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BY USING BODYFIT-1FE CODE .

by

Brian C-J. Chen and William T. Sha

ABSTRACT

A seven-pin rod bundle under flow rundown conditions was simu-
lated by using the computer code BODYFIT-1FE (Boundary-Fitted

Coordinate System - 1 phase, Fully-Elliptic). In this code,

the complicated rod bundle configuration is first transformed
into rectangular geometry with uniform meshes. The transformed
governing equations for all the thermal-hydraulic va: ettes are .;

then solved. The results of the simulation are presented here.

All the predicted values agree favorably with the measured data. ,
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Executive Summary

*
A 7-pin rod bundle under flow rundown condition was simulated by using

the computer code BODYFIT-lFE, which is based on the technique of boundary-
fitted coordinate systems. By using this technique, one can transform the

complicated rod-bundle configuration into either rectangular or cylindrical
coordinates with uniform meshes. Therefore, the boundary conditions at the

solid surfaces are accurately represented without any interpolation.

The transformed Navier-Stokes equat Ians are solved by using the finite-
difference technique. This procedure provides detailed velocity and tempera-
ture distribution. We have used this procedure to simulate the experiment

performed at GFK Karlsruhe facility. A brief description of the test condition

is given. Physical models used in the simulation are described.
,

The results of the comparison between the code prediction and the measured
.

value are very encouraging. The agreement can be improved by refining the heat
transfer coefficients and physical models. The same experiment was also simu-

- lated by COMMIX-1A. The predictions between BODYFIT and COMHIX are fairly close.
The BODYFIT-lFE code is a bench mark code since it does not invoke any assumptions

and empirical coefficients for laminar flow case. All the conservation equations
are rigorously treated except for the case of turbulent flow where a turbulent
flow model is needed for the closure of the differential egr.ations. The capabil-

ity to analyze two-phase flow is to be added into BODYFIT, which will further
. increase the applicability of the code for vario'us thermal hydraulic analysis.
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I. INTRODUCTION
.

A 7-pin rod bundle under flow rundown condition was simulated by using

the technique of boundary-fitted coordinate sy.atems.1 By using this technique,

one can transform the complicated rod-bundle configuration into either rectan-

. gular or. cylindrical coordinates with uniform meshes. Therefore, the boundary

conditions at the solid surfaces are accurately represen ed without any inter-

polation. The accuracy of the representation is only limited by the accuracy of

the geometric coefficients, which can be easily increased by increasing the

number of computational meshes.

A computer program was written to automate the generation of the coordinate,

system. The detailed equation will be presented in Section II. Once the

'
curvilinear coordinates are generated, the Navier-Stokes equations are solved

in the transformed plane using the finite-difference technique. The transformed

-equations of conservation are given in Section III. This procedure provides de-

tailed velocity and temperature distribution without invoking any assumptions for

the laminar flow case. However, for turbulent flow, some empiricism must be em-

ployed due to the closure problem of turbulence modelling. A computer code BODY-

FIT-lFE based on this procedure has been developed. We have used BODYFIT-lFE

to simulate the experiment performed at GFK Karlsruhe facility. A brief de-

scription of the test condition is given in Section IV. Physical models used

in the simulation are described in Section V. This includes the fuel pin model

and the grid resistance model. . Comparison between the experimental measurements

' ' and. the code predictions are given in Section VI. Final remarks and conclusions

are given in Section VII.
;

.
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II. COORDINATE TRANSFORMATION

The technique of boundary-fitted coordinate systems is based on an auto-

mated numerical generation of a general curvilinear coordinate systen having

a coordinate line coincident with each boundary of a general multiconnected

region containing any number of bodies with arbitrary shapes. This procedure

does not use conformal transformation and consequently is not limited to two

dimensions. It can also be generalized to cases with time dependent boundaries.

The curvilinear coodinates are generated as the solution of a set of elliptic-

partial' differential equations with Dirichlet boundary conditions, one coordinate -

being specified to be constant on each boundary segment, with monotonic
.

variations of the other-coordinate being specified along the boundaries.

let--(x,y)- be the coordinate variable in the physical plane and (Er. ) in

the transformed plaue.- The coordinate nesh is then generated by numerically

solving a Laplacian equation

C ..+C =0- (1)
xx yy

n +n =O (2)
' '

xx yy:

'

-with the boundary conditions

Y
.

T Y2 7T - [x,y] c : ri1 _,

-

A .n . ..1

..... .

C C (**7) , - [ x ,y) c. . r 2 -
'

:'

2, ,

n n- -(3)2~ .. ..

. ? ;on'each of the boundaries F1 and'T .- Th'e subscripts'in Eq.L(1) and (2)'~

2
-represent =second~ order partial-derivatives.

_
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Frequently, it is more convenient to solve the inverse of (1) and (2),
.

because the boundaries can be more easily describea. The equations are written

in terms of x and y as dependent variables, as follows.

ax - 2Sx + yx =0 (4)
gq

=0 (5)ay - 28ygq + yyg qq

with the boundary conditions

f(C,43~'
x

1 1 ,
, [C,n '

1 1.

y f (C'U')*

2 -
_,

.

- -
..

.
. g (C,q )x

2 *
[E,n l c Pz 2-

y. g2(C,n ) (6)^
2

.

where a, S, y are the transformation coefficents, given by

2 2
aEx +y

S Ex x +yy

2 2 (7)yExg+yg
* *

r and T s[e the transformed boundaries. In multiboundary problems, there
2

are several of these boundary conditions that must be specified.

Equations (4) and (5) are numerically solved using SOR techniques. The

solution of the equations is the specification of (x, y) coordinates at discrete
..

(E,n) points in the transformed plane. These coordinates are used in the

~ BODYFIT code for solving the transformed equations of conservation.
,
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III. EQUATION _0F CONSERVATION .

In this section, we only present the transformed continuity equation and;

the momentum equation to illustrate the character of the transformed equations.

The complete set of transformed equations is given in Reference 2.

In the rectangular coordinate system, the governing equations are given

as follows.

Mass Conservation

[pudydz+favdxdz fpwdxdy=0dV + +
* *
x y s,

.

.

X-Momentu:2

50"1 & + [puudydz + f puvdxdz + [puwdxdy
~

. g
S*x *y z

.

=-fE dydz+[E dxdz +fE dxdyyy 12 13
s, s sy z

-[pdydz+[pgdF
s V
x

where:
p.=-density

u = velocity in x-direction

v = velocity in y-direction
..

w = velocity in z-direction-

13 = viscous. stress acting in 1-direction on the
~

3

surface normal to j-direction

p'= pressure

g,= gravity in x-direction'
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In the boundary-fitted coordinate system, the governing equations are

.-

as follows.

Mass conservation

dndt+[3 p) , d&dtfJ dV'+[3 pu
,

C 0

* S pD J d(dn = 012

x-momentum

! 1fy ' 'J._
+

S puudadC + S puvd(dc-

+[3 puwdEdn=-[3 1J
y 2 dndc2

q C a n

.-

+ ! ,-S y P dCdc

.

i g dndt + l~+ 1_ f f .1_ d(dcRe S a 11 Re S 12n a

+L[y 'I dCd4 +1 In J@-P }Ey3 s x
Re _S 12 2 V

g 7

The variables with the overhead tilde are the transformed variables defined as

~ follows.

u=y-W-x v
_ y

v=iy g u + x( v

0. w
,

..

11 " N I **f12q ll- n
.

3 ~ '" ~ I E i E
'

'

2 C 11 C 12

y;, . t< -

. -
13
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IV is the volume element in the transformed space corresponding to the ,

V in the physical space. Re and F are the usual Reynolds number and

Froude number respectively. Subscripts of (, n, C are again representing

partial derivatives with respect to (, n, C accordingly.

Futhermore,

J -* Y12" *( Yn n E

3 |I3=3 a

where a is the ratio of the length of the pipe axis on the transformed
plane to that on the physical plane.

It should be noted that in the transformed space, x-momentum depends ,

not only on the pressure gradient in the x-direction, but also on the pres-
This is a unique feature duesure gradient in the y- and'z-directions. "

Furthermore, in the conventional-staggered
to the coordinate transformation.
mesh arrangement for momentum cells, pressures are stored at the grid points

Thisand velocities are stored on the grid line between the grid points.
arrangement will require the pressure to be specified on the boundary sur-

To avoid this artificial specificatien, a modified staggered cellface.
In the modified arrangement, velocities are storedarrangement is chosen.

at the intersection of grid lines, while pressure, density, and enthalpy are
Details of the,

stored at the center of the cells formed by the grid lines.
arrangement can Le found in Reference 2.

.

5
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IV. TEST DESCRIPTION
.

.

The experiment was performed at GFK Karlsruhe facility to investigate the'

Ifuel assembly behavior after a power outage to the reactor coolant pump coin-

cident with a failure of the reactor to trip. A group of seven heater pins

within a hexagonal wrapper was used to represent the fuel pins within a fast

reactor fuel subassembly.

Figure 1 shows the axial partitioning and thermocouple locations of the

moc el 7-pin bundle. There is an unheated entrance region 80 mm long.

Following that is a heated region of 600 mm. Grids are uniformly spaced along

*~
the channel. The sodium coolant enters the assembly with a uniform velocity

of 2.15 m/sec and a uniform' temperature of 553*C. The rods are uniformly heat-
.

ed by the embedded electric tape. The total heat generated by the rods is 78.6 kW.

The inlet velocity drops linearly from 2.15 m/see to 0.35 m/see in 6 seconds.

Figure 2 shows the flow history. During the transient, part of the heat generated

is stored inside the fuel rods. The detailed ast arrangements and thermocouple

descriptions are given in Reference 3.

;
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V. PHYSICAL MODELS

BODYFIT-lFE code was used for the simulation. It incorporated a one- .

dimensional fuel pin model to account for the radial heat transfer within

the fuel pin. This 1-D fuel pin model is similar to chose in Refs. 4 and
.

5. A constant gap between the fuel and the clad was assumed in the simu-

lation. The gap conductance of 1.30 J/m/sec/*C was used for the simulation.

BODYFIT code also includes a grid resistance model to account for the flow

redistribution due to the presence of the grids. The pressure drop due to the
21 2

grid is given by AP =CE 0" " "#" is the loss coefficient, E is
grid y 2 v

the fraction of the area blocked by the spacer grid, p is the density of the

fluid, and w is the averaged axial flow velocity. This resistance model is
*

the same as the one used in Reference 6. An empirical correlation for C was
.

used 1- the turbulence flow region.

*
C =

Re .12330v

Because of the proprietary information on the spacer design, we can only

use approximated values for the E's. They are 0.3 for the central subchannel,

0.4 for the wall subchannel and 0.2 for the corner subchannel.

All the heat capacity of the duct wall was included in the simulation.

Furthermore, it was found that the temperature distribution was not very sen-

sistive to the variation in values of turbulent viscosity used. Therefore, a

simple effective viscosity was used for the simulation instead of more elabo-

rate one-or two-equation turbulence models. As to the conductivity, a simple

effective turbulent conductivity was used.
.

*
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VI. COMPARISON OF RESULTS*

I
The computational meshes before and af ter the coordinate transformation

'

,

are given in Figure 3. The dashed line in Figure 3(a) represents the branch

cut through which the physical geometry was unwrapped into the transformed

geometry 3(b). Figure 4 shows the axial velocity distributions along two

vertical cross sections AA and BB of Figure 3(a). Figure 5 gives the comparison

between the code prediction and the experiment values for the steady state

temperature distribution. The agreements are, in general, very good. Figure 6

shows the radial temperature distribution alcng sections AA and BB of Figure

3. It also shows the fuel pin structure and their dimensions. Figures 7

through 20 give the measured and the calculated thermocouple readings for various
.

levels and locations. The slope of the calculated temperature is slightly larger
' than the measured temperature during the transient. This slope is depending

on the heat transfer coefficient at the clad surface, the gap conductance between

the fuel and the clad, the averaged heat conductivity for the fuel region, etc.

The agreements could be improved through more accurate modeling of tnesc leta.

.

.
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VII. CONCLUSION

BODYFIT-lFE was used to simulate the 7-pin flow rundown experiment. The -

-results of the comparison between the code prediction and the measured value

.are very encouraging. The agreement can be improved by refining the heat

transfer coefficients and physical models. Most importantly it demonstrates

the capability of the BODYFIT code in providing detailed velocity and temper-

ature distributions in a reactor rod bundle. This information is essential

for ascertaining empirical coefficients used in subchannel codes. The same

" experiment was also simulated by COMMIX-1A. The predictions between BODYFIT

and COMMIX are fairly close. However, because of the porous medius formulation
'

used JLn COMMIX code, it requires empirical coefficients such as the distributed

resistance be specified as inputs to the code. The BODYFIT-lFE cc'e is a bench
.

mark code since it does not invoke any assumptions and empirical coefficients

for the laminar flow case. All the conservation equations are rigorously treated

except for the. case of turbulent flow where a turbulent flow mod:1 is needed

for the closure of the differential equations. Furthermore, due to the fine

computational grids used in BODYFIT, it is possible to make direct one-to one-
|

comparison between the. BODIFIT. predictions and the experimental data, whereas

- COMHIX requires great care in interpolating and averaging of the calculated

values. These averaged values could te sensitive to the weighting factors used.

The capability to analyze two-phase flow is to be added into BODYFIT, which will

further-increase the applicability of the code for various thermal hydraulic ancl-

.vais .
.

.
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