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Abstract

Mathematically-rigorous time-volume averaged conservation equtaions were simplified to establis-
hed the differential equatrons of THERMIT-6S, which is a two-fluid 3-D code. The difference
equations of THERMIT-6S were obtained by discretizing the proceeding set of differential equat-
ions. The spatial discretization is characterized by a first-order spatial scheme, donor cell method,
and staggered mesh layout. For time discretization, a first order semi-implicit scheme treats impl-
ictly sonic terms and terms relating to local transport phenomena and explicitly convective terms.
The results were linearized by the Newton-Raphson method. In order to conmstruct the reduced
pressure equation, the linearized equations were manipulated so that all variables are coupled
between mesh cells through only the pressure variable. By simulating numerically the OPERA-15
experiment, it was found that THERMIT-6S is a very powerful code in predicting reactor behav-

ior after sodium boiling including flow coastdown, reversal flow and flow oscillation.
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1. Introduction

The growing public concern about the nuclear
industry places an increasingly large emphasis
on the safety aspects of nuclear reactors. Iln
order to offer sufficient safety margins to assure
that the public risk will be acceptably low, the
U.S. Fast Breeder Reactor Safety program
appoach is to provide four levels of protection,
which are mainly aimed at reducing both the
probability and consequences of a Core Disruptive
Accident (CDA). These levels of protection are
referred to as Lines of Assurance (LOA).

The present work is related to LOA 2. which
in general requires an understanding of the
mechanisms and design conditions which enable
potential accidents to be terminated with limited
core damage. Specifically the objective of this
work is to develope an understanding of the
role multidimensional and non-equilibrium eff-
ects of sodium boiling in determining the
sequence of events during various accidents.

The first code to analyze voiding in the LM-
FBR was the Transfugue-1 (1) which used a
homogeneous equilibrium model and a mome-
ntum integral method (2). This code was the
forerunner of SAS-IA (3). The Transfugue-II
code (4). an improvement of Transfugue-I,
included sectional compressibility, variable vapor
denities but time steps determined by the sonic
velocity of the homogeneous equilibrium two-
phase flow.

A series of SAS codes of ANL represent a
long developed from the single-channel SAS 1A
version through SAS 2A (5), SAS 3A (6),
SAS 3D (7), and SAS 4A (8) which is now
under development. SAS 1A was a single-channel
code that included point kinetics and a combi-
nation of slip two-phase flow and single-bubble
slug-boiling models. The sodium boilng model

was later completly rewritten as a multibubble
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slug-boiling model for the multichannel SAS
2A version. SAS 3A, an expanded version of
SAS 2A, contained models to allow complete

“calculations of cladding and fuel motions. SAS

3D used the same models as SAS 3A but rest-
ructured the code for better numerical efficiency.
SAS’s main limitations are the restriction from
a slug model, its lack of a mixing model, and
its inability to adequately incorpoate the radial
heat losses and the multidimensional effect of
voiding.

The BLOW code (9) developed in Germanny
uses a multibubble slug-boiling maodel, which is
similar to that in SAS 3A, in order to describe
sodium voiding phenomena. The main difference
between BLOW and SAS is as follows: while
the vapor velocity along a bubble can be obta-

ined by solving the vapor mometum equation,
the liquid film velocity in BLOW is directly
calculated on a basis of the assumption of an
universal velocity profile across the liquid film
thickness.

The COBRA-3A code (10) is a homogenous
équilibrium code with models such as turbulent
mixing and wire-wrap mixing on a subchannel
basis. The subchannel model network allowed
for radial as axial sodium voiding and tempe-
rature distribution. A major limitation of COB-
RA-3M is its lack of capability to consider flow
reversal, recirculation, and a pressure-pressure
boundary condition. To provide capabilities, an
ACE method scheme was developed for the
COBRA-IV code (11); a temporally explicit
transient pressure-velocity was selected which
imposed no restriction on flow velocity and
could accept either flow or pressure boundary
conditions. However, this code retains a limit-
ation of a homogeneous equilibrium model.

The main features of the BACCHUS code
(12) developed at Grenoble are similar to those
of COBRA-3M; the homogeneous equilibrium

model, matching technigue, and mixing model.
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Their main differences are that the BACCHUS
uses the porous body analysis and the assump-
tion that the flow is steady. A transient version
is now under development.

Limitations of the codes are attibuted to the
characteristics of sodium and of the LMFBR
such as the high density ratio of liquid to
vapor, the existence of the highly subcooled
region, reversed flow,and sharp radial tempera-
ture gradients.

The high density ratio induces high slip bet-
ween liquid and vapor and, as a result, elimi-
nates the possibility of existence of a highly
subcooled region in the bundle of the LMFBR,
where vapor is condensed, causes numerical
difficulties and large pressure fluctuations. The
use of the equilibrium approach, in which vapor
must be completely condensed in the subcooled
region, enlarges pressure fluctuations and in
turn numerical difficulties. The non-equilibrium
approach instead of the equilibrium approach
is better suited to represent real situations.
Correlations for slip in annular or reversed flow
are not not readily available. Hence, the slip
model is avoided in the present work. Sharp
radial temperature gradients and multi-dimens-
ional voiding behavior lead us to favor a multi-
dimensional model. A 3-D model is chosen
because it can be transformed into 1-D or 2-D
models.

According to the above brief review, a two-
fluid 3-D model is selected for the analysis of
sodium boiling in the LMFBR. The THERMIT
code (13) is taken as the basic tool for the
development of a two-fluid 3-D code due to its
following main features:

1. Two-fluid 3-D code

2. Advanced numeical scheme

3. General boundary conditions
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2. Differential Equations of THERMIT-¢S

The mathematically rigorous differential equ-
ations of two-phase flow in Ref. 14 are simp-
lified with several assumptions in oder to derive
the differential equations of THERMIT-6S.
Equations (42), (51), and (73) for conservation
equations, and Eqs. (77), (78), and (80) for
jump conditions in Ref. 14, are used to obtain
the equations of THERMIT-6S.

Conservation Equation Equations

1. Vapor Mass

S (@p) 7 (wp =T, W
2. Liquid Mass

jat‘ (o) +p -« (@pv)=I", (2)
3. Vapor Energy

%— (ape,) +7+ (a.0.,9.) + 7+ (a,7,)

oa,

+2 ot =in+Qwv (3)

4, Liquid Energy
0 o _
Ty (pier) +p7 - (apie @) + e (G, +3,")

7 (@) 4500 =0 Q. (W)

5. Vapor Momentum
0 . .
-a—t‘ (av,‘ouv v) +V' (a,,p,,vvv U) +avVP

=Fvvi—ﬁiu_ﬁwv+avpv§ (5)
6. Liquid Momentum

0 -, RN
o (pi¥y) +p+ (up¥ %) +app

=F17i—ﬁi—ﬁw1+azpz§ 6)
Jump Condition

1. Mass

Iy+I=0:=I=-TI, )
2. Energy

Qu+Qi=0: Q=Qi\,=—Qy ®
3. Momentum

FoydFu=0: Fi:Fiu:_inl @

Here Q, and F; denote interfacial energy and
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momentum exchange rate, per unit volume,

and Qwv, le,

transfer rates and wall friction force of vapor

wo, and F., are the wall heat

and liquid, per unit volume, respectively. Note
that 7; in the above equations is different from
T;o7, in Ref. 14, ; ¥; and ¥;-%, are the inter-
facial material velocity and displacement velocity
of the interfacial surface, respectively.

For reasons involved with the selection of a
difference strategy for solving these equations,
momentum equations are rewritten in a non-
conservative form by using mass equations.
Then Eqs (5) and (6) become

AuPy—7— aa: +a,0,7,fV,+a,pp
=T (¥, 9,) ~Fi—Frpta,p,2 (10)
aor—— %t ‘a0, T a0 P Happ
=T (@-7)+F—Fotapg an

If we assume that ¥; is equal to 7, then

I'{@i—7,)=I{",—7,)

I'(7:—7)=0

In THERMIT-6S F; consists of two compo-

nents: the standard drag force (F,) and virtual
mass force (F,), per unit volume. Both terms
are defined as follows

F=K@,~7) (12)

2 av, ov
FuEavvav{ T at’ +7,p(@,—7)

+ @70 [ G-2pTt a-2p7 ] |
(13)
Detailed description for the virtual mass force
is given in Ref. 14. Introducing Egqs (12) and
(13) into Egs (10) and (11), we get the final
momentum equation used in THERMIT-6S.

(avpu"i"avplcv) aaz; avplcv avl

+Ey+Epntapp
=—(T+K) (#,—7) —F‘wv+avpp§r (14)
(alpl+avplcv) aavt

+E1—Eum +alVP
=K@,—7) —~Fu+aipg (15)

—&yPy Cu at
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where
E,=a,0,9,-p7, (16)
E/=aip/t,+ 7, an
En=a,p,C,L(A= 1), T, — (A—2)T,+p7,

—16}-75’;—(1—1)5’;-75’;3 18)

Q:, and Q;; can be divided into two compo-
nents contributed by mass exchange and inter-
facial heat flux. These are defined as follows:

in= '2-7<gmhiv+q/liv) (19)

Qu=- *Zl‘ (gnhutq"a), 20)

where k;; and %, are the enthalpy on the liquid
and vapor side of the interface, respectively.
q’’;; and ¢'’;, are the heat flux on the liquid
and vapor side of the interface,

gn and % are the interfacial mass flux and the
a

ratio of interfacial area to fluid volume in the
control volume.
¢ = TiYo
8=},
where { ), represent a quantity which is aver-
aged over an interface The mass exchange rate

I'" can be expressed in terms of g, and %

a

I’:% @D

According to the jump condition with the negl-
ected term (P.-¥;-+ T+ Vi), the following rela-
tion can be obtained

Enhit+q" =g nhiv+q" s 22)
Assuming the saturation state at the interface,
we obtain the relationship between the inter-
facial mass flux and heat flux.

gmz qu”h_;_gq/I',” (23>

As the interfacial heat flux in the gas phase,
¢!/ is usually much smaller than ¢/, a simpli-

fied relationship can be obtained by neglecting
HA
gn=qi1/hse Qo

If we set up a physical model of ¢}/, then mass
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exchange rate can be obtained by using Egs
(21) and (24). Substituting Eq (24) into Eq
(19), we have the interfacial energy transfer

rate per umit volume,

77,
Q= 1———qh;’hg (25)
/q g

In addition to these conservative equations

there are four equations of state:

=00, T.), pr=p:(p, T1)

e,=e,(p, T,), e;=e;(p, T)) (26)
“These equations of state can be used to elimi-
nate the densities and internal energies in terms
-of temperature and pressure. For the closure of
the conservation equations terms, which repre-
sent the transfer of mass, energy, or momentum
at the interface between the solid and fluid,
-and between liquid and vapor, must be explicitly
-expressed in terms of primary variables and
properties. These terms are as follows:

I, Fi, Qi Fay, Fut, Qui, and Qu
The physical models of the above terms, so
called constitutive equations, are described in
Ref. 14,

3. Difference Equations of THERMIT-¢S

The difference equations of THERMIT-6S
are basically those of THERMIT (13) and can
be obtained by discretizing the proceeding set
of differential equations. The spatial discretiza-
tion is characterized by a first-order spatial
scheme, donor cell method, and staggered mesh
layout. For time discretization a first-order semi-
implicit scheme treats implicitly sonic terms
and terms relating to local phenomena such as
the exchange processes, and explicitly convective
terms. A fully explicit method represents the
fastest method on a per time step basis, but
requires extremely small time steps due to
‘Courant conditions. A implicit method, on the
other hand, allows large time steps but leads
to greatly increased code structure. The semi-
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Fig. 1. A Typical Fluid Mesh Cell Showing
Location of Variables and Subscript-
ing Conventions

implicit method is a compromise between
these two extremes; reasonable time step size
but less computation time per time step
and simpler code structure than the implicit
method.

We begin with the mass and energy equati-
ons, which are differenced about the centers of
the mesh cells. (See Fig. 1) The subscripts
i, j, and k are used to indicate positions along
the z, y, and z axes, respectively. The super-
seripts 7 or n-+1 refers to the time level at
which the variables are evaluated. A supersc-
ript n4-1/2 is used only for the exchange terms
which are functions of both new and old time
values of variables. A and V represents the
flow areas of the cell faces and the flow volumes
of the cell, respectively. With these definition,

the mass and energy difference equations are

as follows:
Vapor Mass:
(%Pv) il (avpv> "

At
5 (LA (@) ()™ 12

— (A @) (@)™ i1z
+LA (@) " (0™ 412

—[A (2.0)*(¥)) ") j12
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+ (A (@) " () " atr 2
— (A (@pn) " (U3) " Dy g} =42 (27)

Liquid Mass:
Same as Eq. (27) with a, replaced by a;, sub-
script v by I and I" by -I" (28)
Vapor Energy:

(avpvev> . (avpvev) "
4t

LA @+ $) (0 i 2

—[A(ap,+)" (@D izt 2
+ (A (aopopo+£)" (@) "™ Vjt1
— LA (aupue,+£)" (0™ o102
+ (A0 0)" (0 Jpt1e
— (A (aupues+ )" ()" i1z

ntl __ an
+pr T e QL Qi (20)

Liquid Energy:
Same as Eq. (29) with «, replaced by «;, sub-
script v by [ and Q; by —Q;, and added Q,,
(30)

The liquid conduction term 4d-a;(g;+¢!) is exp-
ressed as Qy; in Eq (30) and models for it is
presented in Ref. 14, The properties transferred
through the cell faces must be explicitly expr-
essed in terms of cell centered quantities such
as a, p,, P, € and e¢. THERMIT-6S uses
a particular relationship often referred to as
donor-cell differencing; the properties will be
transferred through the cell faces with all cen-
tered quantities upstream of that cell, If C
stands for any cell-centered quantity, the value
of Ciy1,0 is determined as
Ciyy if o2, <0
Cirra= ) 31
G if o, >0
For the donor cell decisions updated velocities
are used. The primary reason to use updated
velocities is to solve the packing problem which
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occurred if old velocities for donor-cell criteria
were used.

Now let us consider only a single component.
of the vapor momentum. The additional equa-
tions are obtained by permutation of the axes
and indices. According to the staggered mesh
scheme, each momentum equation is differenced
about the center of a face of a mesh cell. Based
on Eq (14), the one-dimensional vapor mome-
ntum equation in the z direction is differenced.
at the point (i+1/2,4, k) as follows:

(vuzn+1 - vyxn) +1/2

(@ypo+a,0,C) 1z VT

R T T

- (avplcu) :"-H/l At

+ E:i+1/2 + Egmi+l/2
(pigy—pi)™H

Tivl,/2

=Ku (v,—v) 1, —F2f'2, (32»

n
+azii2

where

E:-'+1/z = (a,p,) f11,2 407,
Elpivi o= (,0,C) 1,2 (A1 du},

—(2—-2) dv},— vy~ (1-2) dvi)

40,7 dy0,5\*
Avn ____vx . ( Yy vygt 1 yYv
TRz e YNy S
Ty ( 4.0 )"
i+1/
VRV A Ve

A' v I\ 7 A v, \ "
A”?u"—'vfi-ﬁ/z(L"‘ +vlli e —2}%

Az Jiv12 i+1/2
. A v, 7
+vu‘+1/z( 22 )
Az Jiy12

dv},: same as dv}, with subscripts ! repla-
ced by v and v by [.
dv}; : same as dv?, with subscript v repla-
ced by /.
In the above equation we have used an expre-

ssion of the form AZ';’x to designate the diff-

. . ov,*
erence approximation: of e

the point (i+1/2, j, %). Similar expressions have
been written for the y and z directions. In Eq

associated with
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(32) we are again faced with the problem of
variables. appearing at locations other than
those already defined. We first consider the
quantity a:

Aiyy Az t+adz;
Az + Az (33)

The quantity p,i;» can be expressed in the
same way as Eq (33). Every velocity except

Qipy 2=

vi12 is at the wrong position, so an averaging

must be performed. We define

(ijg‘) 1'+1/2=

(
a0y _|(
(5 (

(Aj,;i) iz

The mesh spacings 4y;4; 2 and dz;,;,, appearing
in the above expressions are evaluated as;

Ayjs12= (dy;+4y;41) /2 3

A2y o= (d2s+d2ayy) /2 (40)
We have now completed our specification of the
difference equations, with the exception of the
exchange terms. These terms are discussed in
Ref. 14,

4. Solution Procedure of THERMIT-¢S

The most important characteristic of our diff-
erence equations lies in the treatment of coupl-
ing terms. An examination of the mass and
energy equations reveals that cell-centered var-
iables appering in these equations such as a**!,
p*tt and e"*! are coupled only to the new-time
velocities ©*™! on the faces of the mesh cell.
The momentum equation relates these velocities
only to the pressure in the mesh cell in question
and in the six surrounding cells. Thus we see

that coupling between mesh cells at time level

s X
'Uz’fi+3/2-vfi+1/z> / Az if v, <0

M z
('” itz & T VitLoe, k—1>/Azk—l/2 if 95412 20
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1
Vi e = (V120 a1
H 001 j1 T Vi a1 (34)

_1lr.: 2
v§i+1/z—-1[v»f,k—vz+ Vui k12

-

+ 0 12 Vi ptr2) (35)

Finally, according to the donor cell scheme, the
difference approximations of the convective

derivatives are given by;

| (36)
(vf.‘ﬂ/z—vﬁi—l/z)/dxi if v3i41,2 20
Vi, j+1*'”§i+1/z,j)/dyj+1/z if vdi1,. <0
37
if ©
Uiz, i — Vit j—1>/Ay;'~1/z if vy, 20
H z
("’iiﬂ/z, k+1“'05i+1/2,k)/dzk+1/2 if 51,2 <0
(38)

n+1 is through the pressure variable. Hence,
we need to solve only the reduced pressure
equation.

Let us describe how this is accomplished.
Denote the system of two-fluid finite difference
equations by F(z)=0. Here, z is a vector con-
taining the ten principal unknow variables.
We shall use a Newton iteration to solve the
non-linear system,

Flz)=0 41
We first linearize the old iterate z™ as
Fla)=F(am)=F(z™)
+J (&™) (™ —z™) =) (42)
where the Jacobian matrix J(z=™) is defined as.

%)m We then solve the following linear

system for
J(z™) Az = — F(z™) 43
where dz7*! is the iteration error (a7t!—z™)
and F(z™) is called a residual error.
This linear system is solved either by the:
direct method or iteration method. This process:
is called as the inner iteration. This Newton.
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iteration, called as the outer iteration, -contin-
ues until the iteration error Az™*! or the resi-
dual error F(z™) is sufficiently small,

The first procedure is to express velocities in
the momentum equations in terms of pressure.
Because the interfacial momentum exchange
term has been treated implicity, the liquid and
vapor velocities are coupled with each other. At
the face of each mesh cell, the momentum
equations can be put in the form

z x yrH adp™ti4 f
= [ (44)
Tz yrtl b4pmit g
(.z: r xr z 1 |" P rr «
Tz zz |al, |zax
T z x z T, z =z
LT o x x J L TI - -r X
By inverting the 4x4 matrix that appears above,
| 07 r 27 r x
! al, |z
| T, T z
L0 | J LT, J Lz =z

“The first equation in the above set is an equation
involving only the pressure in a cell and its
six neighbors. The remaining three equations
relate the void fraction and temperature to the
pressure. The pressure equation can be solved
iteratively with each complete sweep referred
to as an inner iteration. Once the pressure field
is found, the other unknowns @, T,, and T
can be found by back substitution. The above
procedure is repeated until the pressure iteration
error, 4p™*! is sufficiently small. If convergence
is not attained in a specified number of iterati-
-ons, the time step size is reduced and the same
procedure is repeated. The method will always
cconverge, if the time step size is small enough.

A crucial property of the reduced pressure
problem is its diagonal dominance. In the one-
.dimensional flow the pressure equations can be
expressed as follows:
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By solvingthe above 2x 2 matrix, we determine
each velocity in terms of the pressure difference
as

v = fpmti 4

v;"+1=ddpm+l+gl (45>

The above equations can now be used to elim-
inate all velocities appearing in the mass and
enery. Then we finally obtain a set of four
equations for each mesh cell involving the four
unknowns, p, a, T, and T, at the center of
the mesh cells and pressures, at the centers of

the six adjacent cells.

r T T =z fpl' [z 7

z z z =z | —| = (46)

Tz r z ! z

z x x zb Lpgl L z |

we can put this system in the reduced form:

r xr x z7 P r & 1

zT T r z E _ | = )

T r z z [ z

2z oz o gl Lo
Y P,

where a is the sound speed

op
~-(3)
ap /»
The amount by which the sum of any row of
coefficients exceeds zero can always be expressed
adzx

in the form(T)?

5. Numerical Simulation

k4

OPERA is an OQut-of-Pile expulsion and
Reentry Apparatus at ANL. OPERA 15-Pin
(15) is a sodium experiment which simulates
the initiating phase of a pump coastdown wit-
hout the scram of a LMFBR, specifically, the
FFTF. The objective of the OPERA 15-Pin
pump-coastdown test is to investigate sodium
boiling initiation and the subsequent two-dime-
nsional nature of sodium voiding in large pin



Development of the LMFBR Accident...H.C. No

bundles approaching the size of current LMFBR
subassemblies. In a large pin bundle the steep
radial coolant temperature profile will affect
the behavior of vapor generation, vapor conde-
nsation, onset of flow reversal, radial voiding,
clad dryout, and the axial void oscillations.
This experiment utilized 15 electric fuel pin
simulators in a triangular thin walled duct to
represent a high powered sub-assembly in which
each pin produces 33 Kw. The 15-Pin triang-
ular test bundle was fabricated to simulate the
one-sixth sector of a 61-pin hexagonal bundle,
The OPERA facility is a once-through sodium
system. Steady-state coolant flow with the inlet
temperature 588 K through the test section is
generated by first pressurizing the blowdown
vessel with argon gas, opening the sodium
control valves at the inlet to the test section,
and at the same time venting the receiver vessel
to atmosphere. The pump-coastdown flow tran-
sient is generated by depressurizing the blowd-
own vessel through a valve and two nozzles,
which can be preset by calibration procedures,
to give the desired flow decay. The summary
of OPERA 15-pin test is given in Table 1.
The pin power is maintained at 33 Kw until
3 heater pins fail or their power output varies
10% from the full 33 Kw at which time all
pin power is terminated.
Full size wire wraps (0.0142cm O.D.) are
on the interior pins and the pins on the one

side of bundle where the outside wall conditions

Table 1 Summary of OPERA 15-Pin Test

Coolant Inlet Temperature 323°C
Coolant Velocity in Test Bundle 4, 28m/sec
Average Pin Power 26. TKw
Test Bundle Inlet Pressure 0. 315MPa
Test Bundle Outlet Pressure 0. 200MPa
Fuel Diameter (0.D) 0. 584cm
Full Length 226cm 226cm
Length of Heated Zone 91. 4cm
Length of Plenum Region 121. 9em
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are to be simulated. Small wire wraps (0. 079cm
0.D.) and fillers (0.158cm O.D.) are used on
the pins and walls at the other two sides of the
bundle where the interior part of the 61-pin
bundle is to be simulated. This arrangement
ensures that the power to flow ratio of each
subchannel is the same as the corresponding
subchannel in a 61-Pin hexagonal bundle. The
thermal capacitance of the wall is minimized
by using a thin wall of 0, 5mm thickness.

A 2-D analysis is performed for the OPERA-
15 Pin numerical simulation. The test section
consists of five mesh zones in the radial direc-
tion. Twenty nine mesh zones in the axial
direction are considered: 18 in the heated section
(each 2/7) and 11 in the unheated section (each
2/’ for low 3 mesh zones and each 6’/ for the
next 8 mesh zones).

Inlet and outlet boundaries are positioned at
the outlet of the blowdown vessel and inlet of
the receiver vessel, respectively. As the receiver
vessel is connected to the atmosphere, the outlet
pressure is set to be equal to one atmosphere
over the transients. The inlet velocities meas-
ured in the experiment are used for the inlet
boundary condition up to 9 seconds into the
OPERA-15 Pin flow transients when boiling
starts in the numerical simulation. After boiling
the outlet pressure estimated by the figure of
blowdown vessel depressurization given in Ref
(15) is used for the outlet boundary condition.
Uniform radial and axial power distributions,
and constant Nusselt number for liquid heat
conduction, Nu=22, are used.

The results by the present code were obtained
by using the pretest information package for
the OPERA-15 Pin, which contains only expe-
riment apparatus, test section description, and
operating proceduresfore. Therefore it is inter-
esting to compare predictions by the present
code to experimental data (16) which were
published later.
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Fig. 2. Comparison of Temperature Transients
of OPERA-15 Pin with Pretest Predicti-
ons by THERMIT-6S at 35.5" (above fuel
bottom) in Innermost and Qutermost Cha-
nnels.

Boiling first starts at 9 seconds into transients
in the hottest channel, compared to 9, 4 seconds
in the test. Fig. 2. illustrates one of the prim-
ary reasons for the prediction of this earlier
boiling: temperature predicted by the present
code is higher than data over transients.

Up to 2 seconds after boiling starts, flow
coastdown is very slow. Figgures 3 and 4 reveal
the reason of this slow flow coastdown: it takes
about 1.8 seconds for vapor to reach the outer
most channel due to the large bundle size, large
inlet hydraulic resistance, and large radial tem-
perature gradients. In the test it was estimated
that the sodium void progresses from the inne-
rmost channel to the outermost channel in
about 1,5 seconds.

Rapid flow coastdown follows and flaw reve-
rsal at the inlet occurs at 3.1 seconds from
incipient boiling, compared to 2, 6 seconds in the
experiment. (see Fig. 5) This delay of flow
reversal is attributed to larger temperature drop
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Fig. 5. Comparison of Flow Transients of OPE-
RA-15 Pin with Pretest Predictions by
THERMIT-6S

laterally across the bundle in the computation

which is 144 K at boiling inception, compared

to 109 K in the experiment. Note that for all
three experiments simulating the low flow/high
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power accidents, rapid flow coastdown occured
when the outmost channel reaches around sat-
uration temperature and vapor production in
some cells of the outmost channel takes place
instead of vapor condensation.

The outlet flow is almost constant up to 3.2
seconds when vapor reaches the end of the test
section. Afterwards, the outlet flow rapidly drops
due to high void fraction at the end of the test
section, but never becomes the negative flow
because the interfacial force by high vapor
velocities drags the liquid along.

Within 0. 05
dryout is predicted. However, the occurrence of

seconds after flow reversal,
dryout in the experiment was substantially
delayed; elasped time from inlet flow reversal
to dryout is around 2 seconds. In the comput-
ation liquid reentry occurs at 0. 14 seconds after
flow reversal and is followed by inlet flow
oscillation of which the frequency is 3.5 cycles/
sec, compared to 2 cycles/sec in the experiment.

6. Conclusion

THERMIT-6S with the proposed two-fluid
differential equations, finite difference model,
and solution scheme were used to simulate the
OPERA-15 experiment. THERMIT-6S was
found to be a very powerful tool in predicting
reactor behavior after sodium boiling including
flow coastdown, reversal flow, and flow oscill-

ation.

References

1. R.C. Noyes, J.G. Morgan, and H.H. Cappel,
“Transfugue-I, A Digital Code for Transient
Two-Phase Flow and Heat Transfer”, NAA-SR-
11008 (1965)

2. J.E. Meyer, Models for the
Treatment of Reactor Thermal Transients,* Nucl.
Sci. Eng., 10(1961).

“Hydrodynamic

10.

11.

12.

13.

14.

15.

16.

. F.E. Dunn et al.,

. M.G. Stevenson et al.,, “Current

57

. D.R. MacFarlane, Ed., “SASIA, A Computer

Code for the Analysis of Fast Reactor Power
and Flow Transients,” ANL-7607 (1970).

. J.A. Landomi, “Transfugue -Ila A Digital Code

for Transient Two-Phase Flow in Single Heated
Channels,” NAA-SR-12503 (1968).

“The SAS2A Accident Ana-
lysis Computer Code,” ANL-8138 (1975).

Status and
Experimental Basis of the SAS LMFBR Accident
Analysis Code System,” USAEC-CONF 740401
1974).

. J.E. Cahalan et al., “SAS3D LMFBR Accident

Analysis Computer Code,”

. J.E. Cahalan et al., “The Status and Experim-

ental Basis of the SAS4A Accident Analysis Code
System,” Proc. Int. Mtg. on Fast Reactor Safety
Technoloyg, Seattle, Vol. II. (1979).

. P. Wirtz, “Ein Beitrag zur Theoretischen Besch-

reibung des Siedens Unter Storfallbedingungen
in natriumgekuhlten Schnellen Seaktoren,” KFK
1858 (1973).

W.W. Marr, “COBRA-3M: A Digital Computer
Code for Analyzing Thermal Hydraulic Behaivor
in Pin Bundles.” ANL-8131 (1975).

C.W. Stewart et al., “COBRA-IV: The Model
and the Method,” BNWL-2214, NRC-4 (1977).
G. Basque et al.,, “Theoretical Analysis and
Experimental Evidence of Three Types of Ther-
mohydraulic Incoherency in Undisturbed Cluster
Geometry,” TAEA Specialists Meeting, Karlsrule
(1979).

W.H. Reed and H.B. Stewart, “THERMIT-A
Computer Program for Three-Dimensional Ther-
mal Hydraulic Analysis of Light Water Reactors
Codes,” M.I.T.

Hee Cheon No, “General Derivation of Two-Fluid
Model,” J. of the Korean Nuclear Society, V. 16,
No. I, (1984).

T.J. Scale. “Pretest Information Package for
OPERA 15-Pin Experiment,” ANL/RAS 81-32,
1981).

T.]. Scale et al.,, “OPERA 15-Pin Sodium
Expulsion Test,” ANS Trans., Vol. 43 (1982).



