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ABSTRACT

Mathematical models and numerical wmethods
for a two-dimensional porous body simulation of
steady state and transient cthermal-hydraulics
conditions in LMFBR subassemblies resulting in
the TWIST computer code are presented. Compari-~
son of calculated results to steady state and
transient out-of-pile sodium experiments show
good agreement for cross-assembly temperature
di{stribut{ions for a wide range of heat transfer
and flow conditions.

INTRODUCTION

In Liquid Metal Fast Breeder Reactor
(LMFBR) core designs, the fuel, blanket, control
and shield assemblies are packed in a hexagonal
configuration.

The fuel and blanket assemblies consist of
cylindrical fuel pins arranged in a closely
packed triangular array separated by helical
wire wraps. These wires also induce swirling
flow which provide coolant mixing between sub-
channels.

During full power, steady state operation,
the sodium flow Reynolds numbers range from
1,5x10% 1in the radial blanket to about 10
in the fuel assemblies. Following protected
loss-of-flow transients, the flow regime changes
from turbulent to transition and finally laminar
as the Reynolds numbers are reduced; subse-
quently leading to charges in the associated
heat transfer modes from forced to mixed and
eventually free convection.i»

A number of detailed computer codes, gen-
erally written _for applications to LMFBR design,
are available.”~’ Due to the physical and num~
erical sophistication of these models, their ap-
plication to long duration transient safety
analysis problems is often constrained. There-
fore, it is desirable to develop a numerically
efficient model supported by experimental data
capable of predicting hear ctransfer and flow

regime behavior in LMFBR subassemblies during:

protected luss-of-flow transients.
*Work sponsored by the U.S. Nuclear Regulatory

Commission and in part by the Power Huclear and
Fuel Development Corporation (PNC) of Japan.

NOTICE

The purpose of the present paper is to for~
mulate a simple, transieat two-dimensional ther-
mal-hydraulics model, supported by experimental
data, resulting in TWIST (TWo~dimensional Intra-
Subassembly Thermal-hydraulics) computer code,
for study of steady state and transient fotced,
mixed and free convection conditions in LMFBR
subassemblies.

MATHEMATICAL MODEL

In the porous-body treatment, the presence
of fuel rods is taken into account by inclusion
of a volume poroaity in the governing equations.
The energy generation by the rods is modeled by
a continuous volumetric heat source distribu-
tion.3 The energy transfer in ¢he transverse
direction i3 modeled by molecular conduction and
an empirically determined effective eddy diffu-
sivity.

For simplicity, the rod bundle will be ap-
proximated by a two-dimensional porous slab of
width & corresponding to the assembly flat-to-~
flat for which the following assumptions apply:

(1) two-dimensional, incompressible flow,
(2) negligible axial conduction,

(3) negligible viscous dissipation,

(4) Boussinesq approximation is valid, and
(5) uniform pressure at any axial level.

Therefore, the conservation of mass, energy

and axial wmomentum equations can be written as
follows:

(a) Conservation of Mass:
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(b) Conservation of Energy:
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(c) Conservation of Axial Momentum:
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Subject to the following initial and boun=
dary conditions:

Initial Conditions

u(x,y,0)
v(x,y,0) known (Through Steady~ %)
T(x,¥,0) ’ State Solution)

Boundary Conditions

u=va=g at duct walls

u(o,y,t) = specified

v(o,y,t) = o (5)
T(o,y,t) = T* (specified)

Q"' (x,y,t) = specified

where o 1s the fluid density, u is the superfi-
cial velocity in the longitudinal direction, v
is the superficial velocity in the transverse
direction, T is the fluid temperature, Q"' 1is
the volumetric heat generation rate, v is the
kinematic viscosity, P is the pressure, g is the
gravitational acceleration, 8 is the volumetric
thermal expansion coefficient, D, 1s the hy-
draulic equivalent diameter, f is the friction
factor, A is the axial area fraction occupied by
the coolant (porosity), ¢, 1is the heat capa-
city at constant pressure, and g, 1s the ef-
fective thermal diffusivity defined as:

a, = ke/ocp =g + :k/pcp (6)

2
where the eddy diffusivity of heat, ¢, (m /s) is

' defined by

€ * G De ek ' 7

Here G is the average velocity, and €% is the
mixing parameter empirically determined.

The shape factor x (also known as tortuos-
ity) for molecular conductivity k is to account
for the reduction in thermal conduction due to
the presence of the fuel rods inside the sodium
and is assumed to be given by,

1+ 0.5 (1-9) (8)

It oust be noted that, the transverse momen-
tum equation need not be formulated since the
pressure is assumed to be uniform in the trans-
verse direction.

The energy equations for the duct wall

structure and the interstitial sodium region ad-
jacent to the duct wall can be written as:

Duct Wall

3T k'-'ﬂ AT
C —W = — - + — 9
M ot 5 r\.y (T T”) ks(-; ) ( )

Interstitial Sodiua

iTg k
— o M -T
3 A (T ) (10)

Where M is the mass, C is the specific heat, A
is the duct wall outside area, § is the duct
thickness, and the subscripts w and s refer to
the duct wall and interstitial sodium, respec~-

tively.

At steady state, the subassembly is assumed
to be adiabatic, and therefore;

5T T
P, " 0 TSI, (11)
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METHOD OF SOLUTION

Finite Difference Equacions

The conservation equation of the previous
section are of parabolic nature; that is, convec=
tion in the axial direction dominates the axial
diffusion. It is this feature that imports the
one~way character to the streamwise direction.
Obviously, no reverse flow in the axial direc-
tion would be acceptable.

Equations (1), (2), (3), (9), and (10) are
expressed in a fully implicit finite difference
form. Fig. 1 shows the schematics of the co-
ordinate system for the finite difference equa-
tions and thelir associated grid structure.

DUCT wALL

nNow b

Figure 1 Coordinate System for the Finite
Difference Equations

The finite difference form of the coolant
and duct wall structure energy equations are
transformed to the following form:

ATkl = § (12)

Whera, the tridiagonal matrix, A is a func-
tion of the advanced time upstream velocities, B
is the vector of the right-hand sides,” and
Thtl i3 the vector of the advanced~time temper=

atures (Ty+l,1» Ti+1,2,...r T1+1,005 .

Similarly, the axial momentum and mass con—
tinuicy diffefence equations are also trans-
formed ‘into the following form:

c¥ktl = § §5))
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Here, C and D are the coefficient matrix and the
vector of the right-hand_sides, respectively,
and are given in [9] and Kktl {5 the vector of
the advanced time velocities and the pressure
gradient nazely,

Ek-b!. - {“1+1,3' Wi+l 4 s

vi+],N-2i dP1+1lk+1

It is fzportant to note that D fs dependent
upon the Tkl values.

Numerical Solution Technique

The steady state and transient solution
techniques follow the same procedure, except for
steady state calculations the tize derivations
are set to zero (= =0). The numerical solution
procedure is asg foilous:

(1) Start at i=1 row; and solve Eq. (12)
for Ty 1 Ta 2 seeeey T N using the

Gaussidn elimfnation techdique.

(2) Calculate the physical properties as a
function of Ty, j's-

(3) solve Eq. (13) for uj 3, Ua syeeeny
u2 %2 and P, using ‘the Gauss-Jordan
reduction method.

(4) Now, back substitute into the con-
tinuity equacion v 2,3 Vo
oK b
SN2

(5) March in the
up to 1i=M row;
through (4).

gresay

strean~wise direction
repeating steps (1)

(6) If transient calculations is desired,
get the time step, and calculate the
translent forcing functions; repeating
steps (1) through (S).

It is noted that, the time-differencing
scheme 1s fully implicit, and therefore, the
time step is governed by the numerical accuracy
considerations rather than numerical stabilicy
constraincs.

TWIST L3 capable of calculating a sequence
of steady state condirions or a steady-state
leading into a transient conditiom.

RESULTS AND COMPARISON WITH EXPERIMENTAL DATA

The TWIST code, briefly described in the
previous section, 1is now used to simulate the
steady state,l2 and transientld heat crans-
fer tests performed at the Westinghouse Blanket
Test Model.
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The Westinghouse Blanket Test Modiel 1s .a
one-to-one scale model of a typical LMFBR 6l-pin
blanket assembly. The power level, axial and
radial power distributions of the assembly are
simulated using electrically heated fuel rod
simulators.

The test section shown schematically in
Fig. 2 1s vertically mounted, with sodium enter-
ing at the bottom and flowing upward through the
heated rod bundle, dischafging from the duct
near the vessel exit nozzle. The space outside
the duct contains stagnant sodium and is con-~
partmentalized by numerous horizontal and radial
baffles to minimize heat loss by convective
transfer in the annular space between the duct
and the vessel wallsg.'és

Parameters which can have significant ef-
fects on calculated temperature distributions
include, inlet velocity distribution, bundle
tolerance and especfaily the bundle bowing, pin
distortion and the bundie housing theramo~amech-
anical behavior caused by heating effects.

In the present appiication the effect of
bundle bowing and distortion are not taken into
account. However, these effects can readily be
included through adjustments in the hydraulic
diameters and the porosity to match the experi-
mental data.

In a typical fuel and blanket asseably, the
flow area of the channels {n the wall region is
nearly twice as large as the flow area of the
interior channels. As a result, the coolant tem-
perature rise fan the wall region is lower than
in the interior channels. The wall channels act
as a heat sink to the interior regions of the
assembly. At low Reynolds numbers (or at low
Peclet number; Pe=Re Pr), the flattening of the
transverse temperature profile occurs as a re-
sult of the two distinct processes,z' naxely;
first, by energy transport due to increased con-
duction, combined with wire wrap induced mixing,
and secondly, by buoyancy~induced flow redistri-
bution. As the wall channels are cooler than
the fnterior channels, there will be density
differences between the wall and the iaterior
regions of the bundle, even in the absence of
radial power skew. The effect of higher den-
sity, and to a lesser extent the higher vis—
cogity in the wall region compared to the fn-
terior region, results in higher Erictional
forces in the wall channels. The combined
effect of frictional and stacic head forces re-
sults in a net diversion of flow from the wall
to the interior regions of the bundle. This
buoyancy-induced cross flow tends to Eurther
flatten the transverse temperature gradient.
This cross flow effect can be further enhanced
in the {resehce of radial power skew across the
bundie.2,14

The following analysis of simulation ex-
periments demonstrates the importance of intra-
subassembly processes as they influence the
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steady state and transient sodium temperatures
during forced, mixed, and free convection condi-
tions.

The subassembly is divided into 40 radial
and 20 axial nodes; with the heated region being
represented by a chopped cosine axial power dis-
tribution, with peak to average of 1.4 as simu-
lated in the experiments.l2

Steady State

Figure 3 {llustrates the calculated and
measured transverse temperature distribution
corresponding to 2.8:1 power skew across the
subasseably. It is seen that the agreement be-
tween the calculated and measured data improves
as the heat transfer regime changes from forced
to free convection.

The larger discrepancy in the low-power
side of the bundle is influenced by the reduc-
tion in the flow area caused by fuel pin distor-
tion and bowing as a result of large transverse
power gradient. Similar observations have been
made using the COTEC, ENERGY, and CQBRA-IV com-—
puter codes. Figure 3 also shows the trans-
verse temperature profile corresponding to the
midplane of the heated section. The better
agreement between the TWIST and experimental
data suggest that, the differential bowing seems
to be more pronounced towards the top of the pin
bundle.

Figure 3 also demonstrates the influence of
the mixing parameter E: on the bundle tempera-
ture profile. It is seen that a reduction in
turbulent mixing reduces the cross-assembly tea—
perature flattening at high Reynolds number
leading to higher temperatures in the interior
region and subsequently lower sodium tempera-~
tures in the side (wall) region.

Figure 4 shows the comparison between TWIST
results and the measured longitudinal teapera-
ture distribution at Reynolds number of 7900.
The agreement is good in the heated section,
with predictions of peak temperature becoming
more conservative near the subassembly ouclet,
where at high Reynolds numbers, mixing appears
to be much stronger than calculated, thus lead-
ing to flatter measured transverse profile.

Trangient

The Westinghouse transient experiments were
performed by first establishing steady state con-
ditions {power input, flow, temperature) and
then decreasing the power input and sodium flow
at. pre-program ratces. The test series in-
cludes tests wifth heat input to all rods, and
also to four rows {26 rods) only. The tran-
sients simulated both undercooling and overcool-
ing events.

PR e )
ez v c.
2=

N ALVE e watuNd 5L

/-
P
.

t

g
/u

™

WECATIRE (LWPL@ATUNE MiSL

8 cara

WECATIVE TEMPEMATUNL AISE

o’ 1eq0
de- 30300e

1 sxtw

ALLATIVE TEMPERATUAL WiSE

—

e

-

ap b oeq semren
vct a

B
3

o
-
1

—e3e003008
 zane

14VE TEMPERATURL misE

]
231 5ugw

] e 2] e ]

R 3
Figure 3 Comparison of Measured and Calculated
Cross-Assembly Steady State Tempera-

cture Digtributions



TWIST: A TRANSIENT TWO-DIMENSIONAL INTRA~SUBASSEMBLY THERMAL HYDRAULICS MODEL FOR LMFBRs

For the purpose of current simulation Test
Run 613 is chosen. This tes- corresponds to 1:0
maximum-to-minimum heat input, where only 26 of
the 61 rods were uniforml]y heated giving rise to
large temperature gradients between the heated
and unheated halves of the test section of Fig.
1.

Initially, the bundle was operating at 188
kw power, 56 gpm flow and 588K sodium inlec tem=
perature condition. The bundle power and spdium
flow rates are changed in a pre-progranmquman-
ner to achleve the desired rates. ‘

In steady state operations, the pewer-to-
flow ratio is a measure of the mean sodlum tem-
perature rise through the test section (see Fig.
5). During the transient, the temperarure rise
is also affected by the stored heat released
from the heater rods and/or the duct walls. It
must be noted that at present, TWIST assumes the
heat input to be directly deposited {ato the
coolant, and thus neglects the heat storage ef-
fects which can influence the early stapges of
the transient. However, modification of the
code to include fuel pin to coolant heat trans—
fer is straightforward.

Figure 6 1illustrates. the effect of tran-
sient operation on cross-assembly temperature
profiles. Also shown are the corresponding
measured values.

It is seen that a significant profile flat-
tening takes place, similar to the staady state
cases studied earlier. Furthermora, maximum
discrepancies between the calculated and mea-
sured temperatures occur in the unheated side of
the bundle, similar to the eariier steady srate
observations. However, the pezk sodium tempera-
tures are in excellent agreement with the test

data.

Figure 7 shows that, peak sodium tempera-
tures are in excellent agresment with the mea~
sured data where the tempuratures follow the
behavior of the power to {low ratio (Fig. 9).
However, the peak temperatures are higher during
the initial high flow part of the transient even
when the power-to-flow ratfo peaked back to near
initial high values later in the transient.
This reflects contribution of buoyancy=induced
flow redistribution and transverse thermal con~
duction effects similar to those observed in low
flow steady state tests. Heat transfer to the
surrounding sodfum and structures is also a sig-
nificant contributing effect.

SUMMARY AND CONCLUSICNS

. A two-dimensiocnal porous-body model for
Study of Steady state and transient Intra-sub-
assembly thermal hydraulics, leading to a very
fast running computer code was presented.

The code was then used to simulate steady
state and transienct sodium experiments perforaed
at Westinghouse, where generally, good agree-
ments were observed.

Numerical results supported by experizmentazl

data indicace that,

1) The f':‘"‘r/, efficient marching tech-
nique employed by TWIST is adequate for
study of forced, mixed, and free con-
vection conditions in LMFBR subassem~
blies.

2) Significant cross-assembly temperature

flattening takes place as a result of

. buoyancy-induced intra-subassembly flow

redistribution, transverse thermal con-
duction and mixing.

3) The numerical efficiency (5 to 10 tizes
faster than real time) and physical ac-
curacy of this model, provides an effi-
cient tool for study of long duration
natural circulation transient in LMFBR
assemblies.

Finally, it is planned to incorporate the
TWIST code into the 55C13 .system-wide tran-
sient code for a complete and detailed simula-
tion of protected transients in LMFBRs.
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