP _ DOP _ DOP , JK )
p = 2. 3k ajg N (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 decréases the coolant density and can
ultimately lead to vaporization (voiding). These density decreases affect
the reactivity of the reactor through two compéting effects: 1increased
leakage, which adds negative reactivity and is important away from the
center of the core; and spectral hardening 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 .

- 85 -



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 internally
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, Equation (3-229), which can treat either sodium density or voiding

reactivity effects, is used:

NA
o = %{: By My > (3-229)

where pNA is the overall sodium density and voiding reactivity for use in

the point-kinetics equations, BJK is the sodium reactivity worth in axial
slice J, channel K, in units of reactivity 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 NA )
Mok = (°JK2 pJKl) Vo | (3-230)

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

NA

and VJK

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 density, 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 mechanismsAfor 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 stackéd in perfect contact within 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, pr, is based on a model which parallels the treatment of sodium

density reactivity effects:

AX _ *
o' = ZCJKNJK , (3-231)
JK :

where CJK js 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
NSK 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:
2 _ 2 1 1
ZJK = [1 + a(TJK - TJK)] ZJK s (3-232)

where o is the linear fuel expansion coefficient in units of cm/cm-K and

T., is the fuel volume average temperature as evaluated by Equation (3-225).

JK
To conserve mass, an axial increase in the fuel length (FL) implies a decrease

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

FL.,1 _ FL,,2 3
eak‘Zak © PukPlyk (3-233)
or
2 1
-7 )
FL rLoorL e (Mg m Tk
pJKl - pJK2 = pJKl . (3-234)

2 1
1+ a(TJK - TJK)

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

FL

Yokt

will give the amount of fuel voided from location JK, NJK:

FL, (FL (FL

3 = Pakt Xk Vak!

N s (3-235)

where ng is the fuel void fraction at location JK and fo]lows.from Equation
(3-234) to be
o (T2, - T4)

1+ a(TJK - TJK)

FL _

Xok =

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

resulting net reactivity effect associated with fuel axial expansion are
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given by the following equations:

Nk = (3-237)

e Ngg >

AX _
oM = :{: Cox N 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 expansion 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.
Tﬁe decay heat calculations are handled in one subroutine (PDCY5T). If the
tabular look-up option is used, then paired points of time v/s decay heat
fraction must be éupp]ied 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 allowed to be channel-dependent, as discussed earlier. A user

will have to provide F5PDCY(K) as well as d(K,t). An additional time-
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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 and transporting it to the steam generator while
maintaining an adequate flow rate for controlling reactor temperatures
within safe 1imits 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 be presented.

Figure 3-16 shows an example configuration of the heat transport
system for a loop-type LMFBR plant. Only one circuit has been shown. It
consists of the primary loop carrying radioactive liquid sodium and the
intermediate loop carrying nonradioactive liquid sodium. The number of
parallel heat transport circuits usually depends on total flow rate,
allowable pressure drops, degree of plant reliability, size of available

(3.18)

components, and allowable coolant velocities. 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. A1l 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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The primary and intermediate Toops 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 loops, 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 ¢alculations thus interface with
the reactor calculations at the vessel inlet and outlet, and with the tertiary
loop calculations at the steam generator.

The analysis is aimed af 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 thé expansion (surge)
‘tank just upstream of it. The model could accommodate variations in this
arrangement such as none or more than one superheater, and one or more eva-
porators at the user's option. Also, the pump 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 (sbace) flow, i.e., uniform velocity and temperature
profiles normal to the flow direction;

(2) single-phase 1iquid coolant, i.e., temperatures in the loop are
always below coolant saturation temperature;

(3) incompressible liquid, 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,
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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 méteria] 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) Tloss-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 conditions and
input data are necessary to start the calculations. These are 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 wp and WS, the coolant temperature at reactor out-
let T the pressure at inlet to the primary loop Pl’ the reactor pressure

1,1

drop AP y» cover gas pressure in the pump tank Pgas’ etc. Of these,

R
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Figure 3-17. Flow diagram for steady state solution
of heat transport system.




W ws, T1 1 are determined from overall plant thermal balance, and P1 and

D’
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
diréction 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 equationé at the IHX are solved. Following
each component or pipe run, the boundary conditions are set for the next
component 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 aetermined. The intermediate 1oob 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 approach 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 gince the effect of pressure on subcooled
Tiquid sodium properties is considéred negligible. However, whereas the
momentum equations are only loosely dependeht on temperature through the
sodium propertiés, the converse is not true, since convective terms in
fhe 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 (oné 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 C(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

(3.19, 3.20) for two

to a simple transport delay model as used in other codes
reasons. Firstly, the temperature signal is not only delayed in its passage
from inlet to outlet of a pipe run, but also altered. Secondly, a detailed
temperature distribution will aid in a more accurate determination of the
gravitational heads, hence, the natural circulation capabi]ity 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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Figure 3-18. ©Nodal diagram for flow in piping.
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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 governiﬁg 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: dei+1
Pyiq AOX —q7— = Wle., - e,, ) - Uiy Acw [Tii+1 - Twi] , (3-239)

where‘ei+1 is the coolant enthalpy at node i+l, T, is the average coolant

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

T, = —— 1t (3-240)

W is the flow rate
D2

in the pipe, A is the cross-sectional area for flow given by —7%—-, Uéw

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

is the coolant density corresponding to T,

e ii+1?

ii+1

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
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Inherent in Equation (3-239) is the assumption that

dt dt ~ dt
Wall: dTw
i _ _
My Cwi dt Uew Acw [%ii+1 Twi] ’ (3-243)

where Mw = mass of wall for length ax.

Finite Difference Forms

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

okHl _ ok
k it1 7 St/ k1 [kt K+l
Pijay AOX Ay - W (?1 i i+1>
k k K
" Uow Acw (Tii+1 ) Twi> ’ (3-244)

and Equation (3-243) becomes

().
M,k A 1/ - yk A <jk -1 ) , (3-245)

_ N '
W oW, h cw cw \ T+l W,

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

W.
i

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

k+1
i+1 and T

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

U_1= 1 tr : (3-246)

The film heat transfer coefficient is given in terms of Nusselt number
NuC as

Nu k
h =-Lc (3-247)

film D
where NuC 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

(3-248)
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where Di’ D0 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

(4P

)

acceleration Toss + frictional loss

f,g’pipe

+

gravity loss + other losses.

L L
2
(L L) JUL [ e f s ax e AL,
P DA e Py
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,“/a -g dx is evaluated

f o

using Simpon's rule. However, pSing, unlike o is a discontinuous

L . .
function, dependent on the pipe geometry; hence “/ﬁ psine dx is evaluated
N-1 5
rather as the summation Ax EE% p; sine,, where o = p(T,).
'|=
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 Qf the
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absence of time derivatives. 1n fact, with the assumption of perfect
insulation, the wall equation, i.e., Equation (3-243), disappears, and the

coolant equation simply gives

T. =T 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 steady-

state, momentum balance yields
preésure drop = pressure losses, (3-251)

there being no flow acceleration, the terms loss and drop can be used
interchangeably. Generally, 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 nonradioactive intermediate coolant while at the same time
thermally connecting the two circuits in order to transfer the reactor-
generated heat to the steam generator. Its location in each 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-1iquid 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 radioactive
coolant entering into the secondary circuit in the event of a leak in any of the
heat transfer tubes. Secondary fluid in the tubes is a natural choice because

it is more economical to put the higher pressure fluid in the tubes,(3']8)

besides the fact that primary coolant in the shell allows more design freedom.(3'21)
A11 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 IHX
and heat transfer from primary to secondary coolant within the heat exchanger,
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 operating 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 the
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 Encrgy Equations

If a detailed model is needed to describe 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)
(2)

(3)
(4)
(5)

user-specified number of equidistant axial nodes;

variable material properties and heat transfer coefficients
(functions of temperature, f16w, etc.) which are evaluated locally;
presence of bypass flow stream on primary side accounted for;

ideal mixing plena at the in1ef and outlet of each coolant stream;
four radial nodes (secondary coolant, tube metal, primary

coolant, shell wall); '

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

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:

Vi, Hf'(e ) = ws (e -e. ), (3-252)
where

Yand e, =-¢e(T. ) , (3-253)
Pin Pin Py Py

Vin is the stagnant volume in the primary inlet plenum, and p is the

average coolant density in the plenum. Further, from mass conservation,

we have
l___ - . _2
Wo = (1 - 8,) W, (3-254)
wheré B, is the fraction of flow bypassing the active heat trénsfer region.

P

Plenum primary outlet:

d
- ) =W + - . 3-255
PVout dt (epout) wp epN Bp wp €pg wp epOUt ( )
Plenum primary bypass:
d -
oVpg gt (epg) = By Wy (e, - epp) - (3-256)

mn

Similar equations can be written for the inlet, outlet plena and downcomer

- 108 -



in the secondary side.

Active Heat-Transfer Region

Primary coolant:

d
oV gr (eg ) A (T )
PAt TRyt PPy Piyyt PEIPE Tpggy Y

]
=
—
[¢>]

]
(D
~—
]
(o

- U - T . -
psh Apsh (Tpﬁ+1 Shi) (3-257)
Secondary coolant:
d
oV == (e ) =W_ (e -e ) +U (T, =T ) (3-258)
s dt S; S ' Sip S; st st ti Sii+1
Tube wall:
d
M. C, (T, )=U_A_ (T -T,)-U, A (T, -T ). (3-259)
t ti dt ti pt "pt Pii+1 ti st "st ti- Sii+1
Shell wall:
d
M. C - (T, )=U A (T -T.,. ). (3-260)
sh shi dt shi psh "psh Pii+1 shi

In the above equations V., VS are the control volumes between i and i+1

P

on primary and secondary sides, respectively. Upt’ Ust’ U h denote the

PSs

overall heat f ici
er transfer coefficients and Apt’ Apsh,Aand 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
/\pt = nD2 ne AX - (3-261)
Ast = D, ng AX , (3-262)
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A

AL = -{ﬁ AX s (3-263)

psh
where ng = number of active heat transfer tubes, ASh 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 limita-
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 Ugy» and U represent the over-

pt’ psh
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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are defined, based on the resistance concept, by:

Ly *r“—l g A326'4'
Upt  Peitm,p  wallop foul,p (3-264)
1. 1 . 1
‘ = - +Y‘ + —— ’ -
Ust  Peitm,s Walles * hegin s | (3-265)
. | o (3-
T T , (3-266)
psh film,p

where the fi]m'heat trdhsfer coefficients are calculated in terms of Nu

by
' Nu_, k
heeo = —RE P, (3-267)
film,p Dh
N
Nu k
st s (3-268)

heitm,s = D

The Nusselt numbers, Nu ., and Nu ., are obtained from established correlations

p
(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.

= 3-269
"wall,p =~ "2 " , ( )

.

and r + r,
=y —

= 1 3-270
rwa]],s ™1 K ( )

t
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Fouling is a time-dependent phenomenon, and the fouling resistances
1 1 . . ceo s
P and R 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 (Nupt’ 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 i, kt
would be evaluated-at i on the tube wall node whereas all other variables
(kp, K s N”pt’ Nust) 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 Ap and D, p* OF
(2) Ap is user input and D_ piis calculated from
4A
= ____L : -
Dh,p nt"DZ y Or (3-271)

(3) both Ap and D, .~ are calculated by the code as follows:
9

P
™; [2v3 ()2
Ap = nt T T <5;) -1], (3-272)

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

side is defined as

Re = Bt | C (3-273)



where Ap is the flow area on the shell-side. On the tube side, the Reynolds
number is given by
wsnl
Re = K;E_ > (3-274)

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

nD2 ,

Ag = 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 distrfbutes 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

p N
ol | ol | WL (3.076)

+ K, 2Pk “LZL""KP 2P

P; p -
in (pA )in out (pA )out pAp

wu 2 w'lW" / .
: - 1 1 1 : f
(8P o) 1Hx,p (" ) E;‘) vz 'L‘R'?nh Kz ) o dx + 4P
’ 0
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Figure 3-20. Hydraulic profile of IHX.
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where

L
APy = g(p sine ax); 1.+ plenum * 9 y/‘p sine dx + g(p sin® Ax) 410t plenum’
0
(3-277)
W' = - W, -
o (1 sp) b (3-278)
and
' _ pi Fop
o = _in___"out . (3-279)
2
Kin (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 pkimary 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 tne secondary side,

W2 Wlw |t '
A BIyATIE AT b L Y5 90
(%P o) I, s (°1 pN) "2 J vt
‘ 1 o]

2
As s
WlW_| W_|W_| W_lw_|
¥ Ks > 2S * Ks > zs * Apc e * Ks S": ?
in (PA )in out (PA )Out PAS
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where

aP, = glo sine ax)y .o oo + g(p sine ax),

g inlet plen
L
+ g(f/-p sine dx + glp sine ax)g 110t plen ’ (3-281)
and
WW_| W W, |
WP = K, s K, (3-282)
> (pA”) . (pA%)
tube in tube out

KS in Equation (3-280) is the uncertainty absorber for the secondary side.
The friction factor f is a function of Reynolds number Re and the relative
roughness of the channel ﬁi . The same approach has a11oyed formulation of
hydraulics in the shell (sodium) side of the superheater and evaporator as well.

3.2.4.4 Steady State Model

Energy Equations

To start the calculations, the boundary temperatures at one end of the
IHX, in this case T and T , are assumed to be known (T is known
in Sout in
from pipe calculations and T is selected by the overall plant thermal
out
balance). Applying thermal balance at the primary inlet plenum (see

Figure 3-17) gives

W - (8. W + W =0. -
pepin (Bp pepin pepl) 0 (3-283)

On simplification, this yields

T =T . - (3-288)
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Similarly, at the secondary outlet plenum,

T. =T . ~ (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 cuoa PP o Lo, (3.286)
p p [ P; P1+1]. pt pt 2 ti
tube wall: .
+ +
U, A Tp‘ Tp“l T U, A T-TS" Ts”l = 0; (3-287)
pt “pt ‘ T t. | T Cst Ust t, - B
2 A i i 2 :
secondary fluid:
T +7
(-L.) W e - e FUL A SR N 2 W (3-288)
fd s’ [ s“_1 Si} st "st ti 9
where
Lfd,= 1 for parallel flow,
= -1 for counter flow,
and
= T s
e, e( p)
e, = e(TS).

Equations (3-286) to(3-288), together with the functional relationships
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Figure 3-21. Steady state boundary conditions for
an IHX nodal section.
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of the enthalpies to temperatures, form a system of coupled, independent,
nonlinear algebraic equations that are solved iteratively for each i to
determine T s T , and Tt.' For bypass mixing'vo1ume, referring

Pi+1 i+1 i
back to Figure 3-19, we have

S

€pg © ep1 ?
or
and, at the primary outlet plenum:
e =(1-8)e +8_e. . (3-290)
Pout P™ Py P "PB
This yields 4
T = T(e ) (3-291)
Pout pout '
At the secondary outlet plenum:
e =e
Sin SN
or
T =T . (3-292)
Sin SN A

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

heat transferred in the IHX as:

P = | - , 3-29
loss,p wp [epin epout] ( 3)

- 119 -



and
Poain.c = We e -e (3-294)
gain,s S [ 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 outlet 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

" T
of “pressure loss" i.e., (Apf,g)IHX'

3.2.5 Centrifugal 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 Tong 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 béarings, and an inert gas such as argon is used in
the region above the liquid 1eve1.(3'22) |

The sodium 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

surfacé 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

Jjust upstream of the pump impeller (see Figure 3L22). The impeller is
modeled in terms of homologous head and torque relations which describe pump
characteristics, and angular momentum balance to determine impeller speed
during transient. The behavior of the free surface in the pump tank is
described by a mass balance at the tank. The pump equations are solved
'togethér with the hydraulic equations in the loop, as part of hydraulic
simu]atjon, 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 fewfcomplete 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 using 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 3-22. Schematic diagram for the pump model.
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Figure 3-23. Pump configurationsiunder different
regimes of operation.
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rated values as follows:

h = H/H = W/W = Qf0s B =T (3-295)

R* VY R®> @ R® hyd/Tp’

- then these variables can be related by homologous curves, which are
dimensionless extensions of the four-quadrant pump characteristics.

Homologous curves for head discharge can be drawn by plotting

hé vs. 2 in the range 0 5_|§{ <1,
a
bé vs; %— in the range 0 §_|%1 <13
AY
and, for torque-discharge, by plotting
E? vs. 5- in the range 0 §'|§1 <1,
Eé Vs %— in the range 0 5_[%1 <1.
A%

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

tabular form, as is done in the RELAP3B code,(3'24)

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

2 . 3

(5& +a, (§J + ... (3-296)

]
2
[¢3 a

A%
orh2=a +a_ =+a
a

1 2 3

in the range 0 §_|£1 <1,
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Figure 3-24. Complete homologous head curves.
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h o a2 a3 .
) or = = al + aZ ;—+ a3 (-G) + a'+ (; + ... (3"297)

in the range 0 < [3| <1,

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

2°° "%

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 in(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)

ps. GH , (3-298)

pump = Pin

where p. is the density of coolant at pump inlet.
in
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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

do _ .
I = m " Thyd - Tep o (3-299)

where I is the moment of inertia of shaft, impeller and rotating elements
inside the motor, L. is the applied motor torque (= 0 during coastdown),
is the hydraulic load torque due to fluid at the impeller, e 18

T
hyd
frictional torque, and 2 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 coolant free surface below the cover gas as
d

A ——-(pZR) = win - W

res dt (3-300)

out °’
where Ares is the cross-sectional area of the pump tank, win is the mass
flow rate into the pump, wout is the mass flow rate out of the pump, ZR is
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

m R T
p = 9as das gas = © (3-301)
gas Ar'es (Ztot - ZR)
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where 7 is the total height of the pump tank. The temperature of cover

“tot
gas is assumed to be the same as that of the coolant below it.

The inlet pressure to the pump impeller is governed by the behavior of
coolant and cover gas in the pump tank, as follows:

Pyo = Poas *+pZp + Koo (Hy =W ) | (W, =W ) > (3-302)

in g in out in out

where Kres is a user-specified loss coefficient for the tank orifice.
Knowing P, (PRISE)pump from Equations (3-302) and (3-298), respectively,
the pressure at pump discharge is simply obtained as the sum

(3-303).

Pout = P_in + (PRISE)p

ump °

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 was 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 8Py + PGy + APy (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.

Similarly, for the intermediate toop

(PRISE) 0 = Z BPy + P+ BPg % Py (3-305)
3

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

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

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

arranged to give

a,a® + a,va* + (agv2 - h)ad + a“v3a2 +avta +avs = 0. (3-307)

This is a fifth degree polynomial equation in a, and is solved by a Newton's

iteration method specially adapted for po]ynomialsf3‘26) Pump steady-state

operating speed can now be obtained from Equation (3-295), since both « and

QR are known.

Pump Tank

The cover gas pressure in the tank at steady state is assumed known.
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For the primary loop, the gas pressure is generally 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,9) - (3-308)

L= (Pin - Pgas

where Pin’ Pip 2res respectively, the pressure and coolant 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 CRBRP)
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 operation 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 flow-dependent pressure losses are assumed to be

represented by

Wlw|

: s (3-309)

APCV =c
where oey is the coolant density at the check valve location. The
model allows for three regions of operation for the valves, hence, three
pressure loss coefficients are required:

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

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

€3) c, for negative flow with valve in closed position,
where c;, C,, C3 are user-specified constants, in addition to PCV’ the back
pressure required to close fhe 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 ci'= c, is less than PCV'
So far, both valves behave identically, but from the closed position, type
1 valve opens when APCV with c; = ¢, is less than PCV’ whereas type 2 valve
opens when APCV with c; =¢ is less than PCV’ At the user's option, the

3
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
loop. During steady-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

P

P (3-310)

tank = 'qas * °gZ; .

Here, p is the density of coolant at the tank location, and Pgas is the
pressure of cover gas in the surge tank.
Equation (3-310) gives the starting point for evaluating all other

pressures in the intermediate 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 here.

3.2.8 Pipe-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 Timiting types of breaks are
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considered. One is the small leak for which a discharge coefficient of
0.611 is used. Another is the guillotine break with'1arge separation
distance 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 écram may be initiated at a“1ater 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.
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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 conservatibn equations apply:

(v1 - v2)A = Vs (A3 + Au)’ (3-311)

P

(py - p)Ay = o(v3 - vi) Ay +ovE (A - A, (3-312)

Pt %-pv2 =p. + %-ov% o= 1,2, (3-313)

J J’
where A, p, p, and v denote area, pressure, 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)
o o

o

In addition, if the discharge coefficient based on two-dimensional free

streamline ana]ysis(3‘29) without wall impingement effect is employed, one
deduces '
%‘[(1 +r2)tanh™ r - (1 + r2)tanh™t r, - %-(r{ - r2)tanh”! %-(rl + rz)]

+ (r1 - r2) [1 - (r1 + r2)2/4} % . Ab/Ap s (3-315)
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Figure 3-28. Illustration of pipe break flowfields.
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where r, = vl/vj and r, s v2/vj.
For given geometry and Py Equations (3-311) to (3-315) may be

solved for Pps Pps Vis V5 V A, and Aq. If coolant is discharged from

j> 73

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

2
may be defined as CC = (A; + Au)/Ab- The discharge rate is then given by
Q= CcAij‘

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 circu]af

(3.29, 3.30) o4 it s 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) . - (3-316)

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

= (vy + v )Ag s (3-317)

(v1 - Vz)Ap
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pl + %. pvf = pB + 5 pvé +r %‘OV%, B = 2,3,4 5 (3"318)

-n
~
L=
L J

<

R
S

{]
o
-
[}

|

=1,2,3,4 (3-319)

where Zig denotes the loss coefficient from stream 1 to stream 8, 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 o = 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

1
PiAL ¥ (py + ky 7 ovE) (A, = A,) + oVviA, = P,A

2 -
1712 Pyt VoA, - (3-320)

Simplified by the continuity relation of v,A,, = v, A Equation (3-320)

2722
becomes
P - Py = oV, (v, - vy) {1+ 2k vi/v,) (3-321)
similarly, for streams 1-3 and 1-4, one obtains
Py - Py = ovy(vy +v) (1= ko v/, (3-322)
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P; - Py = ovy(vy - vy) + %-pvl [(kb.- ka)v3 + kaq - kavl].
' (3-323)

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

. Vo vy .

12 = ( - 71")2 + kb(‘\'/‘i‘ - 1) s (3-324)
V3 2 V3

(1 + Vl_) - ka(Tl+ 1) s (3-325)

V,+ 2 _\{3. Vq . -
Cl'-} = - V{) + [(kb - ka) Vl + kb '\7‘1‘ - ka]. (3-326)

C13

The correction factors ka and kb remain to be determined from éxperiments.
Presently, however, the idealized values of ka =0 énd kb =0 are:assumed.

If the fluid is discharged from both sides of the pipé (v, is negative),
then there exists 6n1y one separating stream surface, and the ané]ysfs fs
‘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
Pr - P2 = ky > vz , . | | : (3-327)
Py - Py = ova(vy + v;) (1 - %'kc vi/vs) B (3-328)
Pr - Py = p{;u(vu - v )1- va(vy + Vu)]
1 Vg vy :
+ E— pVv;y [Kdvl V—]__T - kC (V3 + Vl) ,‘ (3-329)
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and Equations (3-324) to (3-326) are replaced by

Vo 2 '

R -
v3\? V3
vy 2va(vs + vy) vz t vy vz t vy

‘1“( -v;)' V2 Fhavew ke T 9

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 circu]ar
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 vessel, 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 breakoccurs such that coolant spills into the guard vessel eventually
the vessel will fill 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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transient following a pipe break within a guard vessel, the volume of

sodium collected in the guard vessel can be determined by

Wy

Wy =W, =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

ZGlV and VGV in the form of a po]ynomiél equation as follows:

” - - 2 s
Zgy = €1 * S WVgy = Vi) + €5 (Wgy = Vi) if Vay > Vin °

and (3-335)

Zgy = 0 if Vey < Viin »

where Cp» €y €y are user-input coefficients depending on the geometry

of the guard vessel space. Vmin is the volume required to fill up to the

Towest elevation of piping in the guard vessel. This is also a user-input
quantity and will be different for different guard vessels. VGV is limited

by V___, the maximum capacity of the guard vessel. It seems reasonable

max
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to assume Vmax to be the same for all guard ved3els based on theivolume
contained in the upper plenum between the operating level and the minimum
safe level. ZGV is Timited 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

ext atm GV —

3.2.10 Transient Hydraulic Simulation

The equations describing the behavior of pumps, free surface levels, |
pressure losses in different components, and f1ow rates in the 1obps.
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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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. - - _
dt A Py Pin,l Z APf,g ’ (3-337)
1,1 1,2
dw2 . L
dt 4« A Pout,1 ~ "§in,b ~ ;E; APf.g ’ (3-338)
dwW
351 L. _ _ ' _
dt e~ A Pout,b P1'nV ;E; APf,g i (3-339)
dW
1,2 L = - - -
at E P Pina 2 MPr g (3-340)
1,2 1,2
daw
242 L = - - ' -
gt 2 &~ Pout,2 ~ Piny ZZZ AP g - (3-341)

Here, Pin,b and Pout,b represent the pressure just upstream and downstream
of the break, respectively.

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

Reservoir: The inlet pressure to the pump is obtained from Equation
(3-302). Level changes 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 - -
ARV It (pZRV) = Wc - Wl,l-n Wl ) ° (3-342)

where

W =W +nW . (3-343)

'P1’ the pressure at the inlet to the loop, is given by

P1 = Pgas,rv * P9y - (3-344)

Equations (3-342) and (3-344), as well as the equation for P , are

gas,RV
-described in more detail under the "In-Vessel" section.

An equation to detérmine the vessel inlet pressure, which utilizes
_information from the primary loop hydraulic equations, as well as from
vessel Cooﬁant dynamics, has been included as part of primary loop hydraulic
model. The equation is obtained as follows (again, a tw0<]pop simulation is

used for illustrative purposes):

Mass conservation at vessel inlet yields

W . =nlW + W s : (3-345)

or, differentiating both sides,

du dw dw

__C_= 232 311 -
=N + . , (3-346)

From Toop hydraulics

du p P2 AP

2,2 . _out,2 inV 952 ~ f.g
24 L (3-347)
2 R
and, assuming break after pump:
dw P - P,y - ; A
3,1 - out,b inV , Pftg . (3-348)

dt :z: %_

3,1
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The core flow can be expressed as

= Z wj » J =1, (N6CHAN + 1) , (3-349)
3

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 (3-346), one obtains

dw. [P - Py - :E: AP ] [P - Pioy - &bP ]
:E: dtJ = p Lout,2 inv 2,2 f,gl [ out,b inv ~ 33 f,gl (3-350)

L L
L 2

Also, applying momentum balance across the core yields

e e

Substituting 'into Equation (3-350) and simplifying yields the vessel inlet

pressure as

' 1
Piny = (A+B + C)/ Z ,1L + ”L + =T (3-352)
b 7R, | 2k ZE|
where
i = ipf,g)j , (3-353)
=W |
J
D
B=n PQ“t’z 2[ g > (3-354)
2K
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23| . (3-355)

Equations‘(3-337f 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.calcu1ations involved during each
timestep are indicated. During each step, several detailed subroutines,

which are not shown here, are called.

3.2.11 Transient Thermal Simulation

On the primary side, the 1oo§ 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 whfch 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 condensed to
water in a coﬁdenser and the condeﬁsate returned to'the steam genefator through
a series of feedwater heaters. As an examp]e,.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 séparators, 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-supplied 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 flow segment °
is a linear series of components and contains only pfpes, 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 segment 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 steam 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‘éimU]é-
tion model is dictated by the tybe of transients to be ana]yzed by fhe modeil
The transients to be analyzed by the initial version of the SSC-L code aré ini-
tiated by faults in the reactor core, the primaky heat transport system, or |
the intermediate heat transport system. Their effect 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 éxchangers. Flow tran-
sients initiated by changes in the surféce 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 area

duct are(3'32)
mass: .
%ﬂ + %- §¥-= 0 . (3-356)
energy:
P
Z(GE-P) +§ & () =2 (3-357)
momentum:
1 oW, 1 3 W P FlWluW
2 4 = I = - 2. - pg . (3-358)
A at A2 32 »p Y 2pA2Dh

The sonic effects associated with the fluid compressibility can be

eliminated by assuming that the fluid density is a function of enthaipy only,

p = p(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 compressibility.
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 approximation, 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 1ihes, the largest discontinuity being
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at the Tiquid 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

equations over a control volume extending from Z1._1 to Zi:

mass:
) .
Af dZ+A/ K-a"z'dz-o, (3360)
energy:
Z1 5 Zi 1 Z1 Ph
A1f at( P)dz+A1.f K—-(NE)dZ'Af —I_\_qdz
i Lo Ziy (3-361)

Defining the volume averages as

1 f‘
m, = s——=— o dz , (3-362)
1 Zi - Zi-l 7
j=1
7.
1 1
e, = f oF dz (3-363)
i Z. -1
1 1-1 7
i-1
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7.
j
<Q>; = Z_-_IZ_ f qdz , (3-364)
T 1-1 7
i-1

the nodal form of the conservation equations becomes:

mass:
. Bmi 1 .
(8Z;) 5p-+ = Wy =W, ) =0 3 (3-365)
1
energy: ,
aei aPr 1 Ph :
(Azi) 3T (Azi) SE_-+ K; (WiEi - wi—lEi-l) = 7r'i (Azi) <q>_i . (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.
- 1 ! _
"t e S e(ER) dE = m(E, LEP) (3-367)
i-1
and
i
= 1 - i
e; = £, - B E/ﬁ o(E,Pr)E dE = e (E1_1,E1,Pr) . (3-368)
i-1

Here, the volume averages were defined in terms of the enthalpy at the ends

(

of the control volume. 3.33) The derivations of m, and e, in terms of Ei

and Ei- are given in Appendix A. Using these definitions of the volume

1
averages, the mass and energy equations become

om, \ dE. am.\ dE, am.\ dP W. - W.
! el 1) iy_r,o (0 Tl . (3
<3E. ) at <3Ei) aw t (apr) at T A ( A7, ) 0 ; (3-369)

mass:

i-1 1
energy:

se, \ dE. . . se.\ dE; . se.y\ dP ) P, L1 WiEs - Wi Ei ) } Eh. @
ok, ,/ dt 3k, ) dt 8P,/ dt dt A, AL, A Js i
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This particular form of the conservation equations has been found to'
an unrealistic (false) numerical diffusion. To reduce this diffusion, the
assumption is made that the time rate of change‘of enthalpy at the upstream
end of the control volume is equal to the time rate of change of enthalpy
at the downstream end of the control volume, i.e.,

dE, dE

i-1 _ i
at @ (3-371)

Using this assumption, the mass and energy equations become,

mass:

om, om. \ dE. am., dP (W, - W, .)
i i i i r 1 i j-1) . )
(aEi- ' 351-> at " 3P, dt *Ki‘ —5g——— =0 3 (3-372)

1 1

enerqgy:

de. . de,\ dE, de, dp W.E. - W, E. P
i 0T i i r. 1 (71 i-17i-1\ _ [(_h )
oo 3 5 (o) e+ & (gt L () o, .

which is equivalent to donor cell differencing. It should be noted that this
approximation was also used in Section 3.2.2. These equations are applied
to each control volume in the pipes, heat exchangers, and pumps in each flow

segment.

3.3.2.2.2 Hydraulic Equations

Because the pressure is assumed to be constant with respect to position
in the flow segment, the momentum equation must be integrated over all con-

trol volumes in the flow segment. This integration yields

I dd—t<w> = (aP - F) , | (3-374)
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where the average flow rate {(WD is given by
MW= —, ~ (3-375)

and the inertance of the flow segment is givén by

Z
I = J/'° ez - (3-376)
.ZI
The foté] pressure force, AP, acting on the flow loop is the difference

between the sum of the imposed pressure drop and the pump pressure rise given

by

AP = PI - Po + APp s (3-377)

and the total flow resistance, F, given by

JA JA
F = /° 12 (%’:—)dz + f° LU g, 4 7 g gz s 'ij(ﬁ“—lﬂ)j-(s-m)

20A%

Note that the last term in the above equataion has been added to represent
pressure losses due to changes in flow area, fittings, valves, etc. The total
resistance, F, may be written as the sum of the flow resistance of the in-

dividual control volumes,

N w2 w? N 24 N Zs
F=Z—1—--—1.- }'1+Zf iU‘J—[N—dz+2./‘1o<_; dz
A2 \Pi  Pio, 20A%D -
j=1 A M i=1Z PR i=1 7
1-1 1-1
+ E(l_x’i‘NZW) . (3-379)
I \20A” /]



Assuming that the flow rate in any control volume varies linearly with
position in the control volume, the average flow rate in the flow segment
may be written as
L AZ%
WD = T':E: Z_L\.?(wi + ”1-1) ) (3-380)
i=1 .

The integrated momentum equation gives only one equation relating the
(N+1) flow rates in a flow segment containing N control volumes so that N
additional equations ‘are needed. One way in which these N additional
equations, which define the flow rate distribution, may be found is by elim-
inating the enthalpy derivative from the mass equation [Equation (3-356)]
by use of the energy equation [Equation (3-357)]. The mass and energy

'equations written in terms of pressure and enthalpy are, respectively,

mass:
dp ~
pYdE | (o )\ _r 1 3W_ -
(aE) t * <3Pr> at x> (3-381)
energy: » )
e P woaE P
PEE- T TR ez RO (3-382)

P dpP dP
1L W_ 1 (3}l h,,_r_ W] 3 “r )
A 3z p<aE>[Aq+ t " A z] P, dt (3-383)
Collecting the pressure terms, we find
Lo _1oap|fh w1 P (3-384)
A 23z p OE | A A 3z |. a2 t :
r

where

TR S
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We can see from Equation (3-384) that the sonic effects are included.
They are removed when the reference pressure is constant in time. This
relation can now be integrated over the N control volumes to yield N
equations relating the flow rates at the ends of the control volumes to the

reference pressure and the enthalpies at the ends of the control volumes.

3.3.2.3 Pump Model

The hydraulic model of the pump is very simple. The pump pressure

rise is given by

AP_ = pg H

- _(3-386)

p 2
where Hp is the pump head. The pump head is determined from the pump char-
acteristics as a function of pump speed and pump flow rate. For this simple

model, quadratic characteristics are assumed, so that the pump head is given

by
- - 2 - 2 -
Hp Hr [(1 a) Wpa] = @ Wre]] . (3-387)
The relative pump speed, Wpal and the relative pump flow rate, wre], are

their instantaneous values divided by pump speed and flow rate at rated
conditions , respeétive]y. The relative pump speed is constant during

operation until it is turned off, after which it decays according to

1

“rel T T¥ i/, (3-388)

where t is the time since the pump was turned off and " is a user input decay
constant. The instantaneous pump flow rate is the flow at the inlet of the

pump determined from the overall hydraulic model. Mass storage in the pump
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as well as the entha]py rise in the pump are neglected.

3.3.3 Model for Accumulators

3.3.3.1 Conservation Equations.

The conservation equations for the accumulators are
mass:
41 W_4 . -
£ T % 3z 0 ; (3-389)
energy:

3. 1 3 _ .
3t (pE - P) + A SE'(WE) = 0‘ (3-390)

The fluid in the accumulators is assumed to be stagnant. Therefore,

the momentum equation for the accumulators is satisfied identically.

3.3.3.2 Nodal Form of Conservation Equations

The nodal form of the conservation equations are found by integrating

the partial differential equations over the volume of the accumulator. Thus,

mass:
fap dv f— Hav=-0 ; (3-391)
energy:
f—aﬁ-(pE-P)dv+f1 AE) 4y =g - - (3-392)
v
Defining the volume averages as before, we obtain
d J '
dp _ -
vEE= D W (3-393)
j=1
and
d dP J '
Vg5 (o) -V §5 = Zl WiEs (3-394)
J:



where V is the volume of the accumulator and the summations are over all
flows into or out of the accumulator. Note that each accumulator is re-
presented by a single control volume. Using the equation or state to elim-

inate the time derivatives of the density, we obtain

J
w  dE L2 dP_ 1y ]
5" gt 9P dat TV 2 ¥ (3-395)
and J=1
J
. 3p\dE . 9p _ dP _ 1 . -
(""E aE)dt+(E 3P 1) T 5T 20 WsE; (3-396)

3.3.4 Transient Integration Scheme

The choice of the integration scheme for the simulation was dictated
by two considerations. First and foremost, the integration scheme must be
capable of taking large timesteps so that the amount of time spent in com-
puting the state of the steam generating system is as small as possible.
The second reason is related to the first by the desire to use a reference
bressure for each flow segment, which is calculated by the code and which
varies during the transient, rather than require the user to specify the
reference pressure. The reference pressure for each flow segment was chosen
to be the average of the pressures at the inlet and outlet ends of the flow
segment. This reference pressure could have been chosen to be constant in
time at its value Before the transient begins, but has been al]owed'to vary
in time during the transient to better model the effects of the absolute
pressure level on each flow segment. However, because the time. varying
reference pressure reintroduces the sonic effects removed by the assumption
of a reference pressure in the derivation of the equations, an implicit

integration technique must be used to allow longer timesteps to be taken.
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3.3.4.1 Implicit Form of Flow Segment tquations
3.3.4.1.1 Thermal. Model

The reduction of the conservation equations for mass and energy from

ordinary differential equations to algebraic equations is accomplished by

integrating the conservation equations [Equation (3-372) and (3-373)] over

a time interval At (where Atk 1 tk+1 - tk).
mass: k+1 K+
t am, am\ dE. (ami dp
f (aE. ¥ aE.) T dt ./ ?P_)'a"f"' at
k i-1 i’ - tk r
t
k+1
(W, = W, )
*l,{ 11T gt =0 5 (3-397)
A. AZ.
1t 1
energy: tk+1 tk+1
aei aei dEi - aei : dPr '
S (aE. * aE.)Adt cars f (W - 1) T
A tk i-1 i tk r »
k+1 k+1
L MEs - W El Eoey
s L1 f ol Bl Lt W ) (>, dt - (3-398)
A, AL, A i
1tk i £

Assuming that the coefficients of the time derivative terms and the

heat flux are constant during the timestep, we obtain

mass: K o K
am, am, m.
e + ——l) AN 4 (——i> APk+1
<3Ei—1 aE,i i aPr _
k+1 '
At k+1 k k+1 - . -
energy: K K
de,  de, se, SN
———1—-+-——l> pEXHD 4 (——l - 1) WPEHT 4 f}"“' oW,
(aEi_1 3E i | aP, r Z;A; i

P
s (1) @

| k_-k k+1_k+1 k k
+ (1- O)w1E1 w1_1E1.-_1 - (1-0)U1_1Ei_1]

(3-400)
- 167 -



where

kt1_ ck+l ok kb1 _ okt ok
sEST= BT - EY and 4Pt =P - Pl

The time integrals of the flow terms are approximated by the theta
difference method. Accordingly, we write

tk+1

1
f g(t) dt = at** [@ o(t**Y) + (1-0) g(tk)] (3-401)
k
t
where g(t) is an arbitrary function of time, and the value of @ (0<6<l) con-
trols the degree of implicitness. For example, 0=0 gives a fully explicit
method, and ©=1 implies fully implicit.
The nonlinear flow term in the energy equation is linearized by the use

of a first-order Taylor expansion. Thus,

k+1.k+1 _  k_k k k+1 k. k+1
W, Eg ~ = WiE, + WaE "~ + E AW, (3-402)
This equation is now rewritten as:
K+l k+1 K. k+1 . K k+1 '
w2 Eg = szEz + Ezwz (3-403)

Expanding the flow terms in the energy equation in terms of the relation

given by Equation (3-403), we obtain

k k

Be. N Be. ae. k+1
1 1 k+1 1 k+1 At k _k+1 k k+1
<3E‘i_~| + a—E1-> AE1 + (—aTY: - 1) APY‘ + —F\—1-AZ__| [O(WAE + E1W_| )

k
k k k okl ko k#l k
+ (1-0) W{ES - o(Wi_ AEST + EY_WiT)) - (1-0)Wi_E; ]
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k+1
W;

where

and

Solving Equations (3-399) and (3-404) simultaneously for AE

1
in terms of AE?fl, w?fi and APE+1 gives
k+1 _ k+1 k+1 k+1
AR = ey BEL  * G APt ey Wi Y ey
k+1 _ k+1 k+1 k+1
Wi " =cs Wi, +C MBS *Cy 8P+ cg
k
c, = 1 Atk+1 Ow1'1
1 N Vi ’
1 K om. k de. k
c, = — E. ( 1) - ! +1
2 o i aPr aPr ’
¢, =+ st (Ek EB)
3 o Vi i-1 i
1 k+1 | ("h (1'9)w§-1 K k)
TN A V- AR % B (Fi-l "B
c3V; am. am. k
s = 1 aT\se— * ) -
> oAt i-1 i
-V. am am. k
Ce = kll ¢ E] T 3E : ,
° oat e TS P
=V. . (/5m. k am., am. k
ey (L )
7 oatktt (NP 2 \eky_, oy
k
-V, oam. om.
i k k j j
c, = (1-0) (Wg - W, ) +c (—————-+-———) R
8 QAtk+1 i i-1 4 \oE;_,  9E;
Je. Je. k om. om. k Atk+lew¥
c = < iy 1) _ Ek ( i, 1)y i
0 oE;_,  9E; T \oE;_, 9, v;
V. = aZ.A
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(3-407)
(3-408)
(3-409)
- (3-410)
(3-411)
(3-412)
(3-413)
(3-414)
(3-415)
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Equations (3-405) and (3-406) relate the conditions at the downstream

end (i) of a control volume with those at the upstream end (i-1) of the

control volume. Defining the conditions at the downstream end (i) of the

control volume in terms of the condition at the inlet end (I) of the flow

segment,
k+1 _ 1 k+1 2 k+1
AEi Ci AEI + Ci Apr +
k+1 _ .5, k+1 6 k+1 7

c3w

AP

(3-417)

(3-418)

and substituting these definitions into Equations (3-405) and (3-406),

the following recursion relations are obtained:

1 6
= .o+ ;
CG=ey Gy teg Gy, s
2 2 7
. = .+ .+
€y =cy G5, + ¢y C1_1 c,
3 3 - 5
. = . L+ X
Ci=c G+ Chy s
Ci=c, Ci  +c,C +C
1 71 Ti-l 3 Yi 4
5 5 3
. = .+ ;
Ci=cs Cip +cg Ciy s
6 6 1
. = . .+ .
Ci=¢s Gy % Gy o

i 5 Yi-1 6 “i~1 7
C8 =c. C +c,. C + ¢,
i 5 Yi-1 6 “i-1 8
1— 2=3=l+= 5:
where Co =1, Co Co Co 0 and C0 1, and
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3.3.4.1.2 Hydraulic Model

The momentum equation for the flow segment is given by

L= (p-F) , (3-427)
where
AP = Pp - PO+ AP (3-428)
and
N 2 N F
. :Z: .L_(gi._ w1_1) , }E: Flw, + w1-1| (W, + W, _ ) aZ;
71 A i Pia/ £ 8AZ m. D
N
+E m; (g - AZ +E (3-429)
o =1 ZpA ‘

Expanding the time derivative as a backward difference and linearizing

the square terms in the flow resistance and pump pressure rise, we obtain

k+1 _
p 2 k;1<ﬂ> S pk (3-430)
At |
where
R A (3-431)
0 p
and
T (1 e W TR 1 B (T A WV 2
F 1 = Z A 1 1-1 1-1 + 1 1 1-1 1 1-1 1
| A2\ ok vk sm< A2 D
i=1 7% Py S B UR B3 1 i " “hi
N ’ ki k+1
+ mt (g - oaz,) + 2 (ﬁm—l“——> . (3-432)
i : i - k ,2 .

k+1 and pump pressure rise AP:+1 are expanded

in terms of the conditions at the inlet of the flow segment which gives,

The flow resistance F

k+1 k+1

R T S N T N (3-433)

2K F

P
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where the definitions of the coefficients S, T, U, and V are given in
Appendix B. Next, the average flow rate is determined in terms of the

flow rate at the inlet of the flow segment;

At = %—[%C5> w?*l + (8 AE'I(+1 + <% AP':,+1 + <C8>] (3-434)
where
AZ,
€= m (5 + ;) (3-435)
i=1 ’
AZ,
¢t = s (€5 +¢) (3-436)
i=] 1
AZ,
€= el vl ), (3-437)
i=1 1
8 N Azi 8 8
€= o (ci+ ) (3-438)
i=1 : -

Substituting Equation (3-433) and Equation (3-434) into the momentum

equation for the flow segment, Equation (3-430),yields,

k+1
r

Y AR N AR GO WU GO

1 X + atkt! [P? + AP¥+1 - Pg - AP§+1 -

SW - T AE - U AP -V

§+1 ¥+1 t+1 ] (3-439)

The change in the reference pressure is defined in terms of the

changes in the pressures at the inlet and outlet ends of the flow segment,

1 k+1 k+1 ‘ _
6P =5 (API + Py )y (3-440)
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so that the flow rate at the inlet of the flow segment can be written as

k+1 k+1 k+1 k+1

Wy = My aPyr + My AP 7T+ Mg aE T+ M, (3-441)
where }
- %- « - atktt . (z-uﬂ
M, = L (3-442)
b % + athtt s
- % &’ + atkt? (2+u)] :
M, = —2-L ~ 4 3-443)
2 > + ¥l s
6 k+1 ] ’
M= LC2 v at” T - (3-444)

k+1

3 (CS> + At S

B L R U (R V)] S
ML‘. = — 5 k+1 = (3-445)
: > + at S

Substituting Equation (3-441) into the flow distribution equation,

Equation (3-418), gives,

k+1 _ /.5 1 .7 5 1 .7y okl
W, o o= (Ci M+ 35 Ci) AP +-(Ci M, + 5 Ci) AP,

k+1

- .8
I + (ML+ + Ci) s (3-446)

+ (Mg +C2) aE

for the flow rate at any point in the flow segment. The enthalpy can also

be expressed in this form by,

k+1 _ ,.3 1 .2 k+1 3 1 .2 k+1
B = (G M+ Cy) aPp + (G My + 5 CF) 4P
k+1

3 1 3 L
+ (Ci M, + Ci) AE + (Ci M, + Ci)'(3'447)

I
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These two equations can be written in a more compact form as
XK1 = ckoy pkoykHt g gky : -(3-448)

where

[AF
Y5 = loe),

i
- |51 o (3-449)

Y
_o

and the coefficient matrices C, D, and E are evaluated using the state of

the flow segment at time k.

3.3.4.2 Implicit Form of Accumulator Equations

Expanding the conservation equations for the accumulators using

backward time differences, we obtain

k k

k1 N
d3p\ AET 3p AP 21 k+1 -
(BE) 2t t (aP) DI (3-450)
J=1

k .
k+l k+1 J
) AE AP 21 k+1 -k+1 _
(p + E —QBE) 5t (E =P 1) : 7 §;wj EJ. . (3-451)

The sums on the right hand sides of these equations are the flows and
flow enthalpies at the interface between the accumulator and all flow seg-
ments attached to it. Flow out of a flow segment (into an accumulator) is

considered a positive flow.
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These equations may also be written in a more compact form as

B %=

i
(o]

(3-452)

AE
Z- =‘ [ ]

and the coefficient matrix A, is evaluated using the state of the accumu-

where

lator at time k.

3.3.4.3 Solution Procedure for Steam/Water Conditions

1
The state of the steam generating system at the advanced time (tk+ )

can be determined by solving the conservation equations for the flow segments
and accumulators simultaneously. The set of equations can be reduced con-
siderably by observing that the unknown béundary conditions for the flow
segments are just the conditions in the accumulators at the inlet and outlet
of the flow segment. Likewise, the flows and flow enthalpies which appear
on the right-hand side of the accumulator eqqations are just the flows and
enthalpies at the ends of the flow segments attached to each accumulator.

The set of equations are reduced by writing the flow and flow enthalpies
at the inlet and outlet ends of each flow seément as a function of the condi-

tions in the accumulators:

k+1 i
M T 2 Eny It 6
m=1
and
k+1 _k+1 _ _
Wi ES 2 Rig I S5 > (3-453)
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where the steam generating system contains M accumulators.

These relations are then used to express the right-hand-side vector
B in the accumulator equations [Equation (3-452)] in terms of the state
of the accumulators only. The set of equations for all the accumulators
can now be solved. In the derivation of the flows and flow enthalpies in
the flow segments in terms of the accumulator conditions, cross terms
(order Az) which appear in the flow enthalpy term have been neglected so
that the flow and flow enthalpies can be expressed as linear combinations
of the unknown states of the accumulators. Once the state of the accumu-
lators at the advanced time has been determined, the state of the flow seg-
ments can be determined by back substitution of the accumulator states

into the conservation equations for the flow segments [Equation (3-448)].

3.3.4.4 Evaluation of Surface Heat Fluxes

In the integration 6f the energy equation in the flow segments, the
surface heat fluxes, where they are different from zero (i.e., in the
heat exchangers), were assumed to be constant. Before the next timestep
can be taken, they must be updated for the conditions existing in the flow
segment at the end of the timestep.

The multi-tube heat exchanger is modeled by a single representative
heat transfer tube, and the arrangement of the control volumes in this
representative tube is shown in Figure 3-37.

The heat fluxes on the two surfaces of the tube are given by

k+1 _  k+l k+1 =K+1 _Aed
Wys = s <Tw " Tus > (3-454)
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and

k+1 k+1 [=k+1 k+1
Dy = hy (TN - T, ) - (3-455)

where the average temperatures in the two fluids (sodium on the outside of

the tube and water inside the tube) are computed from

=k+1 _ o fgktl  pk+1

Tt T(Ews , P ) (3-456)
and

T*,\j“ - T(E*,;“) , (3-457)

and the average fluid enthalpy in the control volume is given by

k+1

FK+1 _ _k+l

Ews ews / mws s (3-458)
=%k+1 _  k+1 k+1

EN = ey / My (3-459)

and h are also computed using

The heat transfer coefficients hkzl k+1

w N
the average conditions in the control volume. The enthalpies in the sodium

at the advanced time are found from the energy equation for the control
volumes representing the sodium side of the heat exchanger. The energy
equation for the control volumes representing the sodium side of the heat
exchanger is identical in form to the energy equation for the control
volumes on the water side of the heat exchanger [Equation (3-373)] except
that the properties of sodium are assumed to be independent of pressure.
The sodium flow rate and the sodium enthalpy at the inlet of the heat ex-
changer are provided as boundary conditions by other modules in the SSC-L

code and are known functions of time.
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Figure 3-37. Nodal diagram for steam generator
thermal balance.
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In order to evaluate the heat fluxes, the tube wall temperature at
the advanced time must also be known. The tube wall temperature is found
from the energy equation for the control volume representing the tube wall,
dTW _ 4(DN <q>N - DWS <qZNS)

(eC,) = - (3-460)
p’ dt 2 _ 2
AZ(DN Dws)

Expanding the time derivative of the tube wall temperature as a back-

ward difference, we find

K T L gk
(pC )" w " w 4 k+1 =k+1 _ _k+1y _ K+l ok+l k41
P k+1 2 2 DN hN (TN Tw ) Dws hws (Tw Tws )|
At AZ(DN - DWS)
(3-461)

where the heat fluxes have been expanded in terms of the respective heat
transfer coefficients. This equation can now be solved iteratively for the

tube wall temperature at the advanced time,

D hk+1 =k+1 +D hk+1 Tk+1

T
Tk+1 = 1K &+ N @. N __WS WS WS , (3-462)
w W (pC )k AZ(DZ - DZ )
P N wS +D hk+1 D hk+1
4Atk+1 N N WS WS
. . k+1 k+1 .
where the heat transfer coefficients hws and hN are functions of the tube

wall temperature T§+l.

The modes of heat transfer on the water side and the correlation used

to calculate the heat transfer coefficient for that mode are
(3.37)

1) forced convection to subcooled water (Dittus-Boelter),
2) subcooled or saturated nucleate boiling (Thom),(3'38)
3) saturated film boiling (Bishop),(3'39) and

4) forced convection to superheated steam (Heineman).(3'4o)
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Only forced convection to liquid sodium (Graber-Reiger)(3‘41) is
allowed on the sodium side of the heat exchanger. The location of the
departure from nucleate boiling is determined, using the Atomics Internation-

(3.42) The heat flux on the water side in the control volume

al correlation.
containing the departure from nucleate boiling is computed as the area-
weighted average of the heat fluxes for the pre-DNB and post-DNB portions of
the control volume.

Once the tube wall temperature at a particular axial location in the

heat exchanger has been determined, the surface heat fluxes at that axial

Tocation can be found using Equations (3-454) and (3-455).

3.3.4.5 Overall Solution Procedure

A simplified flow chart of the overall solution procedure is shown in
Figure 3-38. The flow rates and enthalpies for all control volumes contain-
ing water and/or steam are advanced in time, using the procedure described
in Section 3.3.4.3. Then the enthalpy in all the control volumes represent-
ing the sodium side of the heat exchanger is advanced in time. Next, the
tube wall temperatures at the advanced time are computed, using the enthal-
pies and flows in the two fluids (water and sodium) computed in the first
two steps. Finally, the surface heat fluxes are computed from the enthalpies,
flows, and tube wall temperatures at the advanced time. This completes the
sequence of computations for a single integration step.

In order to use this procedure, one additional variable must be chosen,
the integration timestep. In the initial version of the steam generation
module, the timestep will be chosen so that the maximum change in any flow
rate or enthalpy during a timestep is equal to a user specified value. Be-

cause the magnitude of the changes in flow rate and enthalpy cannot be known
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Figure 3-38. Flow chart for transient solution
of steam generator.
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until after the integration has been performed, the timestep will be esti-
mated based upon the past performance of the system, using a first-order
extrapolation formula. Using this procedure, the timestep will be continu-
ously adjusted so that the makimum permissible timestep which corresponds

to the user-input maximum change in the flows or enthalpies during the time-

step will always be taken.

3.3.5 Steady-State Computations

The transient integration procedure requires as its initial conditions
the values of flow rate and enthalpy for all nodes in the steam/water side,
temperatures of the tube wall nodes, and enthalpies for all nodes on the
sodium side of the heat exchangers at steady-state conditions. Rather than
performing the transient integration procedure until a steady-state is
achieved, the steady-state is determined by setting all the time derivatives
in the conservation equations identically to zero. This yields a 1arge set
of nonlinear algebraic equations for the steady-state values of flow and
enthalpy in the flow segments, pressure, and enthalpy in the accumulators;
the temperatures in the tube wall, and the enthalpies in the sodium nodes in
the heat exchangers. This large set of equations is partitioned into the )

flow segment equations and the accumulator equations. A simplified flow chart

for the steady-state computation is shown in Figure 3-39.

3.3.5.1 Accumulator Conditions

The user is required to input the pressure and liquid level (or enthalpy)
in each accumulator. These conditions are used to establish the inlet condi-
tions for the flow segments connected to the accumulators and uncouple the

thermal and hydraulic calculations in the flow segments.
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3.3.5.2 Flow Segment Inlet Conditions

The conditions in the accumulators are used to determine the inlet con-
ditions (pressure and enthalpy) for the flow segments attached to them. The
pressure at the inlet of any flow segment is the pressure (user specified)
in the accumulator to which it is attached. The determination of the average
specific enthalpy in an accumulator and the calculation of the enthalpy of
the flow into the flow segment attached to that accumulator depend upon the
liquid level in the accumulator, whether there is a fill junction adding feed-
water to the accumulator, and the height (relative to the liquid level) of
the connection between the accumulator and the flow segment. If the liquid
level is either zero (no liquid) or one (all liquid), the average specific
enthalpy of the fluid in the accumulator and the enthalpy of the fluid into
the next downstream flow segment are equal to the enthalpy of the flow into
the accumulator from the preceding flow segment. If the Tiquid level in the
accumulator is greatef than zero but less than one, the average specific
enthalpy in the accumulator corresponds to the saturated enthalpy at a quality
equal to the 1liquid level.

The enthalpy of the flow into the next flow segment‘dependq npon the
height (relative to the liquid level) of the connection of the loop to the
volume. If the connection is above the 1liquid level, the enthalpy of the
fluid entering the next flow segment is the enthalpy of saturated steam deter-
mined from the pressure in the accumulator. If the connection between the
next downstream flow segment is below the liquid level, the enthalpy of the
fluid entering the next flow segment is the enthalpy of saturated water evalu-
ated at the accumulator pressure. However, if a fill junction is adding sub-

cooled liquid to the accumulator, the user may specify that the enthalpy of
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the flow into the next downstream flow segment is the mixed enthalpy of
the saturated liquid in the accumulator and the subcooled feedwater. The
mixing fractions are determined from the fill junction flow rate and the
flow rate in the flow segment under consideration.

Once the enthalpy of the flow into a flow segment is determined, the
flow rate in that flow segment may be found. If the flow segment contains
a pump, the pump reference flow rate is used as the flow rate in the flow
segment. If no pump is present in the flow segment, the flow rate is deter-
mined from the flow rate in the previous flow segment of the phase entering
the flow segment under consideration.

Once the inlet pressure, flow, and enthalpy have been established, the
conditions in each component in the flow segment are calculated beginning
with the first or most upstream component and proceeding in the direction of

flow.

3.3.5.3 Water/Steam Computations in Pipes

The flow model for a pipe utilizes the volume-averaged momentum equation
to determine the pressure change in the direction of flow along a length of
pipe. Pressure changes due to wall and interphase friction and changes in
elevation and flow acceleration due to flashing are included.

The pipe is divided into a user specified'number of control volumes, and
the pressure change in each control volume is determined beginning at the up-
stream end of the pipe and marching downstream until the last control volume
is reached. An additional pressure change is located at the downstream end
of the pipe and is calculated using a user specified loss coefficient. This

loss coefficient can be used to represent the pressure changes in valves,
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flanges, area changes, etc. The pipe must be a strajght length of pipe,

but may be oriented at any angle to the vertical. The user may also specify
the pressure at the end of the pipe. If the pressure is specified at the
end of a pipe, the loss coefficient is adjusted to produce that pressure.
Flow in all pipes is adiabatic so that the enthalpy at the outlet of the
pipe (Eo) is identical to the enthalpy at the inlet of the pipe (EI)'

The pressure at the outlet of any control volume (P_.) is the pressure

0
at the inlet of the control volume (PI) minus the pressure drop in the con-
trol volume (aAP). The designations of inlet and outlet are based on the

local water flow direction. The pressure drop in the control volume is de-

termined from

T AZ W ¢
ap = W (3; - —l-) s —— TP s g -4z (3-463)

The two-phase friction multiplier (¢TP) is given by the homogeneous flow
model. The friction factor is a function of the Reynolds number which is
determined from the average fluid properties in the segment, and the pipe
surface roughness to diameter ratio. The pressure change at the end of a

pipe is given by

ap = K (3-464)

where K is the loss coefficient.

3.3.5.4 Computations in the Heat Exchangers

The heat transfer in the evaporator/superheater model is calculated
using a single-tube representation of the multi-tube heat exchanger. Pres-

sure losses in the inlet and outlet plena on the steam/water side are
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calculated from user-supplied loss coefficients (or loss coefficients are
calculated using user-supplied pressure losses). The active length of the
heat transfer tube is divided into a user-supplied number of control volumes.
The vqume-averaged energy equations are utilized to determine the water/
steam enthalpy, sodium temperature, and tube wall temperature, as shown in
Figure 3-40. The volume-averaged momentum equation is used to determine the
steam/water pressure at the downstream end of each control volume, beginning
with the most upstream control volume (upstream relative to the steam/water
flow) and proceeding in the direction of steam/water flow until the end of
the heat transfer tube is reached.

The enthalpy change in each of the fluids (steam/water and sodium) is
calculated using an average surface heat flux for each control volume. The
average surface heat fluxes are calculated based on the average thermbdynamic
state of the respective fluid, the thermal resistance of the tube wall, and
the thermal resistance of the surface fouling on the steam/water side as well
as on the sodium side. The enthalpy rise in a control volume of the steam/
water side is given by

(D¢ 8Z) <aX

E =E, +f , (3-465)
0 I q wws
where the average surface heat flux is given by [Equation (3-442)]
<q>Ws = hws (Tw - Tws) . (3-466)
The corresponding equation for the sodium side is
(7D AZ) <o),
= N N -
CpTI CpT0 + fq W , f3 467)

N

where the average surface heat flux on the sodium side is given by
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@y = hy (Ty - T,) - o (3-468)

1 _ 1 1

= + R + — (3-469)
hws hfﬂm,ws W,WS hfou],ws
1 1 1
— = + R o, (3-470)
iy Peitmn YN Peout '

where the film heat transfer coefficients are given by standard corre]étions
and the fouling heat transfer coefficients are user-input quantities. The

tube wall resistances are given by

Dws Dw
R = 5= N =— (3-471)

W,WS kw DWS

D D

N N
R = s— N = ' (3-472)

w,N 2kw Dw

where
_ 1

Dw = 3 (DN + Dws) (3-473)

The tube wall temperature is given by
Dy <@y = D,s @5 (3-474)

which can be rearranged to give

Db _h T +D,h, T

W Dws hws * DN hN

Because the CRBRP evaporators and superheaters are counterflow heat
exchangers, the steam/water inlet and the sodium outlet are located at the
same end of an axial segment. A cbcurrent heat exchanger may be simulated

by considering the sodium flow rate to be in the negative direction. The
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three energy equations [Equations (3-465), (3-467) and (3-475)] must be
solved simultaneously with the momentum equation to determine the steam/
water outlet enthalpy, the sodium inlet temperature, the tube wall temper-
ature, and the steam/water outlet pressure for a given control volume.

On the sodium side, the mode of heat transfer is forced-convection heat
transfer, while on the steam/water side, three modes are considered for heat
transfer to subcooled and saturated water, and a single mode is included for
heat transfer to superheater. steam. The forced convection, nucleate boiling
and film boiling modes are included for heat transfer to subcooled or satu-
rated water, and forced convection is considered for heat transfer to super-
heated steam. The heat transfer correlations that represent these regions
are included in Chapter 5.

Because the departure from nucleate boiling (DNB) is accompanied by a
large drop in the surface heat flux, the control volume in which the depar-
tgre from nucleate boiling occurs is treated differently. When DNB is de-
tected to have occurred in a control volume (the DNB is detected by comparing
the outlet quality of a control volume to the quality at DNB computed from a
correlation), the confro] volume is divided into two portions. The length
of each portion is adjusted so that the DNB point 1ies on the boundary be-
tween the two pieces of the control volume. Only film boiling heat transfer
is allowed in the downstream portion of the divided control volume and all
ofher control volumes downstream of the DNB location, while either forced
convection or nucleate boiling are allowed for control volumes upstream of
the DNB Tlocation.

The calculations use the actual (user input) length of the heat exchanger

tube unless the user specifies the heat exchanger steam/water outlet enthalpy,
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the heat exchanger steam/water outlet quality, or the heat exchanger sédium
inlet temperature. When any one of these are specified, an area correction
factor, fq, is calculated.. This area correction factor modifies the length
of the heat transfer tube in such a way as to produce the specified outlet

(or in]et) conditions for the heat exchanger.

3.3.5.5 Pump Computations

The model adopted for the recirculation pump is extremely simple. The
outlet pressure (Po) from the pump is determined from the inlet pressure of
the pump (PI) and the pressure rise in the pump (APp). The pressure rise in

“the pump is given by

P0 - PI = APp = Hp {9 - (3-476)
The pump head is determined from the pump characteristics as functions
of pump speed and flow rate through the pump. For the simplified model,

quadratic characteristics are assumed, and the pump head is given by

_ 2 2 -
Hp = Hres [(1 ta)wey - “wrel] ’ (3-477)
where
Eref = pump head at rated speed and flow rate,
W of = PUMP speed relative to rated pump speed, and
wr61 = pump flow rate relative to rated flow rate.

The pump is assumed to operate at rated speed unless the user specifies the

pump outlet pressure. If the pump outlet pressure is specified, the pump

- 191 -



speed is adjusted to produce the specified outlet pressure. The flow in
the pump is assumed to be adiabatic so that the enthalpy of the flow out of

the pump is equal to the enthalpy of the flow into the pump.

3.3.5.6 Sodium-Side Hydraulics in Heat Exchangers

The momentum equations are very similar to that for the shell side of
the IHX except that bypass flow is not considered. The mass flow entering

the superheater will be
= wS/nS R (3-478)

where ng = number of superheaters per loop. Each superheater will have Ne

outiets where Ng is the number of evaporators per superheater, and the mass

flow entering the evaporator will be

W= ws/(nsne) (3-479)
unless there are no superheaters, in which case

= Ns/ne . (3-480)

The momentum equation caﬁ be written for the superheater as

2
AP =L.L__ M—j—dX"'AP
SH - a2 ey 1
SH hPsy ©
: WlwW| .
2
n
S 1 1] E N [ 1] E (3-481)

in 2 0 2 SH
(0A%) s, (0A") put | (oA
where W in this equation is given by Equation (3-478), and for the evaporator
as:
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where W in this equation is given by Equation (3-479).

Equations (3-481) and (3-482) are the uncertainty absorbers similar to K_,

as defined for the IHX.
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APPENDIX A

Derivation of Volume-Averaged Enthalpy and Density

The volume-averaged density m and volume-averaged enthalpy e can be
found by assuming that the density of subcooled 1iquid varies linearly with
enthalpy and that the specific volume of saturated and superheated fluid
varies linearly with entha1by. Using these approximations, the volume-

averaged density becomes

E.
1 i
my = E;f?g;r;;{r p(E,Pr)dE , (A-1)
i-1
my = (p’i+pi-1)/2 for E1._1<E1.<Ef; (A-2)
1 zn(vi/vf)
m = 3 B(Oi-1+pf) + (1-8) —(71—_—\/9- for E]'-1<Ef<E1’; (A-3)
en(v,/v: )
- i’ i1 . )
m]' v'i -v'i-l for Ef<Ei-1 <E1 5 (A 4)
where
E.-E.
S T i
i T ETE (A-5)

and Ef is the liquid saturation enthalpy at the reference pressure Pr.

The volume-averaged enthalpy is given by

1
e; = Ll(zEve; ) oy + (25, +E) 0y ] for By <Ej<Egs (A6)

_ B
e = & |(Ep+E ) op v (26, 4EQ) i)

: E;, - E Eove - Euvy) an(v./v
(1-3)[ 1 f+ ( £ 1 f) ( i f)] for E'i_1<Ef<E-i’ (A-7)

V. =V 2
i~ f (v1. -vf)

+
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The partial derivatives of m, and e; may be written in a simple form as

32[:1 ) aE:-l Ey 'lEi-l{EipdE ) E—:%", (A-9)
. i-1

ZE: ) E:i-.El::i_l ’. | ~ (A-10)
::‘: ) ;:E1:-:-1‘_3: " (A-12)
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APPENDIX B

Expansion of Flow Resistance and Pump Pressure Rise

Thé flow resistance term in the momentum equation may be found by
direct substitution of the formula for the flow rate at any point in the
flow segment in terms of the flow rate at the inlet of the flow segment
into the individual terms in the flow resistance.

| The total flow resistance is given as the sum of the flow resistances
in the individual control volumes. The flow resistance in an individual

control volume is given by

Kokt k k+1 k k k+1 k+1
I U (e U M R L I U L
i A k B k ™ k D
T\ Py Pi-1 i ™ h
k k+1
Ko (W:) W
+ it 7.y + 04— 1 . (B-1)
i i 2
20. A
i
Expanding the flow rates at the advanced times as
k+1 _ .5, k+1 6 k+1 7 k+1 8 _
and
k+1 _ .5 k+1 6 k+1 7 k+1 8 _
Wylp = C5_ Wy~ +Co aEp "+ Ci AP+ Gy (B-3)

and collecting terms, the flow resistance for control volume i can be

written as
k+1 _ k+1 k+1 k+1 _
Fo'm = sy WP o+t aEp T U AP+ vy (B-4)
where : '
k 5 k 5 k k 5, ¢5
O T S o WL T BV (€5 + G, )
i 2 "k 'k 2
Aj \Py Pi-1 BA7 My Dp;
k ~5
am.. am, K. W, C;
oy f3f i iciici, _C
+ (g - az3) Ci(aE. * 3, )" K2 (8-5)
i i-1 2p1 Ai



where

kK ~6 k 6 = .k k 6 6
A b Ei i wi-} Ei-l LGy W) 8z (65 + C5)
i 2 ! 2
A\ e Pi-1 8A; My Dy
kK ~6
am,  am. K, WX ¢
A I BV AP
1 1
k .7 7 = ..k k 7 7
Ca (MG M Gy Py g ) ez, (G gy )
RANYR WL S 8A2 m, D
i \Pj Pi-1 i " “hi
: e ( am, ami) am, K, W$ Cz (8-7)
+ (g - aZ,) |C; + + + : B-7
i i aEi_1 8Ei aPr 20? A?
k .8 8 k k 8 8
_a MG Wy G Py W) azy (GG + G )
T\ T T T )T 8A% m, D
i \ Py Pi-1 i ™ “hi
k ~8
am. am. K. W. C;
k L i i 171 7
i-1 i 2pi Ai

The total flow resistance is the sum of the individual flow resistances,

ph+L sw'I‘+l T AE'I<+1 + U AP&+1 Vo, (B-9)
N
5 = }E: i
=1
N
T=2t
=1
N
U= u;
=1
N
V= 2{% v, (B-10)
'l:
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The pump pressure rise, AP§+1, is evaluated at the advanced time in

terms of the pump head at the advanced time.

k+1 _ k k+1 (B-11)
P = s
8Pp = e g

where the pump head at the advanced time-is given by

. wk k¥l
HYY p (%) ()2 -0 BB (B-12)
p ref w2 ]
re

The flow rate term in the pump head equation has been 1inearized.
Using the expansion of flow rate in terms of the flow rate at the inlet of

the flow segment and collecting terms, the pump pressure rise can be ex-

pressed as
0p = s Wl gkt ekt (B-13)
p p I p I p r p
where
wk ¢®
s, =-0p goH 5 ,
p
wref
wk ¢c®
t =-0p" goalH R
p r oyl
wref
k .7
W~ C
u, =-p g a H _LE .
P "2
ref
wk 8
vy =+eS g [(m) ()2 - o J;—E] : (B-14)
W
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4. NUMERICAL TECHNIQUE

The thermohydraulic transient simulation of an entire LMFBR system is,
by its very nature,complex. Physically, the entire plant consists of many
subsystems which are coup]éd by various processes and/or components. Mathe-
matically, each subsystem constitutes a set of differential equations with
appropriate boundary conditions. The connections between different subsystems
are made through interface conditions. The numerical method employed in the

SSC-L code 1is discussed in this chapter.

4.1 STEADY-STATE SOLUTION

4.1.1 Description

The essential components and their arrangement in a loop-type LMFBR are
schematically shown in Figure 4-1. Although only one set of loops is explicitly
shown in this figure, any plant can, and does, have two or more sets of loops.
In the SSC-L code, the number of such sets of loops is an input parameter. In
actual running of the code, one can simulate most transients by one or two sets
of loops.

As shown in Figure 4-1, the primary heat transport system (PHTS) consists
of reactor vessel and its internals, pump, primary side of the intermediate heat
exchanger (IHX), check valve,and piping connecting these major components. The
centrifugal pump is a variable speed pump. It provides pumping head for off-
setting the pressure losses due to friction, change in elevation, and other
considerations. The absolute pressure in this closed loop is determined when
the cover gas pressure is specified. Typically, the cover gas pressure is very
close to the atmospheric pressure.

The intermediate heat transport system (IHTS) consists of the secondary
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sodium side of IHX, sodium side in the steam generator, surge tank to accommo-
date change in sodium volume, pump, and piping connecting these'components. The
hydraulic characterization of this closed Toop is very similar to that of the
PHTS.

The steam generator, which constitutes the essential part of the tertiary
heat transport system, can be either a recirculating type similar to the design
used in the CRBRP or a once-through type. In either case, the prime emphasis,
as far as modeling of the water/steam loop is concerned, is on adequate
representation of the steam generator. Details pertaining to the turbine and

condenser are not included.

4,1.2 Numerical Method

The main objective of the SSC preaccident calculations is to provide a
unique and stable plant-wide solution for the initialization of the transient
analysis. The preaccident calculations for the entire plant including all of
the essential components in the primary, secondary, and intermediate heat trans-
port system (HTS) can be time consuhing if the overall conservation equations
are solved simultaneously. One way to reduce demand on computing time is to
take advantage of special features of the plant.

For example, the energy and momentum equations for liquid sodium can be
decoupled since thermal properties are independent of pressure. Thus, the
energy conservation equations for the primary and intermediate sodium loops can
be solved first. The required pumping head is obtained by solving the momentum
conservation equation. The energy and momentum equations for the water loop,
however, cannot be decoupled since the pressure-dependent nature of the two-
phase water properties must be considered.

The resulting system of equations to be solved is a typical set of "m"

- 205 -



nonlinear coupled algebraic equations with "n" unknowns (n>m). Certain groups
of these equations representing the IHX and steam generator (on a component
basis) must be solved iteratively. As the number of unknowns is greater than
the number of independent equations, some plant variables must be known (i.e.,
specified) "a priori." Since uncertainties may exist as to which operating con-
ditions are known or unknown, the user is allowed some flexibility in the
selection of plant variables which are input and those which are to be calcu-
lated. |

The overall logic for the plant thermal and hydraulic steady-state balance
is as follows:

1. Determine the exact initialization scheme for the plant thermal

balance from the input option the user has specified. .

2. Iterate with the detailed steam generator and IHX thermal balances

and the core gross thermal balance to achieve an overall plant

thermal balance.

(a) The steam generator water-side hydrau]ic balance must be deter-
mined in conjunction with the thermal balance due to the pressure-
dependent nature of water-side properties and correlations.

(b) - The detailed thermal balance in the core is not required during
the iterative phase of the overall thermal balance.

3. Determine the'detailed in-core thermal and hydraulic balance.
4. Initialize:

(a) primary loop hydraulics;

(b) secondary loop hydraulics.
5. Initialize:

(a) primary pump speed;

(b) secondary pump speed.
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Since the calculation of the plant hydraulic balance (see steps 4 and 5
~above) can be done on a per loop basis and requires no iteration or special
techniques, it is not discﬁssed further here. The detailed in-vessel balance
is described in Section 3.1. However, the gross plant thermal balance
warrants some discusgion.

A plant schematic of an equivalent single-loop system is péesented in
Figure 4-2. The steam generator model is for illustrative purposes of the
gross energy balance only. This treatment given here would apply to a
forced recirculation or once-through steam generator design.

For the purpose of illustration only, a simplified example is used in the
following discussions. The gross energy balance equatidns may be given by

the following set of five independent equations:

P = [e(Tao) - elTep)] s (4-1)
p=u A aT M, (4-2)
P =Wy [e(Tyg) - e(T)]s | (4-3)
P = Ugg Ag ATggh - (4-4)
P = W [éSo - er] . L (4-5)
where ATLM denotes the log-mean temperature difference and it is defined by the

following expression:
LM (AT)outlet - (aT)

—(Afjgﬁt1etw
A

inlet |

an

e

Equations (4-2) and (4-4) were obtained by assuming that Uy and Uges the overall

heat transfer coefficients of the IHX and steam generator, respectively, are
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constant throughout the heat transfer portions in the IHX and steam generator,
They are assumed to be known from empirical relationships. The sodium
enthalpies are assumed to be functions of temperature only, while the water-sidé
enthalpies are functions of temperature and pressure.

In actual computations for the steady-state in SSC-L, Equations (4-2) and
(4-4) are replaced by a series of nodal heat balances. The overall effective
heat transfer coefficients for each of these nodes are computed as a function
of flow conditions, temperature, and fouling. More details of the procedure can
be found in Chapter 3. Approximate forms of the heat transfer as given by
Equations (4-2) and (4-4) were used to illustrate the method only.

In solving equations (4-1) through (4-5), it is assumed that AI and ASG
are known from the design (although a steam generator area option is available,
see Section 3.3). Also, the current version of the steam generator computational

module assumes that

£, (4-7)

®FW Fw)

thus,

Wg = P/(eSo - er) . (4-8)

Relationship (4-7) is dser-supp]ied input.

Thus, in Equations (4-1) through (4-5), nine variables remain to be deter-
mined (i.e., P, wp, TRo’ TRi’ Wi TIo’ TIi’ e, and PSG). Of these nine, five
can be determined by using Equations (4-1) through (4-5). The remaining four
must be specified as input. .

To allow some latitude in usef flexibility, but to keep the total number of

initialization options within reason, several constraints are placed upon which

parameters may or may not be specified as input. As the reactor side and steam
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generator side contain the more important parameters from the stand point of plant
design and operation, it was decided to leave the entire intermediate loop as

unspecified (i.e., to be determined by Equations (4-1) to (4-5)). Thus, T, , T

Io* 'Ii

and wI may not be specified as input. Furthermore, since the total power (or
power per loop P) is the prime variable, it is assumed to be always specified.

On the steam generator side, it is also assumed that the pressures (PSG) at
the module (e.g., evaporator, superheater) endpoints are specified. This
assumption results from the particular method used to solve the steam generator
initialization (see Section 3.3). It provides an efficient computational algor-
ithm and is not felt to be overly restricfive from a user's standpoint.

Thus, in addition to five equations (Equations (4-1) through (4-5)), two
other parameters (P and PSG) have been assumed to be specified as input. Two
additional variables, and only two, from the remaining four quantities (i.e., wp,

Tons TRi and eSO) are required to specify the system completely. Various com-

Ro
binations of four items taken two at a time, without regard for ordering, yield

six possible pairs of input specifications. These are:

Option Parameters Specified
1 wp, €34
2 Tri* ®so
3 TRo* €50
4 TRo’ wp
5 TRi* TRo
6 Tris wp

Depending on the option the user desires, the iteration logic scheme for solving
the gross plant balance Equations [(4-1) to(4-5)] is selected. The jterative

schemes for the various options are shown in Figure 4-3. Once the overall plant
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balance is obtained, the steady-state solution proceeds to step 3 mentioned
earlier.

The above results are consistent with the fact that for a single-phase fluid
in a closed loop only three staté variables (temperature or enthalpy, flow rate,
and pressure), either at any point in the system or at a combination of different
locations, are required to specify the system completely. It should be noted
that the third state variable, i.e., pressure, for the sodium loop is obtained by

solving the momentum conservation equation.

4.2 INTEGRATION METHOD

The numerical integration in time of the entire system may be carried
out in various ways. Two such integration strategies, geared to digital
computer applications, are discussed further in this section: (1) dintegra-
tion of all variables at a common timestep (i.e., a single step scheme, SSS),
or '(2) integration of various processes/components at different timesteps

(i.e., a multi-step scheme, MSS).

4.2.1 Single-Step Scheme(SSS)

The integration of the entire set of governing differential equations
can be readily handled by advancing all time-dependent variables at a common
timestep. This single-step scheme (SSS) is the simplest method from the
standpoint of the computational logic involved.

In order to satisfy both stability and accuracy requirements, the
timestep size (h) has to be the smallest of all h's for different processes.
Depending upon the integration method used, the smallest h may or may not
be a variable one, i.e., h(t) may or may not be allowed. Nevertheless,

the entire system is solved using a common, single value for h at any instant.
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For the various processes/components modeled in the SSC-L simulation,
estimates for cﬁaracteristiq integration timesteps are shown schematically
in Figure 4-4. As seen in Figure 4-4, the allowable h may be quite small.
Thus, although the logic is reduced, a penalty in terms of computation time
spent in various parts of the system where variations are occurring less
rapidly or where, by the nature of the particular process, a larger timestep
could be allowed, must be paid. Indeed, even for test cases run at BNL
where highly simplified models were studied (eleven differential equations
representing two components), factors of 3 in computational running
. times were seen between identical cases analyzed using the SSS versus the MSS.

The ratio 6f SSS to MSS computational time required can only increase
as more detailed system models (i.e., more variables and components) are
analyzed since the logic involved remains the same, while the number of
equations being integrated is increaged. For this reason, the MSS method

is used to handle the integration in time of the SSC-L code.

4.2.2 Multi-Step Scheme(MSS)

A computationally more efficient integration strategy, which takes
advantage of the fact that different components/processes may have widely
varying timestep size requirements, is being used in the SSC-L code.(4'1)
In this method; various portions of the overall system are advanced at
different timesteps, all being controlled, however, by a master clock.

This method is labeled the multi-step scheme (MSS). It should be noted that
the MSS is closely related to the method of fractional steps of Yanenko.(4’2)
In this section, the division of the overall system into subsystems and the
resulting timestep hierarchy and computational logic are discussed. Later

sections address the individual subsystem integration method and timestep
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control, as well as the overall interfacing between subsystems.

The application of the MSS to the SSC code is based on physical con-
siderations. For example, some of the subsystems or processes are known
to respond rapidly while others change slowly. In general, hydraulic
response is more rapid than energy/temperature response.

An important assumption used in the SSC-L code which has bearing
here needs to be reiterated. In all regions of the system containing
single-phase sodium coolant (i.e., primary loops, intermediate loops, and
reactor plena), the appropriate sodium properties are assumed to be func-
tions of temperature only (i.e., not of pressure). Once this assumption
is made and the sodium properties investigated, they are found to be slowly
varying functions of temperature.

The convective energy equations are coupled to their respective
sodium flow rates,and the flow rates are coupled to the plant temperatures.
However, while the coupling of the convective energy equations to the
sodium flow rates is very strong, the coupling of the flow rates to the
temperatures is weak and enters only through the temperature-dependent nature
of the sodium properties. Since the properties vary slowly, the possibility
exists to solve for the sodium flow rates at a different timestep than the

energy equations.

4.2.2.1 Division of Overall System into Subsystems

In the SSC-L code, the momentum equations governing the flow rates
for all the sodium Toops are handled separately. These are advanced in time
first. The sodium properties required are evaluated using the plant temper-
atures at the end of the previously completed timestep. For the purpose of

the hydraulic equations only, these temperatures (and, consequently, the
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sodium properties used in the momentum equations) are assumed to remain constant
during the hydraulic timestep. Subsequently, once all the energy equations
have been advanced to the hydraulic time, the updated values of temperature
are then used to calculate the sodium properties for the next hydraulic timestep.
Because of the existence of two phases on the tertiary side of the stream
generators, the required water properties'are highly pressure and tempera-
ture dependent. Thus, the thermal and hydraulic equations on the water side
cannot be treated separately, But must be advanced in time simultaneously.
Also included within this set of equations are the energy equations on
the sodium side of the steam generators.
The remainder of the system energy equations are segmented'into three
groups. The first group encompasses all the energy equations in the pri-
mary and intermediate loops, inclusive of the IHX, but exclusive of those
on the steam generator sodium-side.
The in-vessel equations are distinguished by those dealing with
heat conduction and power generatfon in the rods and those associated with
the sodium coolant convection and coolant dynamics. This separation is
made since, when interchannel flow redistribution is computed or when sodium
boiling and/or fission gas release occur, the timestep required for the
sodium convection and coolant dynamics can be drastically shorter than that
for heat conduction in the rods.
Thus, the various required computations can be grouped into five
separate categories. Specifically, (1) loop hydraulic calculations;
(2) 1in-vessel sodium coolant energy and coolant dynamic calculations;
(3) in-vessel rod heat conduction and power generation calculations;
(4) steam generator thermal and water-side hydraulic ca]cd]ations;

(5) 1loop energy calculations.
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With the preceding discussion in mind, Figqrc 4-5 should be referred
to. Shown here is a schematic of the plant indicating the major components.
Also shown are the names of those subroutines which are the main driver modules
controlling the advancement in time of various blocks of the SSC-L transient
segment.

The various driver modules are:

FLOWLT ) privers (called by the same DRIVIT module) for the primary
FLOW2T and intermediate loop sodium coolant hydraulics, respectively.

COOL6T Driver for the in-vessel sodjum coolant energy and
coolant dynamics calculations -

FUELST Driver for the in-vessel rod heat conddction and
power gencration calculations

STGN3T Driver for the steam generator energy and water-side
hydraulic calculations

LOOP1T Drivers for the primary and intermediate
LOOP2T loop energy calculations, respectively.

A further breakdown of all subroutines which are associated-with each driver
‘is provided in Chapter 6.

Also shown in Figure 4-5, Tisted under each subroutine name, is the
respective variable name of the simulation time of that associated section
of the code. For example, SSFUEL is the current time (in s) at which tHe
rod heat conduction and power generation calculations are being computed
(driven by FUEL5T). Note that since the primary and intermediate loop hydrau-
lics are advanced at a common timestep, their respective simulation times
are identical (i.e., SIFLOW = S2FLOW). The same is true for the primary
and intermediate loop energy calculations (i.e., S1LOOP = S2LOOP).
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4,2.2.2 Timestep Hierarchy

In conjunction with the partitioning of the SSC-L transient segment
as discussed above, a timestop hierarchy for the advancement in time of the
entire system must be established. The variable name for the master clock,
to which all sections must be advanced, is designated S9MSTR. The corres-
ponding master timestep is designated S9DELT. Table 4-1 indicates the various
transient code sections, their corresponding simulation time variable names,
and respective timestep names. _

As in the partitioning of the SSC-L transient segment, knowledge of
the system was used in the selection of the specific hierarchy of the
various timesteps. Since the loop temperatures are assumed to respond more
slowly, 1n'genera1, than any other temperatures in the system, the respective
- timesteps at which those variables are advanced are set equal to the master
clock timestep (i.e,, S9DELT = SI1DELT = S2DELT).

Although the loop hydraulics are driven separately, the plant sodium
temperatures are very tightly coup]ed'to them. Thus, the hydraulic timestep
must exert some influence on the master timestep, since SIDELT controls how
rapidly the loop energy equations may advance. As discussed in the preceding
section, the Toop hydraulics may be advanced for one timestep using the values
of the sodium temperatures at the end of the previous timestep. Since the sodium
temperatures depend strongly on the loop flow rates, the hydraulic calculations
must be executed first during any given master timestep. Once the hydraulics
are advanced one timestep (i.e., SI1DELW = S2DELW), a check is immediately made.
If the hydrau]ic timestep had to be reduced (as dictated by the hydraulic
integration package's accuracy and/of stability requirements), the master
timestep is also immediately reduced. If the hydraulic timestep may be in-
creased, this is not allowed until the succeeding timestep, so the master timestep
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Table 4-1

Cude Sections with Corresponding
Simulation Times and Timestep Names

Section Simulation Time (s) Timestep (s)
Master Clock SOMSTR S9DELT
FLOWIT S1FLOW S1DELW
FLOW2T S2FLOW S2DELW
FUELST S5FUEL SS5DELT
cooLeT S6CO0L S6DELT
STGN3T S3STGN S3DELT
LOOP1T S1Loop SIDELT
LOOP2T S2L00P S2DELT
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is not altered yet. The hydraulic timestep is by far the more restrictive of
the two (i.e., SIDELW is more restrictive than S1DELT), because of the
sensitive nature of the hydraulic equations. Thus, in general, once the
hydraulic timestep is allowed to 1ncrease; the loop energy timestep immediately
follows. Summarizing for the hydraulic timestep limits then, SIDELW, which
is the same as S2DELW, will never be less than, will most always equal, but
occasionally may be greater than (for one time increment) the master timestep
(SO9DELT = S1DELT = S2DELT). It should also be noted again, that the hydraulic
equations must be advanced first (i.e., before any other part of the system).
As discussed previously, the in-vessel calculations are handled in
two sections: (1) sodium coolant convection and coolant dynamics calculations,
and (2) rod heat conduction and power generation calculations. In general,
the required timestep for the coolant calculations is less than that for rod
calculations. This is particularly true when the flow redistribution cal-
culations are being conducted, or when sodium boiling or fission Qas release
occurs. Thus, the calculations controlled by CO0L6T>(see Figure 4-5) are
nested within those controlled by FUELS5T and so, consequently, are their
respective timesteps. This yields a timestep hierarchy for these calculations

as follows:
S6DELT < S5DELT < SYDELT . (4-9)

The- remaining section of code to be assigned encompasses the steam
generator calculations, driven by STGN3T. In the steam generator, both the
thermal and water-side hydraulic calculations are advanced at a common timestep
(S3DELT). Since the only interface with the steam genérator is through the

intermediate loop, the STGN3T calculations and its corresponding timestep
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are nested within the loop energy calculations. Thus, S3DELT < S9DELT.
The various criteria used for the timestep control of these five code
sections, as well as the logic and computational algorithm involved, are

discussed in detail in succeeding sections of this chapter.

4.2.3 Individual Component/Process Solver

As presented in Section 4.2.2,the time integration of the entire SSC-L
transient is divided into five sections. |

(1) Primary and intermediate loop hydraulic calculations,

(2) In-vessel sodium coolant convection and coolant dynamics calculations.

(3) In-vessel rod heat conduction and power generation calculations,

(4) Steam generator energy .(including the steam generator, sodium, and
tube wall) and water-side hydraulic calculations,

(5) Primary and intermediate loop energy (exclusive of the steam generator
sodium side) calculations.

The following discussion will proceed in fhe order just mentioned. Only
the integration method used in the various components/processes will be mentioned
here. For a description of the models and/or equations which represent any
particular system, refer to the appropriate section in Chapter 3. The timesﬁep
control is discussed in Section 4.3.

The momentum equations describing the hydraulic response of the primary
and intermediate loops are integrated explicitly. The ihtegration scheme is

(4.3) of the Adams type. Algorithms

a fifth-order predictor-corrector method
are provided within the package for automatically changing the step size

(by factors of 2.0) according to the accuracy requeéted by the user. Checks
are included to test for the stability of the numerical method and to test for
accuracy requests which cannot be met because of round-off error.

The majority of the differential equations in the vessel are handled
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by a first-order (i.e., single layer) semi-implicit integration scheme. By
semi-implicit is meant a theta-differencing method where & = .

The energy equations in the lower plenum are handled by this first-order
semi-implicit scheme. The differential equations in the upper mixing plenum
encompass various energy and level calculations. Thesé equations are currently
solved by a package which integrates a system of first-order ordinary differ-
ential equations according to Gear's methodS4'4)

In.the core region, the coolant dynamic equations (flow redistribution)
are advanced first by the first-order semi-implicit scheme, once certain
required spatial integrations are done by a finite differencing method in each
axial channel (including the bypass channel). The coolant enekgy equations
are decoupled from the fuel heat conduction equations at the cladding wall.
Extrapolations of the heat flux are computed on the basis of current and previous
information. Once this decoupling is done, the time integration of the energy
equations can be handled by a simple marching technique, up or down each channel
depending on the direction of flow. The first-order semi-implicit scheme
is applied to these equations.

The transient heat conduction equations in the rod are handled by
applying a first-order extrapolated Crank-Nicolson differéncing scheme(4‘5)
to the discretized radial nodes. The~solution proceeds inward from the
cladding/coolant interface for each axial slice in each channel.

The method used in advancing the transient neutron fission power depends on
whether the prompt jump approximation (PJA) or an "exact" solution to the point
reactor kinetics equations is desired. If the PJA option is selected, the
kinetics equations are handled by a fifth-order predictor-corrector package
similar to that used for the flow hydraulics integration. If the "exact"
solution is desired, a modified version of the method proposed by Kaganove(4'6)
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is used to integrate the kinetics equations.

The steam generator thermal and water-side hydraulics equations are
advanced using a first-order, fully-implicit integration scheme. The solution
procedure involves marching first through the steam generator segments and
secondly through the accumulators. The steam generator water-side flow
conditions and the heat fluxes are lagged one timestep. This effectively
decouples the various steam Qenerator flow segments and heat exchangers and
allows a simple marching procedure to be used. The accumulator conditions
are advanced first. These conditions are then back-substituted so that the
advanced steam generator water-side enthalpies and sodium temperatures in all
control volumes and the advanced flow rates can be solved for. Finally, the
advanced conditions for the heat fluxes and tube wall temperatures are computed.

As with the steam generator, the loop energy equations are
integrated by a first-order fully-implicit scheme. The wall heat fluxes are
lagged one timestep. This decouples the energy equations and allows them to
be solved in a simple marching fashion (in the direction of flow) without

resorting to matrix inversions.

4.2.4 Overall Interfacing

The advancement in time of the entire SSC-L transient segment has been
divided into five sections, as discussed earlier in Section 4.2.2. Each section
has its own individual timestep and uses various methods to handle the
integration (see Section 4.2.3). Discussed here are the overall interface
conditions required between these five sections and how they are computed.

The impact of these interface conditions on the overall timestep control is
addressed in Section 4.3.

The interface conditions are presented in fhe order in which they are
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required by the SSC-L code. Specifically:
(1) Primary and intermediate loop hydraulics interface conditions.

(2) In-vessel sodium coolant energy and coolant dynamics interface
conditions, ‘

(3) In-vessel rod heat conduction and power generation interface
conditions,

(4) Steam generator interface conditions.

(5) Primary and intermediate loop energy interface conditions.

The primary and secondary loop hydraulics calculations interface with
other SSC-L sections through various system temperatures and pressure-related
conditions. As discussed in Section 4.2.2, the coupling of the hydraulic
response to temperature variations is weak (through sodium properties), and,
consequently, temperature conditions updated at the end of the previous
timestep are used during the succeeding hydraulic timestep; However, two
pressure-related values are important interface-conditions for the primary
loop hydraulics; (1) the pressure at the vessel outlet nozzle, and (2) the
overall vessel iniet nozzle to outlet nozzle pressure drop.

The pressure at the outlet nozzle is computed as the reactor cover gas
pressure plus the sodium head to the outlet nozzle level. The overall
nozzle-to-nozzle pressure loss is required in the complicated vessel inlet pres-
sure calculation (see Section 3.2.10) and is evaluated using the detailed core
pressure drop distributions described in Section 3.1.2. Currently, values of
both the vessel outlet nozzle pressure and nozzle-to-nozzle pressure drop
from the end of the preceding coolant dynamics timestep are used during the
succeeding loop hydraulics timestep.

The in-vessel coolant dynamics calculations require updated interface
information for the vessel inlet flow rate(s) from the primary loop(s),

plus the pressure at the vessel inlet nozzle. Since the loop hydraulics
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equations are integrated first, this information is available for any

advanced in-vessel coolant time (i.e., S6COOL, which is advanced by increments
of S6DELT as dictated by the COOL6T driver module, see Section 4.2.2). These
values are linearly interpolated from previously stored values provided by

the loop hydraulics calculations.

The in-vessel coolant energy equations require interface conditions of
temperature at the vessel inlet nozzle(s), plus the heat fluxes at the rod
c1adding coolant boundaries. Since advanced values of neither the vessel inlet
temperature(s) nor the heat fluxes have been calculated when the coolant
energy equations are updated, extrapolations are required. Currently, linear
extrapolations based on values of inlet temperature(s) and heat fluxes at the
two most recently completed timesteps are provided.
| The rod heat conduction calculations interface with the in-vessel coolant
energy calculations at the cladding-coolant boundaries. As discussed in Section
4.,2.2.2, the coolant energy calculations are nested within the rod calculations
and are executed (i.e., advanced in time) first. Thus, updated coolant tem-
peratures (and required heat transfer coef%icients) at the advanced fuel
time (S5FUEL, see Section 4.2.2.2) are already available.

The required interface conditions at the steam generator boundaries are
the intermediate loop sodium flow rate(s) and the intermediate loop temperature(s)
at the steam geherator heat exchanger sodium-side inlet(s). The intermediate
loop flow rate(s) at the advanced steam generator time is already available,
since the sodium loop hydraulics equations have been integrated previously.

A cubic spline interpolation method is used to compute the required sodium
flow rate(s). A cubic spline extrapolation method (utilizing information from
previously completed sodium loop energy calculations) is used to provide the

necessary sodium temperature(s) at the sodium-side inlet(s) of the steam
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generator heat exchanger(s).

The interface conditions required for the primary and intermediate loop
energy calculations are (1) the vessel outlet temperature, (2) the sodium-
side temperature(s) at the steam generator heat exchanger outlet(s),and (3) the
sodium flow rate in each primary and intermediate loop. Since the loop energy
equations are integrated last, all these required interface conditions from
the other SSC-L transient sections are available at the advanced loop energy

time (S1LOOP = S2LOOP = SOMSTR, see Section 4.2.2).

4.3 TIMESTEP CONTROL

To provide for the automatic control of the five separate timesteps
utilized in the SSC-L transient segment, certain accuracy, numerical stability,
and interface condition criteria must be established. The accuracy and
numerical stability criteria apply to the specific'integration method(s)

(see Section 4.2.3) used in each of the five transient sections. The inter-
face criteria apply to the boundary conditions (see Section 4.2.4) connecting
the five sections to each other. In this section, the various criteria used
to determine the timestep control are first discussed, then the specific
algorithm used for the actual control of all timesteps in the SSC-L transient

segment is described.

4,3.1 Numerical Stability and Accuracy Criteria

As discussed in Section 4.2.3, all the integration methods used in SSC-L,
with the exception of the primary and intermediate Toop sodium hydraulics
and reactor fission power generation (when using the prompt jump approximation)
integration schemes are either of a fully-implicit or semi-implicit type.

Any scheme using an implicit technique is, by its very nature, inherently
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stable in a numerical sense.

The integration schemes used to advance the primary and intermediate
Toop hydraulics and the fission power generation equations for the prompt
jump approximation (PJA) option are identical (i.e., the same method, but
different subroutines). This integration scheme uses a fifth-order predictor-
corrector method of the Adams type. An algorithm is provided within the
integration package to test for the stability of the numerical method. Thus,
automatic control of the timesteps (i.e., SIDELW and S2DELW for the loop
hydraulics and SS5DELT fqr the PJA, see Section 4.2.2.2) for numerical stability
criteria is handled within the integration scheme itself. The user is
allowed no control over these numerical stability criteria.

The accuracy criteria provided within the SSC-L code enable the user to
select the degree of accuracy one desires for the various system variables
being integrated. A1l accuracy criteria require a relative accuracy limit,
which is supplied by the user. A value of the relative accuracy limit desired
for each of the five transient sections must be input.

These ré]ative accuracy limits are used such that any variable being
integrated in any of the five transient sections is not allowed to change,
in a relative sense, by more than the specified 1imit during any timestep.

Thus, for any variable (eij)being integrated, the following holds:

k+1 k
%3 " 84 1-10
S35 7|7 k. |=Fi (4-10)
ij
where:
eij = absolute relative deviation of variable eij from timestep k to k+1,
ok*1 = yai f t timestep k+
ij = value of 6., at timestep k+1,

J
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i value of eij timestep k, and
€

Table 4-2 lists the five SSC-L transient sections and the names of their

relative accuracy limit specified for transient section 1i.

corresponding €5

Within each transient section, after a timestep advancement has been
completed, Equation (4-10) is applied to all variables just integrated. The
maximum absolute relative change (eij-max) is selected and compared to the
relative accuracy limit for that transient section. If the 1imit has been
exceeded, the timestep for that section, which will be used during the next
integration step, is decreased by a factor of 2.0. Conversely, if eij-max
is less than a certafn value (set equal to 51/2.0),)the timestep for that
section is allowed to increase by a (factor of 2.0) during-the next integration
step.

This evaluation after each and every timestep of the various eij-max
values from each transient section forms the basis for the overall SSC-L
automatic timestep control from an accuracy standpoint. For all sections
integrated by-fu11y-imp1icit or semi-imp]icit methods, the éa]cu1ations of the
specific eij-max va1ues‘are handled in separate subroutings‘deve]oped
expressly for this purpose (see Chapter 6). The €43 values for those variables

integrated explicitly are calculated internally within the predictor-

corrector package.

4.3.2 Interface Condition Criteria

As discussed in Section 4.2.4, the five SSC-L transient sections are
coupled together through various interface conditions at component/process
boundaries. Some interface conditions involve variables which have already

been computed (i.e., already advanced/updated in time) at the point in the
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Table 4-2

SSC-L Transient Sections and
Corresponding Names for Accuracy Criterion Limits

Relative Accuracy

Section Criterion Limit (e.]-)
FLOW1T)

FLOW2T | FIWMXA

COOL6T "FEMAXA

FUELST FSMAXA

STGN3T F3MAXA

LOOP1T |

LOOP2T | F1EMXA
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execution logic when they are required. The reméining interface conditions
involve variables whose advanced/updated values have not yet been computed

at the point they are needed. Only these latter ("unknown") interface conditions
need to be considered in establishing the interface condition criteria.

Listed in order of their requirement by the five SSC-L transient
sections, these "unknown" interface conditions are (see Section 4.2.4 for a
further discussion of how they are computed):

(1) For the primary and intermediate Toop hydraulics calculations:

a) reactor vessel outlet pressure,
b) overall vessel inlet nozzle td outlet nozzle pressure drop.i

(2) In-vessel sodium coolant dynamics and coolant energy calculations:
a) sodium coolant temperature at vessel inlet nozzle(s),

b) rod c]adding-coo]ant‘heét fluxes.

(3) Rod heat conduction and power generation calculations: None.

(4) Steam generator ehergy and water-side hydrauTics calculations:
Intermediate loop temperature(s) at the steam generator heat exchanger
sodium-side inlet(s).

(5) Primary and intermediate loop energy calculations: None.

At the end of each master clock step,all previously "unknown" interface
conditions will have been computed. Thus, the values of thé "unknown" interface
conditions that were predicted during the just completed master clock
timestep can be compared with the computed values for consistency. The

following consistency check is made for each "unknown" interface conditions

(Y'ij):

ka+1 - cYk+1
o ij -
Yij
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where

A.. = relative absolute deviation of interface condition Y . at end

1 of timestep k+1. i
pY?fl = pred1cted value of Y j at end of timestep k+1 as used in transient
J section 1.
c k+1 _ .
Yij = value of Yij as computed at end of timestep k+1
4. = relative absolute acceptance 1imit for interface conditions required

1 by transient section i.

The values of a; are specified by the user for all transient sections where
appropriate. .

Equation (4-11) is applied to all Yij at the end of each master timestep,
with the exception of the rod cladding-coolant heat flux interface conditions.
As discussed in Section 4.2.2.2, the timestep for the in-vessel sodium coolant
dynamics and coolant energy calculations is nested within the timestep for the
rod heat conduction and power generation calculations, which, in turn, is nested
within the master clock timestep (i.e., S6DELT 5_SSDELT < S9DELT). Of the
five transient sections of the SSC-L code, these sections are the only ones
where a double nesting occurs. This simply means that Equation (4-11) must
be applied to the c]adding-coo]ént heat flux interface conditions whenever
S6CO0L = S5FUEL instead of delaying until S6COOL = SSFUEL = SOMSTR. The
specific logic involved in implementing all these criteria is discussed in
Section 4.2.4.

The purpose of the consistency checks performed using Equation (4-11)
is to provide a means for establishing acceptance 1imit criteria for the
"unknown" interface conditions. Whenever any Aij fails to pass the consistency
test (i.e., a;

iJ
The solution automatically reverts back to the end of the previously completed

> Ai), the entire system time advancement is interrupted.

master clock integration step. The timestep in the transient section whose
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interface condition just failed the consistency test is decreased substantially.

The solution of the overall system is then allowed to proceed once again.

4,3.3 Modifications at Print and Subset Intervals

The discussion of the overall timestep control for the SSC-L code is now
complete with the exception of modifications made at print and subset intervals.
For print interval control, the user supplies the input data quantity S9PINT.
This is the time interval (in seconds) at which the user desires various
plant variables to be printed/stored. To ensure that the master clock time
(SOMSTR, see Section 4.2.2.2) falls exactly on the print interval, modification
to the master clock timestep (S9DELT) is occasionally necessary.

Additionally, whenever a subset interval time is reached, modification
to the individual timestep for that transient section is required occasionally.
As discussed in Section 4.2.2.2, the following subsets of timesteps are established
withfn SSC-L:

(1) S6DELT < SSDELT < S9DELT ,

(2) S3DELT < SODELT. ‘

As seen in Table 4-1, timestep S6DELT corresponds to time S6COOL, S5DELT to
S5FUEL, and S3DELT to S3STGN. Thus, to ensure that S6COOL falls exactly on
SSFUEL, modification to S6DELT is sometimes required. In a Tike manner,
modifications to SSDELT and S3DELT are occasionally necessary to ensure that
S5FUEL and S3STGN fall exactly on SOMSTR, reﬁpective]y. The timestep control
techniques used in SSC-L to handle modifications at both print intervals

and subset intervals are identical.

A test is made before any transient section time is advanced to check
if a print/subset interval would be exceeded using the current value of timestep.

If a print/subset interval would be exceeded, the following is done:
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(1) The present allowed value of the affected timestep is stored.

(2) The affected timestep is set equal to the print/subset interval time
minus the current time for the affected transient section.

(3) A control flag is set indicating that a modification (reduction)
to the affected timestep has been made for reasons other than
accuracy or stability.

(4) For the next integration step taken past the print/subset interval,
the affected timestep is set equal to the presently allowed value

for that timestep as dictated by accuracy, stability, and interface
criteria.

4.3.4 Algorithm

" The algorithm used in the SSC-L code to effect the overall automatic
timestep control is shown in the logic diagram Figure 4-6. The various
calculative drivers, transient section times, and timesteps are described
in Section 4.2.2 and Table 4-1. Variables not identified in Table 4-1
include

« SOPRNT - Time at which certain plant variables are to be printed/
stored (seconds).

+ SOPINT - Print interval increment (seconds).

* SOLAST - Problem termination time (seconds).

In Figure 4-6, the numbers in parentheses indicate the locations in the
logic flow where the calculations for the five major sections of the SSC-L
transient segment are executed. ' The remaining logic described in Figure 4-6
indicates how the criteria and modifications to the various SSC-L timesteps,

discussed in Sections 4.3.1 to 4.3.3, are implemented.
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ES.[ S9DELT= SIPRNT- SOMSTR

S3DELT=S9MSTR-S3STGN

[ somsTR= s9MSTR + S90ELT |
i

ADVANCE FLOWIT AND FLOW2T |i3STGN = S3STGN + S3DELT }"’_—
(i} CALCULATIONS ONE TIMESTEP :
(SIDELW= S2DELW) l
i

. ADVANCE STGN3T CALCULATIONS
APPLY NS AND AC TO HYDRAULIC VARIABLES (4) ONE TIMESTEP

AND ADJUST SIDELW ACCORDINGLY ‘

was ves [ SET S9DELT - SIDELW APPLY AC TO STGN3T VARIABLES
SIDECw AND ADJUST SOMSTR AND ALTER S3DELT ACCORDINGLY
> |
NO
SSDELT= SOMSTR-S5FUEL
YES
ADVANCE LOOPIT AND LOOP2T
SSFUEL = SSFUEL + SSDELT I—— (5) | CALCULATIONS ONE TIMESTEP
(SIDELT = S2DELT = S9DELT)

!

| APPLY REMAINING SYSTEM IC |

S6DELT = S5FUEL - S6CO0OL

| S6CO0L = S6CO0OL + S6DELT —}‘——

(2) LADVANCE COOLANT CALCULATIONS —,

= 12>

ONE TIMESTEP

APPLY AC TO LOOPIT AND LOOP2T
VARIABLES AND ALTER S9DELT
ACCORDINGLY

AND ALTER S6DELT ACCORDINGLY

APPLY AC TO COOL6Y VARIABLES —,

$6C00L1
S5 FUEL

REDUCE TIMESTEP
IN SECTION THAT IC
NOT SATISFIED

SOMSTRE
SSPRNT

PRINT / STORE RESULTS |

3 ADVANCE FUELST CALCULATIONS
ONE TIMESTEP

l RESET SYSTEM TO LAST
COMPLETED MASTER
LAPPLY COOLST /FUELST IC , CLOCK STEP

LSSPRNT = S9PRNT + S9PINT ]

NO

SATISFIED? 7

soMsTR?
SOLAST

VARIABLES AND ALTER SSDELT
ACCORDINGLY

APPLY NS AND AC TO FUEL 5T @

NOTE: NS AND AC— NUMERICAL STABILITY AND ACCURACY CRITERIA
YE AC - ACCURACY CRITERIA
u IC— INTERFACE CRITERIA

Figure 4-6. Logic diagram for overall SSC-L
timestep control.
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5. CONSTITUTIVE LAWS AND CORRELATIONS

A number of constitutive laws and correlations will be required in order to
execute the SSC code. Our approach is based on providing the best available data
into the code; The entire collection or part of these data may be overwritten by
the user. This section provides for a coT]ection‘of data that have been incor-
porated so far; A1l of the correlations and numerical values used in them are

noted in the SI units.

5.1 CONSTITUTIVE LAWS .

The‘required thermophysical and transport properties for all of the mate-
rials of interest are provided for in the form of correlations. Reasonable
values for the coefficients in these correlations are provided in the SI units.
These values may be changed by the user through input cards. Various constitu-

tive laws are grouped according to materials.

5.1.1 Core and Blanket Fuel

Thermal-conductivity (W/m K)

(5.1)

The thermal conductivity of mixed oxide core (U0,-20 w/o Pu0,) and

blanket (oxide) materials is given by the following relation:

K (1-P
K(T,P) = o {1°P) [ LIS T3] : (5-1)

T+ (1 +T0P) P [ky + kT

where typical values for ko, ky» k,,and k; are noted in Table 5-1, and P is the

13
fractional porosity (= 1 - fractional density).

Specific heat capacity (J/kg K)

(5.2)

The specific heat capacity of mixed-oxide core and blanket materials is

given by the following relations:
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Table 5=1

Parameters in Fuel Thermal Conductivity
and Specific Heat Correlations

Parameter Core material Blanket material
k0 113.3 113.3
ky 0.78 0.78
ko 0.02935 0.02935
-13 -13
ks 6.60x10 6.60x10
P input input
< 194.319 194,319
-3 -3
Cy 1.3557x10 1.3557x10
-7 -7
co -9,3301x10 -9.3301x10
c -10 ) . 210
3 2.4482x10 2.4482x10
c, ' 502,951 502,951
Cs 0 0
T 3020.0 3020.0
Ts 3060.0 3060.0

- 238 -




c(1) = c, [1 beyT + T2 4 c3T3] for T<T, (5-2)

c.(T,) - ¢ (T)
¢p(T1) + p"2) - 50 (T-T,) for T, <T<T,» (5-3)

T2 B T1

(gp]
—
——'
—
fl

Cp(T) c, +¢T for T2T, , (5-4)

where values of various parameters are noted in Table 5-1, and

c [1 +c T, + czT12 + c3T13] R . (5-5)

(o]

(1))

‘and

¢ (T,)

P c

Coefficient of thermal expansion (m/m K)

The average linear coefficient of thermal expansion from To to T for core

and blanket materials is represented by the following equation(5'3’ 5‘4):

a(T) =a_+a T for T<T, . (5-7)
For higher temperatures, the average linear coefficient of thermal expansion is
given by the following relation:
2

a(T) = o for T 2 Tu . (5-8)

For intermediate temperatures,

a (T,) - ofTy)

a(T) = ofT,) + T, for T,<T<T, ,  (5-9)
where

oT,) =ag + o Ty (5-10)

a(T,) = a, » (5-11)

and other parameters are noted in Table 5-2.
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Table 5-2

Parameters. in Fuel Coefficient of Thermal
Expansion, Density and Emissivity Correlations

Parameter Core material Blanket material
-6 -6
o ~ 5.7506x10 5.7506x10
o , 2.997x10" 2.997x10"
a5 C3x107 : 3.1x10"°
T, 295.4 295.4
Ty 3020.0 3020.0
Ty 3060.0 - 3060.0
o 11.04x10° 10.0x10°
01 8.733x10° 8.744x10°
P A input input
€ 0.75 0.75
€1 5x10 5x10" "
Ts 400.0 400.0
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Density (kg/m3)

The core and blanket fuel materials density is given by the following set

of correlations:

p, (1 -P)
p(T,P)= — 3 for T,<T< T, , (5-12)
[+ Em (- 1)) |
o(T,» P) =0 (T,, P)
o(T,P = o(T,, P) + T (T-1,) forT,<T<T, , (5-13)
°)
Q(Tam = for T2>2T, , (5']4)

[1 £3(m) (T - 1))

-

where P is the fractional porosity. The above correlations imply that (a) the
core fuel density for different restructured regions have the same temperature
dependence below fuel solidus temperature (T3), and (b) the mo]tenbfuel density,
i.e., density beyond its liquidus temperature (]+L does not depend upon its pre-

molten fractiona1 density. The following two equations are noted for. the sake
of clarity: .
po(1 - P)
— 3
[+ 50, - 1)

o(T,,P) (5-15)

and

o(T,sP) =0, . (5-16)

The average linear coefficient of thermal expansion is already noted above;
other parameters are noted in Table 5-2.

Emissivity ( - )

5'5)15 given by the following

The core and blanket material emissivit%
correlations:

€ = g for T S T5 . (5']7)
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and
e = g, + s’l(T - T5) for T ZTS . (5-18)
where €. %'and T5 are given in Table 5-2.
5.1.2 Cladding and Structural Materials
(5.6)

(5.6)

The thermal conductivity (W/mK), specific heat (J/kgK),

(5.7)

and the
average linear coefficient of thermal expansion (m/mK), are represented by
a polynomial fit of data. These equations for temperatures up to melting point

are given by the following:

k(T) =k, + KT+ kT2 + kT2, (5-19)
C(T) = c, * c,T+ c2T2 + c3T3 R (5-20)
o) =a, +aT+ a2T2 , (5-21)

where values for various parameters for both cladding and structural materials
are noted in Table 5-3. The structural or cladding material density is related

to the average thermal coefficient of linear expansion as follows:

(1) . ' 5-22)
o [rEmT - To)]3 ’ (

where G is the density at temperature TO.

The cladding and structural emissivity(s's)are given by the following rela-
tions:
€ = € for T< T, (5-23)
(e}
and
= - > 5-24
e =yt e (T-T) for T27 , (5-24)

where values for €, € and T1 are alsoc noted in Table 5-3.

1
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Table 5-3

Parameters for Cladding and
Structural Material Properties

Parameter Cladding material Structural material
K, 9.01748 9.01748
K 1.62997x10 1.62997x10"
Ky -4.80329x10 -4.80329x10
ks 2.18422x10° 2.18422x10"
S 380.962 380.962
1 0.535104 0.535104
¢ -6.10413x10 | -6.10413x10
<, 3.02469x10" 3.02469x10
o 1.7887x10 1.7887x10
o 2.3977x10 2.3977x10"
as 3.2692x10 3.2692x10
T 298. 15 298.15
€ 0.55 0.55
€ 2.5x10 2.5x10""
T 400 400
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5.1.3 Control Rod Material

The thermal conductivity (W/mK), the specific heat (J/kg K), the average

Tinear thermal coefficient of expansion (m/mK), and the density (kg/m3)

are represented by a polynomial fit;(s'g) These equations are:
1 1-pP
KM = T <1+k P)(e'ks) ’ (5-25)
o 1 2
- 2
Cp(t) = c0(1+-c1T4-c2/T )y (5-26)
ao+a1T
ofT) = ——— (5-27)
T-T,
and
p,(1 - P)
o(T) = (5-28)

[1+a(T)(T-T,) 13

where values for the various parameters are noted in Table 5-4, and P is the
porosity. These correlations are valid in the temperature range from 500 K to

1250 K.

5.1.4 Sodium

A11 of the required thermophysical properties for 1iquid sodium and sodium
vapor are taken from Golden and Tokar.(s'lo) These are noted in the following.

Thermal conductivity (W/mK)

The thermal conductivity of liquid sodium is given by the following

equation:
k(T) = k0+k1T+k2T2 . (5-29)
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Table 5-4

Parameters for Control Rod Material Properties

Parameter Value
k0 . 21.6178
k1 _ 0.05381
k2 2.2
ks 334,13
< 1741.79 y
¢, 2.34856 x 10
¢, -46,634.7

: -3

oy -1.4886 x 10
o 4.124 x 10 ©
o 2381.0
T0 _ 295.4
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where

k0 = 109.7 ,
k, = -6.4499 x 1072
and
k, = 1.1728 x.107°
Specific heat capacity (j/kg K)
The specific heat capacity at consfant pressure for Tiquid sodium is
given by
Cp(T) =c, * c,T + c2T2 s (5-30)
where
o = 1630.22 ,
c, = -0.83354 ,
c, = 4.62838 x 107"
Enthalpy (J/kg)
The enthalpy of saturated liquid sodium is given by
- 2 3
h(T) = hy + hT+hT +hT (5-31)
where
hy = -6.7511 x 10",
h, = 1630.22 ,
h, = -0.41674 ,
h, = 1.54279 x 107"
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For unsaturated liquid sodium, the enthalpy is written as
P

h:h-—.§.+£

S pg P

where the saturation vapor pressure and the liquid sodium density are given in

s (5'32)

the following. For incompressible sodium,

o(T.p) = o(T) = o (T)

Ahence, Equation (5-32) becomes

(5-33)

For most purposes, the liquid sodium enthalpy may be approximated by the satura-
tion value. v

In the SSC-code, we also need to compute 1iquid sodium temperature from its
enthalpy value. Although it is computed iteratively in the code by inverting

Equation (5-31), an approximate correlation was obtained:

T=c +ch + czhsz + c3h53 + ckhS“ , (5-34)
" where
¢, = 55.5057 ,
¢, = 5.56961 x 107",
c, = 2.17341 x 10710
c, = -7.27069 X 1077,
and
c, = 4.41118 x 1072,

- 247 -



Saturation vapor pressure (Pa, j.e., N/m?)

The saturation vapor pressure of sodium is expressed by the following two

equations:
P,
209, ,p. =P, t T+ pyeog, T for T < T, (5-35)
and
Py
209, P = P, +t g+ pszogloT for T>T (5-36)
where
P, = 11.35977 ,
P, = -5567.0 ,
Py = -0.5 ,
P, = 11.68672 ,
Ps = -5544.97 ,
P = -0.61344
and

T, = 1144.2

The saturation temperature of liquid sodium as a function of pressure is

given by the following equation(s'll):
T, = — %o — . (5-37)
2n{9.869 x 10 "p) - c,
where
¢, = -12130.0 ,
¢, =

, = 10,51,

and p is the pressure in N/mz.
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Densityﬁ(kg/msl

The density of saturated liquid sodium is given by the following relation:

3

2
p(T) = o, * o, T +.0,T +o,T for T,<T<T, ,  (5-38)

where,
b, = 1011.597 ,
o, = -0.22051 ,
p, = -1.92243 x 107°
o, = 5.63769 x 107° ,
T = 3709 ,

and,
T, = 1644.2

The density of unsaturated liquid sodium is related to that of saturated

1iquid through a compressibility factor, as follows:
p(Tsp) = og(T) exp (P - pg) (5-39)

where p_(T) is given by Equation (5-38) and p_ is given by Equations (5-35) and
s s

(5-36). For incompressible assumption, Br = 0. Hence,

e(Tsp) = o(T) = o (T) . | (5-40)

Dynamic viscosity (Ps, i.e., N s/m%i

The dynamic viscosity of liquid sodium is represented as

c
209, ,n = ¢y *+ ﬁ£'+ cy 2p9,, T (5-41)
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where

c, = -2.4892

c, = 220.65 .
and

¢ = -0.4925

Heat of vaporization (J/kg)

The heat of vaporization, fitted over the range 1150 to 1500 K, is given

by the following equation(S'll):
2
A(T) = A FATHALT (5-42)
where
Ay = 4.40241 x 10°
A = -17.5055 ,
A, = 0380184

Specific heat capacity (J/kg K)

The specific heat capacity at constant pressure for sodium vapor was fitted

over the range 1150 to 1500 K, and is given by the equation(S'll):
(1) = ¢y ¥ e, T +e,T (5-43)
where
c, = 4.4015 x 10°
c, = -2.2987 ,
-t
c, = 6.347 x 10

Density (kg/m3)

The density of sodium -vapor is given by the following equation:

o = RAT) | (5-44)



in which the factor A(T) was fitted over the range 1150 to 1600 K and is given

by the equation(s'll):
AT) = a, +a,T+ a, 7>, (5-45)
where : ‘
a, = 3.27317 x 107° |
a, =-8.72393 x 107 -,
a, = 6.07383 x 107"°

Enthalpy (J/kg)

At given pressure p, the sodium saturation temperature TS is first calculated.
The 1iquid saturation enthalpy hm(Ts) and heat of vaporization A(TS) are then

calculated. The vapor enthalpy is then given by the equation

_ ) 2 12 3 .3
hy(T) = ho (1) + A(T) f_hvl(T_ Tt hvz(T L) fyhv3(T T.7) s
' (5-46)
where
3
h. = 4.4015 x 10 s
Vi
hv = -1.14935 s
2 .
-4
hv = 2.11567 x 10 R
3
A(Ts) is given by Equation (5-42),and hz(Ts) is given by Equation- (5-31).

5.1.5 Water/Steam

The constitutive relations for water are given by correlations where the

properties are evaluated as a function of enthalpy and pressure.(s'lz)
Enthalpy of saturated liquid (J/kg)
The enthalpy of saturated water is given by
2 3 b 5
Ho(P) = aj +ap+a,p” +ap +ap +ap , (5-47)
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where

5
5.7474 x 107

ao =
-1
a, = 2.09206 x 10,
-8
a, = -2.8051 x 10 ,
a, = 2.38098 x 10715
-22
a, = -10042 x 10 ,
. -30
ag = 1.6587 x 10 ,

and p is pressure in N/mZ.

Enthalpy of saturated vapor (J/kg)

The enthalpy of saturated steam is given by

2 3 4
H,(p) = b, +bip+bp” +byp” +bp (5-48)
where 6
bo = 2.7396 x 10 s
' -2
b1 = 3.7588 x 10 s
-9
b2 = -7.1640 x 10 ’
-16
b3 = 4.2002 x 10 ’
-24
b“ = -9,8507 x 10

Temperature of compressed liquid (K)

The temperature of compressed liquid is given by

T(H,p) = ¢ (p) + ¢ (PIH + ¢, (PIH® + c (p)H’ (5-49)

where

(@]
o
o~~~
B=}
~—
t

= Cgg * Co1P

= Co tcpip

O
—
—
=
~—
i
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O
N
——
o
~—

|

= Cop t C21P
c3(p) = c30 + C31p

and the coefficients cjj are given in Table 5-5.

Temperature of superheated vapor (K)

The temperature of superheated steam is given by

T(H,p) = d (p) + di(p)H + dp(p)HZ , (5-50)

where
2
dog + dgi1p + dgop”

d,(p)
: 2

di{p) = dyg + dyip + djp°

dy(p) = dpg + dyp + dpop”

and the coefficients dij are given in Table 5-6.

‘Density of compressed 1iquid (kg/m?)

The density of compressed water is given by

e

D(H,p) = s — = . (5-51)
fo+ F1Z+ £,77 + £37° + £, + f52
where ‘
, e
Z=e7ER-PR<e6-q—_-ﬁ s
ER=¢eH ,

3

PR = ep-e, ,

and the coefficients ej and fj are given in Table 5-7.

Density of superheated vapor (kg/m3)

The denéity of superheated steam is given by

- ! (5-52
D(H’p? 9lp) + g, (p)H (5-52)
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Table 5-5

Values of Coefficients for
Temperature of Compressed Liquid Water

Coefficient Value
4
Coo 2.7291 x 10
-7
Co1 -1.5954 x 10
-4
C1o 2.3949 x 10
-13
11 -5.1963 x 10
=12
Cap 5.9660 x 10
-18
Ca1 1.2064 x 10
-17
C3g -1.3147 x 10
=25
C31 -5.6026 x 10
Table 5-6
Values of Coefficients for
Temperature of Superheated Water Vapor
Coefficient Value
+2
doo 6.5659 x 10
-4
dlU -5.2569 x 10
=10
d20 1.6221 x 10
dgy 9.9066 x 10
~-11
dy; -3.4406 x 10
' -18
d21 1.8674 x 10
-12
d02 -2.1879 x 10
-19
d12 7.0081 x 10
-26
dzz -1.4567 x 10
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Table 5-7

Values of Coefficients for
Density of Compressed Liquid Water

Coefficient Value

-y

e 1.4504 x 10
3

e, 2.0 x 10

e, 4.2992 x 10"
2

e 8.0 x 10

4

e 1.‘1333 ,

e 6.670 x 10
-3

e, 1.0 X 101

eq 1.60185 x 10
-3

fo -7.794 x 10
-1

f 2.7487' x 10

f‘2 -1.2212

f3 2.7455

f, -3.0272

f5 1.3459
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where

9,(p)

g;(p)
and

Jo0
901
Jo2
910
911

di12

Goo t 901P * 9o2/P

919 + 911P * 912/P

-5 .
-5.1026 x 10 s

-10
1.1208 x 10
+5
-4.4506 x 10
.10
~-1.6893 x 10
-17
-3.3980 x 10

-1
-2.3058 x 10

Specific _heat of compressed liquid (J/m3K)

The specific heat of compressed water is given by

Cp(H,p)

where

and

n

I

n

1

L]

.
b

s -

a (p) + a,(p)H + a,(p)H’

agg * ag1P

+
a10 allp *

a0 Y aP

-4
2.3949 x 10 ’
-13
-5.1963 x 10
-11
1.1932 x 10

-18
2.4127 x 10
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17

a_ = -3.9441 x 10,
20

-24
-1.6808 x 10

a21

Specific heat of superheated vapor (J/m3K)

The specific heat of superheated steam is given by
1

= 5-54
CP(H,p) BOIP) +b1(p7H s ( )
where
2
by(P) = bgy * byyp + byyp”
2
by(p) = byg + byyp + byp”
and
- & o -y
bOO = -5.2569 x 10 B
= - -11
b01 3.4406 x 10 ,
) -19
b02 = 7.0081 x 10 ’
b10 = 3.2441 x 10-10 ,
) -18
b11 = 3,7348 x 10 .
) -26
b12 = -2.9134 x 10

Viscosity of compressed liquid (Ns/m2)

The viscosity of compressed water is given by

_ 2 3 Y
n(H,p) = Co t C1X + € X7 + C X™ + X

2 3
(dy *+ dE + dyE° + dyE')(p - py) HSH , (5-56)

n(H,p) eO(H) +e (H)(p - p)) Hy<H< H,, (5-56)

2 3 b
n(Hp) = fo v Fi2 + £ + £7° + f2 H2H ,  (5-57)
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where

E=g,(H-g;) ,
Z = g,_*(H - gs) 9
e(H) =e,. +e, H+e H2 + e H®
0 00 01 02 03" °

2 3
el(H) e, T e te H feH

and the constants are given in Table 5-8.

Viscosity of superheated vapor (Ns/m?)

The viscosity of superheated steam is given by

W(Hip)

n(H,p)

where

u

n(H,p) = (a, + a;T) - D(b, + b, T) for T < 300, (5-58)

2 3
(ao + alT) + (c0 + ¢, T+, T +c,T )D

2 3 2 -
D(d, + d,T+d,T% +d,T)(e, +eD+e,D) (5-59)
for 300< T« 375,
2 -
(a, + a,T) - D(e, + e,D + e,D°) for 72375,  (5-60)
T=T,(Hp) - 273.15 ,

0

DV(H,P) ’

and the constants are given in Table 5-9.

Conductivity of compressed 1iquid (W/m K)

The thermal conductivity of compressed water is given by

where

(Hip) = a) +a X +a,x* +ax’ - (5-61)

H
5
5.815 x 10
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Table 5-8

Values of Coefficients for
Viscosity of Compressed Liquid Water

Coefficient Value
¢ 1.2995 x 10-3
cy -9.2640 x 10-%
(o 3.8105 x 10~
cs -8.2194 x 10°5
cy 7.0224 x 1076
d, -6.5959 x 10-12
d, 6.763 x 10-12
d, -2.8883 x 10-12
ds 4.4525 x 10-13
€00 1.4526 x 10-3
€01 -6.9881 x 10-9
€os 1.5210 x 10-1%
€03 -1.2303 x 10720
€10 -3.8064 x 10-11
er: 3.9285 x 10-16
ey, -1.2586 x 10-21
€13 1.2860 x 1027
fo 3.0260 x 10-%
£, -1.8366 x 10-%
f, 7.5671 x 10-5
£y -1.6479 x 10-5
f, 1.4165 x 10-6
M, 2.76  x 105
H, 3.94  x 105
P 6.8946 x 103
9% 8.5813 x 10~
g, 4.2659 x 10"
g9, 6.4845 x 10-©
g3 5.5359 x 10
gy 3.8921 x 1076
gs 4.0147 x 105
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Table 5-9

Values of Coefficients for
Viscosity of Superheated Water Vapor

Coefficient Value

: -8
ao 4.07 x 10 i

a, 8.04 x 10

b, 1.858 x 10
-10

b, 5.9 x 10
-6

c0 -2.885 x 10
4 -8

<, 2.427 x 10
-11

c, -6.7893 x 10
-1y

c3 6.3170 x 10

2

d0 1.76 x 10

d1 -1.6

A -3

d, 4.8 x 10
-6

d3 -4.7407 x 10
: -8
e, 3.53 x10 .

e, 6.765 x 10
-14

e, 1.021 x 10
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and

where

and

5.7374 x 107!
2.5361 x 107!
-1.4547 x 10°%

1.3875 x 1072

Conductivity of superheated vapor {(W/m K)

k(H,p)

The thermal conductivity of superheated steam is given by

X + o(% + EDZ )‘ , : ' (5-62)
T4 |

T(H,p) - 273.15 ,

D(H.,p)
2 3
a, + alT + a2T + a3T .

2,
b, + b,T +b,T?

1.75 x 1072 ,
5.87 x 107°
1.04 x 1077

-4,51 x 107!
1.0351 x 107" ,
4.198 x 10~

-2.771 x 107!}

In addition to the properties listed above, various partial derivatives of

many of the functions were required. These were obtained by analytically dif-

ferentiating the pertaining correlations.
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5.2 CORRELATIONS

The required pressure drop and heat transfer correlations for the range of
interest are included in this section. Representative values for various curve-

fitted parameters are also noted in the SI units.

5.2.1 Friction Factor Correlations

Fluid flow and heat transfer correlations for the entire flow regime are
required by the SSC code. The following is a compilation of the friction factor
correlations that have been selected or developed so far.

The pressure change due to frictional effect is given by the following

equation:
AP fll 2 5-63
KE—-UE(?pU) ’ ( 6)
where the hydraulic channel diameter, Dh’ is defined as
Dh _ 4. (flow area) . (5-64)

wetted perimeter

and U is the f]ufd velocity. The friction factor, f, depends on the Reynolds
number Re and the surface roughness, e. The friction factor for turbulent flow
in a pipe is given in the Moody chart. The Moody chart is expressed aé5'13) the
following transcendental equation:

_ €/Dp . 2.51 -
= - 2.0 %0g,, <§_.7.h+ _R:e/—?> . (5-65)

|~

For smooth pipes, i.e., for €/Dy =0, the above equation simplifies to the follow-

ing transcendental equation:

1
— = 2.0.209,,(Re - /f) - 0.80 , ~ (5-66)
/’.f?

. L . (5.14)
which is the same as Prandtl's universal law of friction for smooth pipes.
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A simplified form of friction factor rather than the above-mentioned

transcendental equation is desireable. The following explicit relation for

f,(5'15) which is accurate within +5%, has been coded in SSC.

6 1/3
f=0.0055 {1 + [20000 .Sy lQ_J : ; (5-67)
Dh Re
For smooth pipes, the above equation reduces to
f = 0.0055 + 0.55(Re)"Y/3 (5-68)

which is very similar to the Koo corre]ation.(5'16)

A comparison for computing efficiency in calculating f from either Equation
(5-65) or Equation (5-67) was made. The approximate representation, Equation
(5-67), was found to be 25% more efficient. Since the friction factor needs to
be evaluated for each pipe section or node section, only Equation (567) for f
has been incorporated in SSC.

The friction factor for laminar flow is given by

_ 64 -
" e . (5-69)

The Reynolds number is evaluated at bulk temperature of the fluid.
In the case of two-phase flow of water, the effective friction factor is

the product of f [Equation (5-67)] with a two-phase friction multiplier b1p-
It is given by(5'17):
0.04066-7.533X

P
¢p = (1.0 + 8.0x) < (5-70)
8.1685 - 10

where p is the pressure in N/m2 and x is the quality.

For wire-wrapped fuel rod bundles, the following correlation for friction

. (5.18)
factor is used :

0.885
94 0.086

' 6.
£ - 1.034 + 29.7 (P/D) Re
bundle (P/D)o-12u (Pw/D)z'?39

-0.25
0.316 Re

(5-71)
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This equation is found to compare favorably with FFTF tests (P/D > 1.08).

For laminar flow in rod bundles, Axford gave the following expressioés'lg):

A 2
co-Rey = &_[ F 2] 16 x 24 (5-72)
(P/D) L
where
=t
ReD 1s‘the Reynolds number based on rod diamefer,and Mis a funétion of (P/D).

This correlation can be rewritten in terms of Moody friction coefficient and

Reynolds number based on hydraulic diameter as

3
o1 2/5‘(P)2 ]
f.Re = &7 _ =] -1 . (5-73

(5.20)

The parameter M is a complicated function of P/D. From the computed values

of M for P/D in the range 1.05 to 1.5 , a simple correlation for M was devel-

oped:

M o= £+ £ (P/D) + £,(P/D)* + £ (P/D)° (5-74)
where

f, = 0.0618456 ,

f = -0.137837

f, = 0.0898949 ,
and '

f, = -0.013786

The friction factor in the transition region can be determined by linear
interpolation of values at the end of turbulent flow regime and that at the

beginning of laminar flow regime.
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5.2.2 Heat Transfer Corre]qtions

The 1iquid metal heat transfer correlations for forced convection in a
rod bundle have been developed by West, Schad,'Graber and Rieger, and
Borishanskii. These correlations have been compared with the experimental
data by Kazimigi21) In view of the comparison, the modified Schad correlation
is selected. The following correlation is valid for Pe > 10, i.e., for

turbulent flow regime:

Nu = [hl + h,(P/D) + ha(P/D)f] + (a +bPe) (5-75)
where o
h, = -16.15 ,
h, = 24.96 ,
h, = -8.55 ,
and
- a =0, b=1, c¢=0.3 for Pe > 150
or
» a=4.49, b=0, c-=

0.3 for Pe < 150

The above correlation also agrees well for laminar flow regime.

For liquid metal flow in a pipe, Aoki'és'zz) correlation for heat transfer

is used: os

Nu = 6.0 + 0.025(y Pe) (5-76)
where

7= 0.014(1 - e~71-8X)

X
1
x:
Re®-45 pyp0-2

In the laminar region,

Nu = 4.36 for Re < 3000 . (5-77)
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For the shell side in the intermediate heat exchanger, Nusselt number is

obtained from the Graber-Rieger corre]ation(5‘23):
Nu = A + B Pe® 110 < Pe < 4300 (5-78)
1.25 < P/D < 1.95 ,
where
A=0.25 +6.2(P/D) ,
B = -0.007 + 0.032 (P/D),
and
C = 0.8 - 0.024(P/D)

The range of applicability is also indicated above. For Pe < 110, we use a
constant value for Nu (= Nu at Pe = 110).
The heat transfer correlations for water/steam are given for four differ-

ent modes of heat transfer. The first mode of heat transfer is forced convec-

tion. The Nusselt number for this mode is given as(5'24)
Nu = 0.023 Re%°® pr0:33 | (5-79)
The heat transfer for nucleate boiling is given as(5‘25)
T, - TSat = 0.02253 vq exp(-p/8.69 - 10°) (5-80)

where TS is the temperature at inner surface of tube, Tsat is the saturation

temperature of water at pressure p, and q is the surface heat flux in W/mz.

The heat transfer for film boiling regime is given as(5.26)
0.8 og | 0+68 [0, \0-068
Nu = 0.0193 Re,’ Pr;~23 <._.) <.&.) , (5-81)
Pg Pq

where subscripts 2 and g denote, respectively, 1iquid and vapor phase at satura-

tion and subscript B indicates bulk property of steam/water mixture.
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For superheated steam, the following heat transfer correlation for forced

convection is used(5'27):
Nu = 0.0133 Re®:8% pp0:333 (5-82)
. e (5.28)
The steam/water quality at the DNB point is given by
4.38 x 10° o, :
Xong = for q > 6.3 x 10° , (5-83)
Hzg Pq vG/1350.0 ,
or
| 4.38 x 10" o, + (5.3 x 10%/q)"*° :
XDNB = " for q < 6.3 x 10° , (5-84)
; H29 Pq vG/1350.0

where ng is the latent heat of vaporization (J/kg), G is the mass flow rate per

unit area (kg/s m?), and q is in W/m2,
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6. CODE DESCRIPTION

6.1 CODING GUIDELINES

6.1.1 Applicable Coding Standards

A set of practices intended to insure uniform and concise notation as
well as td simplify code conversions and modifications has been maintained
throughout SSC-L. These gdidelines were developed so as to adhere to the
formal standards of the American National Standards Institute (ANSI) and the-

American Nuclear Society (ANS). The SSC standards adhere closely to the
)

language specifications of(6'1 "USA Standard FORTRAN", ANSI X3.9-1966 and

adhere closely to the recommendations set forth in the following documents:
®ANS STD.3-1971 ~ "Recommended Programming Practices to

Facilitate the Interchange of Digital

Computer Programs”%'z)

®ANSI Standard N413-1974  "Guidelines for the Documentation of Digital
(6.3)

Computer Prbgrams"

®¢ANSI Standard X3.5-1968  "Flow Chart Symbols and Their Usage in

Information Processing"(6’4).

Additionally, practices éet forth in the preliminary draft of RDT F 1-4(6'5)
were considered. Wherever poséib]e,'many of the recommendations contained in .

_ this pending standard were implemented into the SSC-L coding.

6;].2 Code Structure and Data Management

SSC is a deliberately structured ensemble of modules each of which per-
forms a well-defined set of tasks. A module is broken down into submodules

such that each submodule performs a single task. Submodules are designed so
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that they may be easily replaced or exported from the code. As much as possi-
ble, all data linkage is maintained via labeled common blocks. To assure
agreement of data definitions, all nonexecutable statements defining variables
in a given common are identical in every routine using that common (exception
is made for a number of well-defined data management routines).

A variable dimensioning (dynamic allocation) scheme is used throughout
the program. Data transfer of dimensional arrays is accomplished by passing a
large container array via labeled common. The starting locations and lengths
of each individual array within the container are also passed via labeled
common. At the module and submodule level, equivalence statements are employed
so that naming convention for variables (discussed later) can be maintained
for better user understanding and readability. This particular scheme of
variable dimensioning was selected because of its superior efficiency of data
transfer and inherent characteristics for permitting a minimization of storage.

A symbolic naming scheme was adopted for SSC and used throughout. This
was done to avoid the problems caused by naming ambiguities and degeneracies
prevalent in other Targe system codes. Symbolic names are restricted to six
or fewer characters and are used for several different types of entities,
specifically:

Variables used by several modules via labeled common, -

Common block names,

Routine names, and

Statement functions.

A summary of the SSC naming convention is given in the following section.
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6.1.3 Symbolic Naming Convention

The naming convention attempts to convey as much information as possible
about an entity while maintaining the fiﬁa] label as mnemonic as possible. To
this end, SSC names reserve two (and occasidna]]y three) characters to iden-
tify general entity type and purpose and leave four characters to. be assigned

.mnemonically. Specifically, the symbolic naming convention for variables and
names is as follows:

- LOCAL VARIABLES (including those shared via scratch COMMON):

May not contain embedded digit; i.e., digits only at end.
First character should conform to Table 6-1, if applicable.
- GLUBAL VARIABLES:

First character is a letter specifying the type of quantity,
e.g., P for pressure. See Table 6-1.

Second character is a digit indicating module which alters the -
value (i.e., region of reactor system). See Table 6-2.

‘Remaining characters (up to four; at least one) are assigned
mnemonically, with no embedded digits. (Digits may occur
at end, or starting with third character: P6ABC2, P67B5).

- ROUTINE NAMES:

First two to four characters are mnemonically assigned, except
that second may not be a digit.

Next character is a digit indicating module (or region). See
Table 6-2. ‘ '

Last character(s): one or two letters, indicating overlay
name etc. See Table 6-3.

Examples: READIR, VRFY7R, MAIN9S, FUEL5S, PBAL9S.
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Table 6-1

Initial Letters Used to
Indicate Type of Quantity and Units

2

Area m

Mass kg

Material properties; constants (See3Tab1e 6-2.)
Density kg/m

Energy; enthalpy J; J/kg
Fractions, factors -

Mass flow rate per unit area ka/s m’

Heat transfer coefficients W/mZK
Pressure; power N/mz; W
Surface heat flux; catch-all w/mz; --
Reactivity; angular measure AK/K; radians
Time s

Temperature K (not C)
Velocity m/s

Volume m3

Mass flow rate kg/s

Distance (length or radius) m

Distance (width or diameter) m

Distance (height or axial) m

Used for index values of dimensioned arrays (used in order).
Control flags, counters, etc. .

Maximum compiled dimensions, other integer constraints.
Actual dimensions used (e.g., number of channels used).
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Table 6-2

Digits Used to Indicate
Major Modules (or Regions)

1 Primary loop (NOT including IHX or vessel).

2 Secondary loop, including IHX (but not steam generator).

3 Tertiary loop and steam generator (but not turbine, condenser).
4 | Turbine, condenser.

5 Fuel (and blanket) rods.

§ Reactor core coolant volumes.

7 Reactor vessel, structure, etc.

8 - (unassigned).

9 Global or general quantities, not pertaining to a specific

module or modules (or regions).

NOTE: For entities pertaining to more than one region, the digit used
is determined by whichever module creates or alters it.

For material properties constants (first character is "C"), the digits have a
slightly different meaning:

1 Sodium. 2 Sodium vapor

3 Water or steam. : 4 Reactor fuel blanket.

5 Reactor fuel. 6 Cladding of fuel rods.

7 Steel, other structural 8 Reactor cover gas.
material.

Also, for material properties constants, the third character is meaningful;
for example: °°

A Coefficjent of thermal
expansion. :
C "~ Specific heat capacity. K Thermal conductivity.
D Density. N Dynamic viscosity.
£ Emissivity. » P Pressure.
H Enthalpy T Temperature.
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Table 6-3

Final Letters Used for Routine Names

Routines of the data reading and restart segment.
Routines of the steady-state calculation segment.
Routines of the transient time-stepping segment.

UtiTity routines used by more than one program
segment.

Functions other than those calculating material
properties.

The final letters of material properties functions
generally correspond to those used for the third
character for material properties constants (see
Table 6-2).
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6.2 FLOW CHART

The modularized structure of the SSC-L code lends itself to a natural
subdivision. The code is divided into three sequentially disjointed pro-
cesses as shown in Figure 6-1. These routines are the main driver programs
of SSC and are called in succession by the controller routine, SSC-L. Each
performs a unique setlof tasks and is executed only once for any given case.
It should be noted that this type of structure permits the use of system rou-
tines such as CDC's utility OVERLAY to make the most efficient use of field
length. The flow chart of each of the drivers, along with its associated sub-
routines, is shown in Figures 6-2 through 6-10. The naming convention discussed
earlier (Section 6.1.3) is dsed in selecting program and subprogram names.

Only a short description of these subroutines is included in the following.

MAINOR

This routine is the main driver for the input-initia1ization module. It
‘ca11s the free-format card reader routines in a sequence specified by the
user. The data verification, as well as a series of data management routines,

are also called from this routine.

CALC1R
This routine initializes secondary and subsequent loop structures where
the user has chosen to default -these values to those entered for the primary

loop.

CALC3R
This routine loads the input data into the data arrays, using the component

order information generated by VRFY3R.
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MAINSR

§SC-L MAINSS

MAINST

Figure 6-1. Three main driver programs of SSC-L.

1 REST9R

— READIR GENRD

] READ3R GENRD

— READ7R GENRD

— READSBR GENRD

READSR GENRD

VRFYIR

VRFY3R

MAINSR \a VRFYTR

VRFYB8R

| ]

VRFYSR

] CALCIR

' '—J CALC7TR

——1 CALC8R

——4V CALC3R

—  TYPESR

H— LISTOR

1 PRNT3R

L—1 . SAVESR

Figure 6~2. MAIN9R flow diagram.
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END2S
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PREX5S
FRADSS
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STEMSS

PUT5S

TSAVSS

Figure 6-3. MAIN9S flow diagram.
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—[FEceT]

Figure 6-4. MAINST flow diagram.

—{ PowsT REACS5T

[FUELST ——] ALFasT |

—{COEF5T |—{ GAMAST |
L[ 'sTemsT |— aLFast |
—{PutsT ]

Figure 6-5. FUEL5ST flow diagram.
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Figure 6-6. COOL6T flow diagram.

Figure 6-7. LOOP1T flow diagram.

—{Fireer]

Figure 6-8. LOOP2T flow diagram.
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DRIVIT flow diagram.
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Figure 6-10. STGN3T flow diagram.
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CALC7R
This routine sets slice-type dependent arrays and determines normal-

ized axial and radial power distribution.

CALC8R
This routine interprets the coded iterative scheme designated by the

user for establishing the initial plant balance.

GENRD

This is a general purpose card reader routine as developed by the Los

(6.6)

Alamos Scientific Laboratory and modified for current usage.

LISTIR

This routine prints all data initialized in the input module.

PRNT3R

This routine prints all data initijalized in the input module.

READ1R
This routine processes free-format card input for the initialization

of the primary and secondary loop modules.

READ3R
This routine processes free-format card input for the initialization

of the steam generator module.
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READ7R
This routine processes free-format card input for the initialization of

the in-vessel modules.

READ8R"
This routine processes free-format card input for the initialization of

the plant balance routine.

READIR

This routine processes free-format card input for the initialization of

the material property parameters.

RESTOR

This routine reads a program generated file for the reinitialization of

labeled commons in the event of a restart.

SAVESR

This routine generated an ordered file for a reinitialization restart.

TYPESR

This routine loads channel-dependent parameters for use in the slice-type-

dependent in-vessel modules.

VRFY1R - VRFY9R

These routines validate the data processed by the corresponding READ

routines against the criteria established in the data dictionary.
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MAIN9S

This routine is the main driver for the steady-state calculations.

ALFA5S

This module calculated the coefficient of thermal expansion for each

node in the fuel slice.

COOL6S
This is the driver module for coolant calculations. It performs inter-

polation for fuel noding of temperature and heat transfer coefficients.

CORE6S

This is the coolant core modu]e.- It determines flow rate for L6ATYP(N6CHI)
channel. For all regions in the L6ATYP channel the module determines the node
size and number of nodes for each region, calculates axial temperature and
enthalpy gradients at each node for the region, determines friction factors at
each node for the region,and calculates pressure at each node for the region
and the orifice zone pressure difference at node one.- It performs these cal-
culations for N6CHAN channels. It then calculates heat transfer coefficients

for all nodes in all N6CHAN channels and calculated the bypass flow.

CVAL1S

This routine computes the steady-state pressure drop over the check valve.

END1S

This routine calculates the temperature boundary conditions for the
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subsequent pipe in the primary loop and, in doing so, accounts for the tempera-

ture rise across pump, as well as IHX plena temperatures at the proper locations.

END2S

This subroutine sets the inlet temperature and mass flow ratelboundary
conditions for pipe (J+1) in the intermediate coo)ant loop. It particularly
accounts for temperature rise across pump and mass flow rate division due to

branch 1ines for coolant flow at the steam generator.

EVAP2S
This subroutine calculates the pressure drop or loss coefficient on the

shell side of the evaporator.

FRADSS
| This module calculates the average power generation for all nodes in the

slice.

FUEL5S
This is the driver module for fuel heat conduction calculations. It treats
a fuel slice as the basic computationé] element, calls all major fuel computa-

tional modules, and controls convergence.
GAMAS5S

The module calculates the thermal conductivity for fuel and clad nodes

for the slice and heat transfer coefficients for the interfaces.
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GRO5S

This module sets pointers for restructuring in the slice.

HX35 |

This routine performs the heat exchanger model calculations. It determines
the pressure drop in the in]et‘p1enum of the heat exchanger, calls the routines
which determine the enthalpy and pressure distributions in the heat transfer
tube,and calculates the pressure drop in the outlet plenum of- the heat exchanger.
In addition, it determines the location of the DNB point and adjusts the total

heat transfer area to produce specified outlet conditions.

HYDR1S

This subroutine solves the steady-state momentum equations (hydraulics)

for both primary and secondary sides of the IHX.

IHX1S
This routine solves the steady-state'energy equations for the IHX. IHX1S
and HYDR1S are the only interface between the primary and intermediate loop

modules.

LOOP1S -

This routine drives the primary loop steady-state calculation. In partic-
ular, it interprets the logical variables in order to select the proper calling
sequence to the various subroutines. This routine also copies the results of

the computations for loop 1 into the arrays for the rest of the loops.
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LOOP2S
This routine drives the intermediate loop steady-state computation.

The rest of the description is the same as for LOOP1S.

LPLN6S
Coolant lower plenum module. It initializes node-one values from input
of temperature, enthalpy, and pressure. It calculates pressures at the

bottom of the core.

OPTN6S
This routine computes the steady-state channel flow rate distribution

or -pressure loss coefficients, depending on user specified option.

PBAL9S

This routine performs the global thermal balance for the whole plant.

PIPE1S

This routine solves the steady-state energy and momentum equations for
pipe J in the primary coolant loop. It is assumed that the pipe diameter is

constant, and the pipe wall is in thermal equilibrium with the coolant.

PIPE2S

This routine solves the steady-state energy and momentum equations for

pipe J in the intermediate coolant loop.

This routine computes the pressure at the exit of a pipe from the
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pressure losses for each node in the pipe and the fitting at the end of the

pipe.

PRESS

This module performs the initialization for FUEL5S by obtaining data
computed by other modules. Amoung others, it sets the NR nodal temperature
to T6COOL(J,K), places the heat transfer coefficient for that slice in a
local variable HCOOL, initializes tags for restructuring, and calls PREX5S

to initialize nodal distances XI at temperature TSREF.

PRES1S

This subroutine determines the pressures at pipe endpoints around the

primary loop.

PRES2S
This subroutine determines the pressures at pipe endpoints around the

intermediate loop.

PREX5S .

This module initializes nodal distances XI for either equiradial incre-

ments or equiarea increments of the fuel slice.

PUMP1S

This routine determines pump pressure rise by matching it with overall
load in the primary circuit. It then sets up the polynomial equation for

pump head and calls ROOT1U to calculate pump operating speed.
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PUMP2S
This subroutine determines pump pressure rise by matching it with over-
all load in the intermediate circuit. It then sets up the polynomial equation

for pump head and calls ROOT1U to calculate pump operating speed.

PUMP3S
This routine computes either the pump outlet pressure at rated pump

speed or the pump speed if the pump outlet pressure is specified.

PUT5S

This module moves the calculated steady-state values for the slice into

storage locations.-

RES1S
This routine computes the height of coolant in the primary pump tank,

~ and the mass of cover gas above the coglant level.

RES2S

This routine computes the height of coolant in the intermediate pump'

tank, and the mass of cover gas above the coolant level.
SIMT6S

This routine contains seven equations for seven upper plenum temperatures,

which are called by ZSYSTM, to obtain an iterative solution.
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SPHT2S
This subroutine calculates the pressure drop or loss coefficient on the

shell side of the superheater.

STEMSS

This module calculates the temperature of the fuel rod structure and

fission gas plenum for steady-state.

STGN3S
This routine is the main driver for the steam generator calculations.
In particular, it calls the various subroutines in the order in which the res-
pective modules appear in the steam generator loops and copies the results
of the computation for the intact loop into the arrays representing the

damaged Toop.

TANK2S
This subroutine computes the pressure -in the loop at the location of the

surge tank, and further, calculates the mass of gas in the surge tank.

TEMP5S
This module calculates the steady-state temperature distribution in the

fuel rod and cladding.

TSAVSS

This routine determines the average temperature in each slice which

contains fuel.
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UPLN6S
This upper plenum coolant module calculates: the average values over

N6CHAN channels of temperature and enthalpy; the total channel flow rate for

N6CHAN channels; the upper plenum temperatures using ZSYSTM; the exit enthalpy,

outlet, and top of core pressures and finds loss factors for each channel.

VOL3S
This routine calculates the mixed mean enthalpy in a volume based on the

liquid level in the volume and the pressure specified in the volume.

XPANSS
This module adjusts radii due to thermal expansion for each node in the

fuel slice.

ZSYSTM

6.7)

An IMSL routine( that determines a root of a system of N simultaneous

nonlinear equations in N unknowns utilizing Brown's method.

MAINIT

This is the driver routine for transient calculations. It also handles

overall timestep control.

ALFAST

This module calculates coefficient of thermal expansion for each node.
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APPL5T
This module calculates the applied reactivity contributions (e.g., those

due to scram and/or control rods) during the transient.

BETA6T

This calculates the critical pressure ratio for fission gas release.

BREKIT

This routine computes pressures at eventual break in primary loop.

BREK2T

This routine computes pressures at eventual break in intermediate Toop.

BUBB6T
This is the main driver for the boiling and fission gas release calcula-
tion. It calculates initial and boundary conditions for the boiling and fission

gas release.

COEF5ST

This module calculates appropriate. coefficients for the transient

temperature calculations of fuel rod.

COOL6T
This module is the driver for the transient coolant dynamics calcula-
tibns. It provides initial conditions; determines step size; and then employs

several submodules to calculate temperature, pressure, enthalpy, and mass
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flow rate of the coolant in all axial nodes of all channels. It then
stores values for subsequent timestep. Finally it provides boundary

conditions for fuel calculations.

COREGT

This modu]é calculates the enthalpy, temperature, and pressure of
- liquid sodium for single-phase flow at all axial nodes of all channels. It
also acts as a subdriver for two-phase flow and reverse flow and directs

calculations to the bubble model or flow reversal model, respectively.

CVALIT

This routine computes the pressure loss across the check valve.

DEFN1T
This routine defines pipe flow rates, and input and output pump flow

rates for primary loop.

DEFN2T
This routine defines pipe flow rates, and input and output bump flow

rates for intermediate loop.
DFUN6T

This routine calculates the derivatives for the functions calculated in

DVOGER.

- 295 -~



DOPP5T
This module calculates the reactivity feedback due to the Doppler

effect.

DPAC3T

This determines the coefficients of momentum flux pressure 1oss in con-

trol volume.

DPFG3T

This determines coefficients of total flow resistance in control volume.

DPFT3T
This routine determines coefficients of pressure drop in a fitting using

form loss coefficient.

DRIVI1T

This routine is the driver for heat transport system transient hydraulics.

DVOGER

(6.7)

This is an ISML routine which integrates a system according to

Gear's method.

ENDIT

This routine sets transient thermal boundary conditions from one pipe

to the next in primary loop.
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END2T
This roufine sets transient thermal boundary conditions from one pipe

to the next in intermediate loop.

EQIVIT
This routine equivalences the names of primary loop variables and

functions of the model in terms of names in the integrating subroutine.

EQIV2T
This routine equivalences the names of intermediate loop variables and

functions of the model in terms of names in the integrating subroutine.

ERR3T

This writes error message.

EVAP2T

This routine computes pressure loss across the shell side of evaporator.

FEED3T

This routine determines coefficients for feedwater flow rate.
FLOWLT

This routine sets proper calling sequence to primary loop hydraulic

computation submodules.
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FLOW2T
This routine sets proper calling sequence to intermediate loop hydraulic

computation submodules.

FLOW6T
This module simulates the flow redistribution model. It calculates

the mass flow rate in each channel and bypass channel.

FLUX6T

This routine calculates, at any timestep, heat flux from rod and

structure into Tiquid sodium.

FRADST

This module calculates average power generation for all fuel nodes. It
also calculates the power generation multiplier to be used later on in cal-

culating the transient volumetric power generation.

FRIC3T
This determines friction factor as function of Reynolds number and sur-

face roughness.

FSEG3T

This is a main driver for flow segment calculations.

FUELST

This module is the driver for the fuel rod and structure calculations.
By calling series of modules in succession, it calculates, through these
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submodules, quantities such as temperature and radii of the fuel, cladding,

and structure nodes.

FUNC1T
This routine defines functions of differential equations (other than pump

and reservoir) for primary loop hydraulics.

FUNC2T
This routine defines functions of differential equations (other than pump

and reservoir) for intermediate loop hydraulics.

GAMAST
This module calculates the thermal conductivity and emissivity for fuel
~and clad nodes and also computes the heat transfer coefficient for gaseous

mistures, in the gap.

GROWST

This module calculates the reactivity feedback due to axial expansion.

GVSLIT
This routine computes coolant level in guard vessel, pressure external

to break, and d/dt for accumulated volume of coolant in the guard vessel.

HEAD1T
This routine computes head of primary pumps and defines its operational

region.
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HEAD2T
This routine computes head of intermediate pumps and defines its

operational region.

HNA3T

This routine computes overall sodium side heat transfer coefficient.

HNAF3T

This routine computes sodium side surface heat transfer coefficient.

HWFB3T

This routine determines heat transfer coefficient in film boiling.

HWFC3T
This routine determines heat transfer coefficient in forced con-

vection to liquid.

HWNB3T-
This routine determines heat transfer coefficient in nucleate boiling

of subcooled or saturated water.
HWS3T

This routine is the main driver for overall heat transfer coefficient

calculation on water side of heat exchanger.
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HWSC3T
This determines heat transfer coefficient in forced convection to

superheated steam.

HX3T
~ This determines coefficients for energy and flow equation for water

side of heat exchanger and advances sodium temperatures.

HYDR1T

This routine computes transient hydraulics in IHX.

IHX1T

This routine solves transient energy equations in the IHX.

IKLP3T

This determines pointers for all arrays needed in the flow segment

calculations.

INIT6T
This calculates cladding temperature and cladding inside and out-

side radii for the new nodalization required by BUBB6T.
INSL3T

This determines coefficients of inlet enthalpy and flow rate of a

flow segment in terms of accumulator conditions.
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INTF6T

This calculates temperature at the interfaces for the lower and

upper slug.
INTGLT

This routine advances the hydraulic equations using the predictor-

corrector method of Adams type.

LEAKST

This routine tests for cladding rupture due to fission gas pressure
for each axial fuel slice in current channel. Cladding rupture conditions
exists if difference between fission gas pressure and coolant pressure
exceeds critical value defined by cladding dimensions and material yield

point for the calculated cladding temperature.

LOOP1T

This routine is the main driver for transient thermal computations

in primary loop.

- LOOP2T

This routine is the main driver for transient thermal computations

in intermediate loop.

LPLN6T

This module performs transient lower plenum calculations. It extra-
polates boundary conditions. It terminates its procedure by calculating
coolant and metal temperatures and pressure at the bottom of the core.
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MIX6T
This module contains the solution vector at time t. This is required

by DVOGER, the one-step integration package, as a formal parameter.

PDCYST

This module handles the advancement in time of the decay heat power

generation.

PDFGIT
This routine sets the logic to compute pressure losses across differ-

ent elements of primary loops.

PDFG2T

This routine sets the logic to compute pressure losses across differ-

ent elements of intermediate loops.

PIPEIT

This routine solves transient energy equations in the primary loop

piping.

PIPE2T

This routine solves transient energy equations in the intermediate

“ Toop piping.
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PIPE3T
This routine determines coefficients for energy and flow equations

for a pipe.

PIPWIT
This routine computes pressure losses in pipe sections in primary

]oops.

PIPW2T
This routine computes pressure losses in pipe sections in interme-

diate loops.

PLOP3T

This routine determines reference pressure for a flow segment.

PLOS1T
This routine computes pressure losses in appropriate sections of

primary loop from the losses in individual components.

PLOS2T

This routine computes pressure losses in appropriate sections of

intermediate loop from the losses in individual components.
POWST

This module serves as the driver for the rod transient fission power

generation calculations.
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PREST
This module gets the temperature from storage arrays into local
scratch arrays for the particular slice in question, at the start of

each timestep. It is mainly used as an initialization routine.

PRES1T
This routine sets inlet and outlet pressures of uniform mass flow

rate sections in primary loops.

PRES2T
This routine sets inlet and outlet pressures of uniform mass flow

rate sections in intermediate loops.

PRMTS5T

Thié module handles the advancement in time of the fission power

generation.

PSFH3T

This determines reference pressure for a flow segment.

PSTB3T

This determines turbine inlet pressure.

PUMP1T

This routine computes primary pump variables and d/dt for pump speed.
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PUMP2T

This routine computes intermediate pump variables and d/dt for pump speed.

PUMP3T

This determines coefficients for energy and flow equation for a pump.

PUTST

At the time this module is invoked, all formal calculations of the
fuel and clad and structure have been completed for that timestep and for
the given axial node. This module then moves all temperatures and radii
so far calculated from local scratch variables into storage arrays for

subsequent timesteps.

REACST
This module initiates calls to other modules to obtain the various

applied and feedback reactivity contributions.

RES1T
This routine computes variables and d/dt for level in primary pump

reservoir.
RES2T

This routine computes variables and d/dt for level in intermediate pump

reservoir.
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RFLOGT

This module calculates the temperature, pressure, and enthalpy of

liquid sodium at all coolant nodes, when reverse flow occurs.

SFLO3T
This routine determines sodium mass flow rate from input boundary

conditions.

SOLV3T

This routine solves accumulator equations by Gaussian elimination

with pivoting.

SPHT2T

This routine computes pressure loss across the shell side of superheater.

STEMST

This module calculates the temperature of the structure and the

fission gas plenum.

STGN3T

This is the main driver for the steam generator calculation. It calls
routines which computes accumulatér conditions, backsubstitutes accumulator
conditions to advance flow segment variables, and determines the maximum

change in water side variables during this step.

STMP3T
This routine determines sodium temperature at heat exchanger inlet

from boundary conditions.
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STOR1T

This routine stores the intermediate updated values of flow rate.

TANK2T

This routine computes pressures and d/dt for level in surge tank.

TBOIL6T
This routine does the Lagrangian calculations for 1liquid temperature at
fixed axial mesh points in upper and Tower slugs. For the fixed mesh points

in the bubble, it sets the temperature equal to the bubble temperature.

TEMP1T

This function program transforms enthalpy into temperature.

TEMPST

This module calculates the temperatures at fuel and clad nodes for

the new timestep.

TFUNST
In this module, the previous temperature of the fuel and cladding

are extrapolated to the present time to evaluate material properties.

TMSG3T

This calculates timestep in the steam generating system.
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TORK1T

This routine computes hydraulic and friction torques for primary pumps.

TORK2T
This routine computes hydraulic and friction torques for intermediate

pumps.

TPMP3T
This determines two-phase friction multiplier on the water/steam side

of the steam generator.

TSAVST
This module calculates certain fuel slice dependent quantities required

in GROW5T, DUPP5T, and VOIDST.

TUBE3T
This calculates surface heat fluxes and tube wall temperatures in heat

exchanger.

UPLN6T
This routine, by employing DVOGER, solves the systems of first order

differential equations with the timestep proVided by the main driver

COOL6T. The final solution consists of sodium level; temperature of sodium

in two mixing zones; temperature of cover gas; and temperatures of the inner

structure, thermal liner, and the vessel closure head. It terminates by

calculating the pressure at the vessel outlet.
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VGSLIT o

This routine retrieves information to interface with reactor vessel
and sets calling sequence to compute pressures at eventual break in

" primary loops.

VJ1T

This routine determines velocity of jet out of a pipe break.

VOIDST

This module calculates the reactivity feedback due to sodium voiding.

VOL3T
This calculates coefficients for accumulators, eliminates flow segment

terms from accumulator equations, and advances the accumulator variables.

WSTE3T

This determines water properties as function of enthalpy and pressure.

XCRT3T

This routine determines water quality at DNB point as function of

pressure, enthalpy, and heat flux.

XPANST |
This module recalculates the radii of the fuel and cladding, necessary

because of the thermal expansion of the radial nodes. Two methods are

employed in cé]cu]ating radii. Equal area increment, and equal radii in-

" crement.
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