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COORDINATE SYSTEM

Boundarvy- fi d Coordinate

The basic ides 1e boundary-fitted coordinate svstems ] numerically
generate a curvilinear coordinate svstem having coordinate lines coincide witth
each boundary of the physical region of interest, regardless
these boundaries This is done by taking the curvilinear coordinates
solutions of elliptic partizi differe:tial equations. Constant values

the curvilinear coordinates are specified as Dirichlet boundary conditions on

ea boundary. Values of the other coordinates are either specified by a mono-

tonic variation over a boundary as Dirichlet boundary conditions, or determined

by Neumann boundary conditions. In the latter case, the curvilinear coc
lines can be made to interset the boundary according to some speci fied
tions such as being normal or parallel to some given directions. It is
possible to exercise control over the spacings of the curvilinear coordinate
lines in the field in order to concentrate lines in regions of expected high
graldients, In any case, the numerical generation of the coordinate svstem
automatically for any shape boundaries, requiring only the input of |

e boundary.







n
ey * e ? -ifl a; sgn(n -ni)exp(~ ciln - nﬂ)
- 7 e |
v £ b, aghln= o, demp -d.\/(c - £ o (n = 0,00 & 0lE,n), (3b)
gy 8 j j j j

where the positive amplitudes and decay factors are not necessarily the same in
the two equations. Here the first terms have the effect of attracting the £ =
constant lines to the £ = £, lines in Eq. (3a), and attracting the n = constant
lines to *he n = ni lines in Eq. (3b). The second terms caus. the ¢ = constant
lines to be attracted to the points (£:, n;) in Eq. (3a), with similar effect on
the n = constant lines in Eq. (3b). Several examples of tne use of coord nate
system control are given in Refs. 6 and 7.

Equations (2a) and (2b) can be expressed in a finite~difference form and
solved by using SOR (Successive Over-Relaxation) techniques. The solution of
the equation is the specification of (x,y) coordinates at discrete (£,n) points
in the transformed plane. These coordinates are inputs to the main part cof the
BODYFIT code for solving the transformed governing equations.

B. System Configuration

The present work uses a three-dimensional coordinate system for which the
curvilinear coordinates in the plane normal to the assembly axis are generated
from Eq. (2), and the third coordinate is simply a linear transformation of the
axial distance.

Let us first look at the coordinate transformation in the plane normal to
the assembly axis. Figure 1 shows a 7-pin hexagonal assembly before and after
the coordinate transformation. 1In the physical plane, there is a branch cut
along the line CC, where the assembly is unwrapped in the transformed plane.
The transformation involving a branch cut along the section CC is superior to
some of the previous attempts., One example of the previous attempts is to
divide the hexagonal assembly into three separate pieces (120° sectors). Each
piece is individually transformed into a rectangular geometry with uniform
meshes. Three pieces are then matched together using appropriate matching
conditions. This method has an inherent asymmetry between cross sections AA and
BB of Fig. la.

However, the present method of transformation will crowd the mesh grids in
the inner region of the assembly, especially for assemblies with a large number
of pins. One remedy is to skip some of the grid lines periodically in the
inner region of the assembly. 'This is shown in Fig. 1b, where two grid lines
were ekipped for every three grid lines above the fuel-pin region. A numbering
scheme was devised and implemented in the code for identifying the skipped
lines.
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The volumes and surfaces before and after the transformation are related by

dx dy dz = Jdg dn dg

(9)

(10)

The unit vectors normal to the surfaces £, n, ¢ = constants are given by

and
dx dy = le df dn.
\
e 1 by -
ng (xznl - xan),
X, * X2
- -1 - .
8 8 me—— (x2€1 - xlEJ)’
x2 L x2
1¢ 2
and
o= k.
g J

(11)

Any vector component in the unit normal direction can be formed by the dot

product of the vector and the unit normal.

For example, the velociiy components

in the £, n, and ¢ directions are proportional to the following quantities:

| U= x - X v 1
‘r u 2".\] ln >
| v e R TLITAR
>
and
V=W, y

(12)

whereau, v, w are the velocity components in the original x, y, z coordinates as

> q v
vV =ul + v] + wk,

Furthermore, the derivative of a function can be derived from

. 3
| fE fxxﬁ + fyyC + fzzﬁ’

f =fx +fy + fz ,
n X n yn zn

and

f =fx +fy +fz,
4 X g Yz z

(13)



and Cramer's

X, ¥, and z represent part

ng subscriptes

of a vector ¢

Divergence
me bounded

nstants, and two sur
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n{ * unit vector normal to the surface §,
p = density,
Tij = stress tensor due to the fluid viscosity,
Bi ® body force in i direction,
e = energy per unit mass,
E = energy per unit volume,
q;j = heat flux in i direction,
é = volumetric heat-generation rate,
p = pressure,
y = molecular viscosity,
Gij = Kronecker delta function,
¥ = molecular conductivity,
T = temperature,
h = enthalpy per unit mass,

H = enthalpy per unit volume,
and the repeated indices stand for summation over the index.

Using Eq, (20d), we can rewrite the enmergy equation as

oH El
ff] 3?—dv - fff—ss-dv + ‘j Hujnj ds = f) uilijn. ds

]
- fF agngas + [f] oggu; av + [[f Q av, (21)
where
du du, du,
ﬁj'“(ag "%%)'%““gi‘u‘ (22)

Using Eq. (20b), the momentum equation becomes

3(pu, )

& B

+ [[] esy av. (23)



), together with

state




The momentum equation (Eq. ) then can be written as

hydrostatic pressure ( d from

pressure at some referen

energy ¢
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where
T, = %009, = %0500

Tyy = “Xpplyy * %Ly,

and
!23 = I, (43)
z Momentum

By using Eq. (16), we can write the z-momentum part of Eq. (35) as

3 1 ! st l ~ ~
I 355w av « I Lowi dn g + ] 5o & dc + [f 3,0 at an
£ n 4

T 1 1 1 1
gf J),PdE dn + ﬁ'y‘.‘fan dn dg + 'ﬁ?{j?faz dg dg
4 4 n

1 ¥ 1 )
+ i?ﬁf le 233 dE dn + -'7—!{,!' J(p - p.)gz dv

y 15[ Jus_ dv', (44)
where
By = %0y - %Iy |
By = Xpply * %) Lg, A (45)
and
B3y = Iy5 )

Energy Equations

[[] J~%r-(ph) av' + ff-%—ph; dn dg + ff-%'oh; dg dg
v 3 8
& n ! (4h)

(Contd,)

+ £f le phw df dn = - i;;;'gf-:-ql dn dg
4 4 J
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IV. FINITE-DIFFERENCE EQUATIONS

A, Storn;e of Variables

In the conventional stagge: ~d-mesh arrangement, pressure, density, and
temperature (enthalpy) are stored at the center of the cell formed by the grid
lines; velocities are stored on the grid lines between the intersections. How-
ever, in the transformed momentum equations (e.g., Eq. (40)), the x momentum
depends not only on the pressure gradient in the g direction, but also on the
pressure gradients in the n and r directions. Because of this dependence of
the velocity on all three pressure gradients, it is necessary to perform a
great deal of averaging of the pressures for some directions and not for the
other. This nonuniform treatment of the pressure gradients is undesirable.
Furthermore, it requires pressures to be specified at the physical boundaries,
In order to circumvent the above-mentioned difficulties, the modified staggered~-
mesh arrangement was developed., 1In this arrangement, the pressure, density,
and temperature (enthalpy) are stored at the center of the cell; velocities
are stored at the intersection of the grid lines. We define the control volume
formed by the grid lines as basic cells. The control volume formed by the
planes midway between the grid lines is referred to as the staggered cell, This
arrangement is shown in Fig. 2(a) in three dimensions and in Fig. 2(b) in two
dimensions. The continuity equation, Eq. (39), and the energy equation, Eq. (46)
are applied to the basic cell; the momentum equations are applied to the stag-
gered cell. The indexes for both types of cells are the same, except that the
reference point for the staggered rell is halfway diagonally off the reference
point for the basic cell as shown in Fig. 2.

B. Convective Terms

All convective terms are partial donor-cell differenced. That is, for
example, the flux of enthalpy through the surface at i + 1/2 1s formulated as
follows:

M 501/2, 5,k ‘°“’i+1/2.j.k[(3‘ Tt (- fe)“i+1.j.J'

where

< - Byat
v, - (5 .8 + 3 ¢ 3 )
i+1/2,5,k & ‘Vis+l, i,k i+1,9+1,k itl,j,k+l i+l,j+1,k+1/"

and

1

Piet/2, i,k ® TP, 50" Piel,i,k)*

Ap and By are prescribed dimensionless constants. For Ag = 0 and B = 0, we

get central differencing. For Ag = 1/2 and Bp = 0, we get pure upwind differ-
encing. The same procedure is used at the i - 1/2 face. Thus, the ¢ derivative
of phU can be written as
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Fig. 2. Storage arrangements for basic cell s~y sta wgered

cell in (a) three dimensions and (b) two dime nsion
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Besides the convective terms having the option of nd differencing, the
time derivatives are written as first-order differences

space derivatives and the pressure derivatives are wri - second-order

entral differences

he following difference eq 1ons, advantage has been taken of ca

terms that c urs among the time derivatives, the convective terms,
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st T
Pisl/2,i,k = T (pi,j.k LR T U T O TR O °i,j-1,k-l)’

it o ~

Yi41/2,5,k i’(°i,j,x . “i+1,j,k)'

P, Py ® l(p.. . P, + P, )
i+1/2,5,k & \Yi,i,k i,3=1,k i,j,k=1 i,j=1,k=1/?

ete.

The other quantities are averaged in the same way. Thus, for example,

1

1
a,002,k " TP 50,0 * Piet, i1kt PaL el ket Pl §=1,k=1)"

y Momentum (Staggered Cell)

st

1 old o old st oid
30 b i) Ya T w9 )

i,ik ‘Pi,j,k i,k

L4

Y (3') [°,:1/2 i,k%i+1/2, k(-%- - r¢>("i+1 kY4, 4,0
a i+1/2,3,k 1 1) v Js £ » Dy » D

~

- (%P - & (%)

i¢1/2,3,k i+l/2,j,k]

1
8/i-1/2,7,k

(3

st ~ 1 = _
[pi—l/2.5.k"i-l/2.5.k QT' ! rc)("i-l.J,k Vi.j.k)

l ~
- {n 7} - =(%,,)
I s, ™ V0000 40k

(l) st ~ ( 1 *)
- = & 3 ¥: 3 o =T (v, . -v, ..)
a i,j+l/2,k[ i,j+1/2,k i,3+41/2,k\ 2 n/' i, j+1,k i,j,k

.

¢ I8P -
(g )i,j+1/2.k - (zzz)i.j*l/z.kJ

1) [ st ~ (l -)
+ (—- P: i Ve oo = +7T (v. - -V, . )
a i.5-1/2,k i,§=1/2,k1,35-1/2,k\2 n/*i,j=1,k i,j,k
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o
=(%,,)
- i.j-l/Z.k]

- ( Lo (_’_-r*)(v.. « o 8
s 43 i,),k+1/271,7,k+1/2\ 2 C/ 1,5.k41 i,),k

+ (x P}
IE lj'l/2.k

l ("‘
- =(Z,.)
Re * 23 i,j.kol/z]

+

s st ~ 1 ks
(le)ij[pi,j,k-l/zvi,j,k"l/Z(T ; rﬁ)(vinj:k’l ~ vinjok)

-0, )8 (54)

z Momentum (Staggered Cell)

st st
( old 1 %) old old

1
-A-E_(J). pi’jnk) 'injgk T injgk(pi’j’k wi’j'k

R

1 st ~ 1 r*

(%

)
N2, 5.

= -
L]

+
ey
-'-—-

st ~ 1 - -
)i-l/2 j u[°“'/2.j.u°i~1/2.j.k("2‘ : re)(“i-l.j,k RY

1
- Ly
we | 32)i-1/2,j,k}

st

-~ +
’ (T)i,jﬂ/Z.k[pi.j*l/Z.kvi.j*l/z.k(T R ORI

i ke
- =(%,,)
il YT VRN
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1 st ~

- T
W( e )ioj"l/zykJ

- (3,,) | ~ - - 1*)(w -w )
12 i i,5,k*1/2%4,3,k+1/2\7 TAENR T i,k

1
+ (P), . vy = ———(f )
i,j,k+1/2 Re 33 i,5,k+1/2

+

“th

i,j*1/2,k

v (3,)°
RePr ‘72 i,i*1/2,k

!
+ e . 2 i L 2 - 1 5
(‘)inj"l/zpk[pl'j-llz'kV1'J-l,2’k\T 1 rn)(vlnj-lok 'lnjok)

st ~ 1 -
("lz)ij["i,j,u-l/z"i,j,k-xlz(T i r:)(vi,j,k-l RS,

1
+ (P), . - = (T,.)
i,j,k=1/2 Re '“33 i,3,k-1/2
1 st
. ;E“”i,j.k(”i.j.k 08, s
Energy Equation (Basic Cell)
1 c old ' ¢ old ,old
B 050050, 0T T 15,00, 5,60, 5,
(l)c [ ~c (l c+>
=1 0. ¢ oMy P - - T (h i x =W, 4 )
& i+1/2,5,k i*1/2,5,k i+1/2,3,k\ 2 £ i+l, i,k i;3.%
1 ~ \C
== (q,)
RePr 1 i+1/2,7,k
1)‘ [ ~ (1 c-)
+ (—— Ps_ : o Us_ * - + I )(n i 36 "8 14)
\a i-1/2,3,k i=1/2,3,k i=1/2,j,k\ 2 E i=1,j,k i,j,k
1 ~ 2C
i ()
RePr 1 i-1/2,3,k

~C 1 c+
["i,julz,k"i,jol/z.u(‘i' L )(hi.jﬂ,k by 5.k)
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1\¢ ~C ) . c-) ~
'(')i.j-x/z,u["i.j-x/z.k"i.j-x/z.u(z DAL R B WY
1 ~ \C
+ ==(q,) ]
e Lsaa

c ~e 1 .+ e
(Jnx)ij[°i,j,k+1/2"i.j.k+1/2('5' Tt )(hi.j,k*l hi.j.k)
w2 (3,05
RePr ‘9371,4,k+1/2

¢ ~c 1 gw\ .
B (le)..[’i,j.k-llz"i,j,k-llz('i' k. )(hi.j.k-l TRRY,

ij
' (53):,5,k~1/2]

R (J)z,j.k['%Z (‘D)i.j.k * 0 5k

+ n(g: & + -%5 p'(ugx - ve, + wgz)i.j’k], (56)

where the superscript ¢ denotes the basic cell and all the subscript indexes
are with reference to the basic cell. Thus,

p = (e +p )
i"l/Z.j:k T iojnk i“l,j.k"

1
Di-]_/?,j,k T(piojok ! pl-lnjnk)'

~C 1 ~
o172,k " T (Mhan, ikt Yien, 5o,k * Bien, ke * Bien, e1,ke1 )0

~ -~ "~

S (57)

s - (4 +u + + 0, . )
i=1/2,5,k & ‘Ui,5,k i,j+1,k i,j,k+1 i,7%1,k+1/?

ete,
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The pressure-work term is found in Eq. (48), 1In finite-difference form

(%%)i,j yk

old

1 F~c
- pv*Y g s— - (p )
1, nk) c l 1 k %
] (le)ij 2 ) E l,],k

£ 1
: (’i.j,k

. (P w. . (P 58)
tJ:k( n)i,j.k] ’ awl.Jok( :)i,j,k ¢

where

~C 1 ~ ~ -~ ~ ~
Ui, 3 (95, 5,5 * o1, 5,6 %1, 501,k * Yiel, 541,k T YL ke

-~

* uiol,j,kﬂ * ui,j+l.k+1 * ui+1.j+1,k+l)'

o (¢ Ry | > (59)
7 Vil i,k i-1,3,k’"

(?,) " i i Py ie1,k)

etc.

The contribution to the pressure work from the hydrostatic pressure is
found in Eq. (52).

D c c ¢
- i L . s 1 6
F ps(ulsJ»kgx 9 VI»J)kgy - wlsJ:kgz)’ (402
where
us « = (u +u +u fu, +u, .
i,j,k B YUi,5,k i+l,j,k i,j+l,k itl,j+l,k 1,,k+l
Y Uien, kel Y Ui Gel kel ¥ Viel, el kel ) (61)

Residual Mas¢ Source (Basic Cell)

The mass residues, Sms» are computed at the basic cells from Eq. (23),

= (22
5 s dv 5 v pu . ds.
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In transformed variables, this becomes

' = 3 ' (_l__)“"
J. s av J. J 3-ngv + é \5Jeu dn dg
3
+ [(;—)pc dg dg + [ 3y, oW df dn.
) 8
n 4

The finite-difterence form is

c P c . .old
D ialtal, 7 T OL 5l 57 955

2 € IR,
a i+1/2,3,k i+1/2,5,k i+1/2,3,k

~C

C
A e
a i-1/2, 7.k i-1/2,j,k i=1/2,3,k

. (_1__>c P ve
a5 ia1/2,k DI/, 54172,k

C
~C
SO
A i,5-1/2,k 103 1/2,k71,3=1/2,k

C ~C
' (le)a §7i 3k /2%, 5, k01 /2

i (le)c v (52)

: PiL i k=-1/2%1,4,k-1/2"
y )

Transport Terms

In computing the finite-difference equations for momentum, we need

(%,,) (5. ) (%4,)
o172, 5.x 3 5118, 5.x N ie112,5,x
() (%, ) (%,,)
W ietr2, 4.k b i=1/2, 1,k N1/, 4,%
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(zlz)i.j+l/2.k (252)1.3*1/2.*
(flz)i.j-l/2.k (Ezz)i,j-1/2-k
(tla)i.j,k+l/2 (EZB)i.j.k*l/z
(3‘3)1,5,k-1/2 (E53Ji,j.k-1/2

45)
3274 341/2,%

1y,
( 32 i,j'l/zok

(.4)
33,5, ke1/2

¥
( 33)i,j,k-l/2

In the evaluation of the energy equation, we need

(3,)° (@,)°
i+1/2,j5,k i,j+1/2,k

(3,)° (,)°
1ie1/2,3.% 2%

Stress Terms

i,j-1/2,k

(4,)°
i1,),k+1/2

(3, )"
i,j,k-1/2

The stress terms are evaluated from the Eqs. (41), (43), and (45). Tous,
(fll)itl/z.j.k : (xz")i:xfz.j(zll)1:1/z.j,k - (xln)izl/z,jfxlz)it1/2.j.k
(Elzji.jtl/2,k e (xze]i.jtllz (tll)i.jtl/z,k - (xle)i.jtl/z(zlz)i'jtl’z'“
(513)i,j,ktl/2 ) (zl3)i,j,ktl/2
(Ezl)itl/z.j.k : (xzn)itl/Z.j(xZI)itIIZ.j.k - (x‘")izl/Z.j(zzz)itl/zﬁi’*
(Ezz)i.jtllz,k "l E)i.jt1/2(£21)i.jtl/2,k ’ (xlc)i.jtl/z (zzz)i’jil’z'k
(Eza)i.j’kt,,z ) (223)i,j,ktl/2
(E3l)itl/2.j.k - (12“)111/2.j(z31)izx/z.j,k - (xln)itl/Z.j(232)111/2'5'k



i,jt1/2,k

(,,)

- (x
i,j%1/2

(Ey5)

(z4,)
2t) 54172,k

+ (£

X
1€ i,jt1/2

)
274,541/2 .k

(63)

i,j.ktl/2 i,j,k%1/2

The terms (I)))is1/2,j,k» (£13)it1/2,j,k» etc. are found from Eq. (51). There-
fore, for example,

(Z ® 24,

1
1) : i+1/2,3,%( 13777 {[("zn“ ]
PHER 2R ( 1255012, )‘ i+1/2, 7,k

oL, e
£
ie1/2,5,k

The £, n, and £ derivatives are evaluated as follows (f stands for any
quantity):

etc.

(£,) B fi,j,k' )

Fiapgga Has

(£,) = f

2 2 o f ’ .
lic1/2,5,k Bk itk

-

1
(f ) T(fi»j*l;k ! i,j=1,k B fi"l;j-l lk)'

£ s
"iv1/2,],k At

i . (65)

) s I R B N fi-1,5-1,6)*  (contd.)
) ’

1

(£,) * T yua*

- g -
ST ie1/2,7,k

fiet, i1 = Fi,5k-1 " Fien, k-1

J = ] - -
Fe) i ain T T Figen * fie g ™ gk T e e

1

f = £, : + £, ‘ - £, ’ - f, :
( C)i,j+l/2.k 17( 141,71,k i+],3+1,k i=1,3,k 1-1,J+l,k):




(f,)

(fp)

i,j*1/2,k

(f,)

i,i=1/2,k

(f,) |
i,j+1/2,k

(fc)‘ -
i,j=1/2,k

(£,)
i,j,k+1/2

(£,)
£, 5,k=1/2

(£,)

4,5, ke1/2

(£,)

"4,5,k=-1/2

Ci,5,k-1/2

£, 5-1/2,x

- f

1

i,j+1,k ~
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SR R'T

£i,i.k ~ £i, -1,k

1

1
7 (£4,5, k01

1
?T(fi+l,j,k .

1
T (Fiag,5.0 *

1

1
Z'(fi,j¢l,k ’

(£5, 5,001 ~

T ke *

g R

£y, i*1,ke1
t L ie1,ke
fi+l,j,k+1
fi+l,j,k-l

fi.j+1,k+1

£y, 41, k=1

SERIL

(fiijtk - fi9j9k'l)'

Heat-flux Terms

T e, * Faat, g0 = fie gk

- fi’j»k’]

- fi:jnk°l

* ST

i-1,j,k

- fisj'lpk

~ A el

The heat~flux terms are evaluated from Eq. (50),
forms, these become

(3,)°

o

-_K
s ()
i£1/2,j,k 12/,

1/2

2 2
[(xln ¢ x2n)
.j’k

c

- g

£iet,i=1,1)

=t gelk-1)

b, =1 e 44

3
EERRL
Ry L
R ERTL

= 8 5e1,k-17

c

T
i1/2,5,k 5'i%1/2,3,k

%

(Contd, )
(65)

In finite-difference

(66)

(Contd.)
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- (%, %+ x,.x, ) ()¢ : ]
W00~ 20207 5102, 5.6 Mie1/2,4,k
i k \° 2 B ¢
(3,)° - (5 ) (2, + 22,) (1)
i £ 287 4 n’. . (Contd.)
i,j%1/2,k \ 12 i,%1/2,k i,j*1/2,k i,j$1/2,k L °“(66)

- (g %+ % % )c o
W00~ 28720% s,k &4, 540/2,k

and
(3,)° = kS . a(T )
3 i.j,ktl/Z 1.J.ktl/2 g i,j,ktl/z’ 3

where ¢ stands for centered or basic cell, and
(1,)¢ ®PLod ol e
4 i+1/2, 35,k itl,j,k 1,]),k

C
T A - T, :
( E)i-llz,j’k 1,1,k i=1,j,k’

(1)

= l - - j
n i#]/Zoj k u [Ti'j+l’k ! Ti*lpj*lok Ti,j-l,k Ti+1!j-l)k]'
< ] 1
(T")i—l/z,j,k & [Ti,j+l,k . Ti-l,j+l,k Ti,j-l,k Ti-x.j-x,kl'

¢
(T.) =T, . A P
n i,j+1/2,k 1,3%1,k i,]),k

C
(T")i 3=1/2,k T T e,k L (67)
’ ’

& 1

(1,) = [T, .,  *T, .. * %2 36 Toi 3 B
£ i,§41/2,k 4 i*l,j,k 1+1,3+1,k 3=1,3,:k i=1,3%1,k

¢ 1

(Tc)i j-l/2 k - K [Ti’l'j’k ! Ti’llj'lok B Ti-l.j,k o Ti'l:j'lok],

(1,)° -1

P 3 * B 2 s
4 i,7,k+1/2 1,],k+l 1,3,k

and
(1.)° =T, . - T, ...
C i.j,k-l/2 IOth llJik l )
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Also,

c

. s (] c
ki+l/2,j,k = godium conductivity at Ti

*1/2,,k’

where
Tier/2,5k " T (%4, 5.* Tion, i,0)
and so forth.
(le)i4l/2 R YTy
»] i+l,]

and similarly for the other terms.

All the above finite-difference equations are solved subject to the bound-
ary conditions to be described in the following section.
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V. BOUNDARY CONDITIONS

A, Velocitz

Suppose there is a solid boundary at j = 1 as shown in Fig. 3. The
velocity must vanish on the boundary, so

u(i,l,k) = 0, wv(i,1,k) =0, w(i,1,k) = O,
The momentum equations are not solved, therefore, at j = 1, They are written for
staggered cells at j = 2, But these are interior cills, &0 no special treatment

is needed for the momentum equations,

B. Heat Flux and Boundary Temperatures

The energy equaiion and residual mass are evalgeted at j = 1. When the

energy Eq. (56) is written with j = 1, it involves vi,j-l/z,k'

But

~
Ve ag. .U %X

2

V.

1€

Thus, VE i=1/2,k is zero for j = 1, so the convective terms vanish at solid
s H]

boundaries.

¥ s ™~ A€
The energy equation involves \q2)i,j-l/2,k' From Eq. (11) we know that
the component of a vector normal to a surface n = const. is
/ = -1 - 7
Yn : (xpg¥y = *167y)-
*1g " %2
Therefore, the heat flux normal to the wall is

-}

Qwalt * - - (% g0y = %yg9y)-
*1g 7 ®a¢
So
l -~
Qal1 - 9.
xlg + x2£
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i-| I i+l
J=3
j=2
P,PTH
/////7?/////7“'
usvEw=Q

Fig. 8. Variable storage location for computa~
tional cells near a solid boundary,



Therefore, at j = 1

(9,)4 . . 2
27i,3=1/2,k (xlE “
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2 [

2¢

Q (k)

x wall ¥

)i,j-1/2

where Qwau is a prescribed function of k.

We can generalize the
B, and C as

. 2
A xln + xZn’
B xlgxln + ngxzn,
and
2
C xlE % x2£.

Then the heat fluxes normal
z = constant are given as

above example to the fuel=-pin case. Let us define A,

(68)

/

to the surfaces of £ = constant, n = constant, and

9 : - lnqy] ;—ql,
q - L[-ngqx * x“:q ] —_a’2i
- c y C L (69)
and
9, =4, ~ 9, 1

by using Eqs. (11) and (47).

By using Eq. (69), Fourier's Law, q = - xVT, and

Eq. (14), one can relate the heat fluxes at the boundary to the boundary temper-

atures as
- K
q = = 3~—-(AT£ - BTn],
12
.=~ L -
. SR v (o1, = BT, ),

and

(70)




41

The boundary temperatures are defined at the face center of the cell adjacent to
the boundary. The pin boundary temperatures will be assigned clockwise accord-
ing to the indices of the coordinates; the wall boundary temperatures are
assigned counterclockwise as shown in Fig. 4. To discretize Eq. (70) in terms
of finite difference equation, four cases are considered.

Pin Top or Wall Bottom (Fig, 5a)

In this case, Qpin or Qua1] 18 related to the boundary temperatures by

32 = /€ Qpin or /C Qwall

J

= - = (cT_ - BT
12"

E)'
where Tn and TE can be discretized as

¥, 4 (Tijk - TBijk]/O.S
and

T, * (TBi+l,j,k - TBi_l’i’k)/Z.

Therefore one obtains

J

12 B
TB,., = T,, + Q . ===
i1k ik 2./C Pin 4C

(TBi+l,j,k - TBi-l,j,k)’ (71)

where B, C, and le are evaluated &t the face center, i.e.,
B =3 (B

i + Bi+l,j)' etc,

Pin Bottom or Wall Top (Fig., 5b)

In this case, Qpin or Qua1] is related to the boundary temperature by

q2 = - /C Qpin or - /€ Q

wall

K

(cT - BT

Jig oo

C)'
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1784k 841,04
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Fig. 4, Locations of boundary temperatures for the
case of (a) fuel pin and (b) duct wall
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(d)

Fig. 5. Locations of boundary temperatures for the case of (a) pin top,
(b) pin bottom. () pin right, and (d) pin left,
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where Tn and T, can be discretized as

€
T,= (T8 , - Ti-1,3-1)/0.5
and
T, = (rni‘l’j - rai_l,j)lz.
Therefore, one obtains
12 b

T8 (TB

W Tk O ;:;E_Qpin * %

is1,5 7 ™1, 5)

where B, C, and le are evaluated at the face center, i.e.,

1
B 7'(Bi-l,j + Bi.j) etc,

Pin Right or Wall Left (Fig. 5c)

(72)

In this case, Qpin or Quae11 is related to the boundary temperature by

4 ® /A Qpin or #A Qvnll
K
- - (AT, - BT ),
TR

where TC and Tn can be discretized as

= - - TB, .)/0.5
TE (TipJ‘l»k 1vJ)/
and
T, » (Tni’j+l - rni.j_l)/z.
Therefore, one obtains
J
TBi . - Ti et & * Az
» ] »J ’ 2"'/;'
where
A= (A + A, ) ete
2 i,j=1 1.3 :

B
Qin = 7% (M85, 541 = T8y, 51 )

(73)
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Pin Left or Wall Right (Fig. 5d)

In this case, Qpin ©r Qua1] is related to the boundary temperatures by

31 = - /A Qpin or = /I'Q

wall

= - X (AT

- BT )
TR n

where

T, = (T8, . - Ti_l’.)/O.S

€ 1,] J
and
e (TBi’j+l - TBi.j_l]/Z.
Therefore, one obtains
J
12 B \
B .- ¥ =——Q . +—— (TB, , - T8, .. .) (74
1,] i=1,j ZK/x-Qpln 4A ( i,j+] 1,j§=17? )

where A, B, and le are evaluated o the face centar as

1
A 7—(Ai,j+l + Ai,j)’ ete,

Equations (71)-(74) can be solved once the interior fluid temperature and the
dimensionless heat fluxes are known.

c. Inflow Boundary

Supposed there is an inflow boundary at k = 1, The three velocity com=-
ponents are prescribed at k = 1 as u(i,j,1) = 0, v(i,j,1) =0, w(i,j,1) =1,

The temperature of the entering fluid is prescribed as T(i,j,1). There-
fore, p(i,j,1) can be computed. The inlet pressure P(i,j,1) is also prescribed
arbitrarily. Then from P and T, enthalpy at the inlet can be calculated from

the equations of state. Note that these inlet properties can be varied with
time for transient applications,

The energy and residual-mass computations start with k  1; the momentum
computation starts with k = 2, Therefore the pressures at k = ] level are
adjusted right away through the use of the pressure-correction equations to be
described in Sec. VI, Indexes for an inflow boundary are shown in Fig. 6a.
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k =1 for uyv,w

INFLOW

P — — — —

[k’l for P,P,H

(e}

k=Kmax for u,vw

OUTFLOW
S

|
|
l
|
L
Y

K=kmox~! for P H

(b)

Fig. €. Indices for (a) an (nflow boundary
and (b) an outflow boundary
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D. Out flow Boundary

Suppose there is an outflow boundary at k = Kmax+ At the outflow boundary,
the velocities, pressures, and temperatures are allowed to float. A zero or a
constant gradient condition can be prescribed for velocities, pressure, and
temperature. When a zero gradient condition is chosen, the values of the
variables at the exit plane are assumed to be the same as those at the previous
plane, i.e.,

£(i,5uk,,. ) = 1,3,k 1)

When the constant gradient condition is chosen, the values of the variables at
the exit plane are extrapolated from two previous planes, i.e.,

f(iuj’kmax) ¥ Zf(i’j’kmax-l) - f(i'j’kma -2).

X

Both the momentun and the energy equations are computed for the kya.-1 level,

The residual-mass computation is also performed for the kmax=l «evel. Therefore,
the pressure is corrected for the kmax~! level. These are interior cells, so no
modifications are needed for the equations. The exit enthalpy and density are

found from the equations of state. Indexes for an outflow boundary are shown
in Fig. 6b,
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V1. INITIAL CONDITIONS

Initially, the three velocity components, temperatures, and pressures
must be prescribed. They can be prescribed arbitrarily, except that the
velocities must be zero on solid surfaces. However, in order to expedite the
convergence, 1-D calculations were performed to give better estimates of the
axial pressure and temperature distributions. Velocities in the interior of
the flow region are initialized to be the same as the inlet velocities.

A simple friction-factor correlation for laminar flow in the dimension-
less form,

. 32
AP Te OLs
can be used to 2stimate the pressure drop of the rod bundle. This est imated

overall pressure drop is divided uniformly along the rod bundle.

The hydrostatic pressure P, must also be found. 1t is obtained by solv-
ing the following three equations in dimensionless forms:

ol B

ax F2 Pl

P . L

ay F2 plgy’
and

aP’ = —l—

2z F2 PeByo

where p. is the initial density. These equations can be solved to give
s y

Oa "
(®) L ;5'[8x(“i,j.k "X 80 5t )

* 8,025 5k " 2y,0,000
where Py 11 is the pressure at reference point (1,1,1), and
’ ’
%k " (g

Vi, gk " %)y 50
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and

2z,

lljlk i@ Z(k)i’

jn

The initial temperature distribution is estimated by solving the one-
dimensional heat-balance equation,

- e a"
prch('rk” T,) = AzP, g"(k),

where Ag is the flow area, Az is the axial length between level k+] and k, Py
is the heated perimeter and §"(k) is the axial heat flux of the rod bundle.
The above equation can be -ast into a more direct form as

AzP, q" (k)
-T h

+ ———
k+l k ywApr

7
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VII. PRESSURE-CORRECTION SCHEME

In the case of a highly incompressible fluid, the density is a very weak
function of pressure. Therefore, even if the density and temperature are known,
the pressure cannot be accurately determined by using the equations of state,
This deficiency necessitates an independent calculation scheme for the pressure
computaticn. The present pressure-correction scheme consists of two parts.

The first part deale with the pressure corrections in the £-n plane and the
second wit! those in the r direction,

In the £-n plane, a procedure analogous to the Chorin procedure? for in-
compressible flow is used for the continuity equation. The pressure at each
point is updated in proportion to the residue of the continuity equation.
Thus,

p(n*l) . (n) _ olo, + v+ (W) ], (75)

where the form of the factor ¢ is obtained from the combination of the three
momentum equations and the continuity equation as follows. The divergence of
the momentum equation, Eq. (26), yields

%?.[v e (pV)] = ~V2p + other terms.

Then, in difference form,

(V) 2 2 2
-V_'ME"_. = —(— P2 - —5'2 - Pz)+ other terms,
Ax Ay Az
Thus,
1 szbszzz -
i 1 R P T I P A
Ay Az + Ax Az + AX Ay
In the transformed plane,
2 2 2 2 2 2
Ax” + Ay® = (xln + x2n) + (xlc + ng)

and

A22 ~ l/az.
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Thus,
2.2
» ol Ax "~ Ay 7 . (p;)
2At » 2 szA 2
Ay + Ax -0—_2-L..
Az
or
2
p = 22: S ;12 2 7 ¥+ (V)
(x1n * %2q) * (xg * %3.) + (a3},)
The proper functional form of the factor ¢ is thus
2
g “1712 (76)
28t (2 2 2 2 2’
(xln + xzn) + (xlE + sz) + (aJy,)

where w, is an acceleration parameter. This numerical factor has been inserted
simply for correspondence with the SOR form of the Laplacian. Equations (75)
and (76) can be used to determine the pressure change after the mass residue is
computed for the cell. 1If the residual mass is positive, a case of more mass
outflow than inflow, the pressure of the cell is lowered to pull more mass into
the cell., The pressure is raised when the residual mass is negative., However,
¢ as given by Eq. (76) is negligibly small when At is large. This implies that
the pressure correction becomes ineffective when a large At is chosen ror a
steady-state calculation. Due to this reason, a constant term, Q, is added to
the 1/At term so that when At is small, this Q term is negligible and when At
is large, this constant term becomes dominating. The final formula for the
pressure correction is given as

1712 1
Ap = S (n . ), (77)
m 2 2 2 2 2 zAt
(xln » xZn) y (xlg * ng) * (ale)

where Sy is the residue from the continuity equation and O can be specified by
users.

This pressure-correction scheme becomes very ineffective for calculating
the sxial pressure drop when the shape of the computational cell is very elon=
gatec in the axial direction. The third term in the denominator of Eq. (77) is
negligibly small in this case. In order to remedy this deficiency, the follow-

ing scheme has been devised.

Once the pressure corrections for all the cells in a given plane are com-
pleted, the overall planar mass flow rate is computed for the given plane, The
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difference between this computed planar mass flow rate and the inlet planar mass

flow rate is used to correct axially all the downstream pressures according to
the following formula:

B ( 1 ) 1 12 old
Maxial " "W I 0 \7 *Tat [ At } e (o= )+ (] ewi,)f, (78)

¥ |
1

where a is defined in Eq. (4), w, is the axial acceleration factor, p°1d is the
density at the previous time step, and all the summations, Z's are summing over

all the cells in a given plane, The above formula can be dérived from the resi-

due mass equation, Eq. (62), and the cell pressure-correction equation, Eq. (77).

Summation nf Eq. (62) over all the cells in a given axial plane yields

I(p = p°14) + a(Y owd),),

l 1
3-J12 Z Sm At
i 1

ey

where 312 is the averaged surface area in the axial plane as defined by

Summation of Eq. (77) over all the cells in the same axial plane yields

y AP = - 21.(g + __L_) 2 S
¥ 2 2At / & m’
1 a 1

where all the derivatives of x, and x, have been omitted since only the axial
direction is considered here. Cancelfation of § Spfrom the above equations
gives the following result: :

{ar e - fl (“ ' 22: )[Zt g Jiz (o - 0°1%) A(§ °"J12)J'

Dividing by the total number of cells in the axial plane in the above equation,
one obtains the average axial pressure-correction equation as given by Eq. (78).

This axial pressure correction for a given plane is added on to all the
planes downstream of the given plane. This procedure provides a very effective
means of obtaining rapidly converging solutions for both steady-state and tran-
sient calculations,
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IX. PHYSICAL MODELS

A. Fuel-pin Model

A 1-D multizone fuel-pin model is included in the code. This model is
similar to the one used in COMMIX-1410 and SAS2A.11 It takes into account the
coolant, cladding, cladding-fuel gap, and several rings of fuel regions. It
allows for the thermal expansions of all these regions. It includes the ra-
dial heat conduction and neglects the circumferential and axial heat conduc-
tion. Because of the 1-D feature it uses the Tri-Diagonal Matrix Algorithm
(TDMA) in solving all the radial temperatures. To allow for the use of a
large time step in a steady-state calculation, the finite~difference equations
are formulated fully implicit in time. The main equations of the model are
derived briefly in the following paragraphs.

The radial nodes in the fuel and the cladding of a fuel rod are shown in
Fig. 7. The time-dependent temperature distribution is obtained by solving
the heat-balance equation in cylindrical coordinates,

1 4 aT = aT
T“d;'(“—a;)* Q= oC 5 s

where

T = temperature,
x = thermal conductivity,

density,

o
]

Cp = heat capacity,
and

Q = volumetric rate of heat generation,

Equation (80) is appiied to a control volume within a fuel pin, When the con-
trol volume is next to the surface of the pin, the heat conduction on the
surface is replaced by the heat-transfer coefficients multiplied by the tem-
perature gradient. Heat balances of Eq. (B0) for various regions are given
below. The dashed lines in Fig. 7 indicate the boundaries of various control
volumes. For simplicity, all the conductivities and heat capacities are as-
sumed to be independent of temperature,

' $5 Inner Fuel Surface

The heat-balance equation for this region is given as

aT
hted » ¥ h5ns & AL 2 _ 2
DCp 3t (r2 » tl)qu K3 ZwrzAz + Ql('z rl)wAz. (81)

:'2
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Fig. 7. Radial nodes in the fuel and the clad region of a fuel rod
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The time derivative and radial derivative can be expressed as

old
STI . Tl Tl
at At
and
IR T
ar r, - rqy - 2r1

where all the temperatures are evaluated at the new time except TOld  which
is evaluated at the old time. The subscripts are the radial indices. Sub-
stituting these two equations into Eq. (81), one obtains

old
2, ~f 4e(T, - T, )r
E 2 _ .2, 21’72 $_ .4 ,
pCP At (r2 o rl) r, + Ty - 2;1 o Ql(rz r1)~ (82)

Rearranging Eq. (82) with the source term on the right-hand side of the equa-
tion, one obtains

pC ) 2 6xr2 4:r2
T [-—IL(r -ry) — N -
1] At 2 1 T, + t, 2:'1 2 t, + Ty 2rl

= ——B—T?ld( ; - rf) + Ql(rg - rf]. (83)

ro
.

Second Fuel Region

The heat balance for the second control volume is given as

aT
2 2 2 aT aT
on ot (X'J - Tz)ﬂA! = ‘K—a_r' 'awrzAz + (W- .2171'3Az
r, r
2 3
* Qyn(ry - r3)ee. (84)

1f the finite-difference expressions for the derivatives are inserted in
Eq. (84), one obtains

old

This equation can be rearranged to give
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. /- 4::2 ) " pC (rz ¥ T 6::2 E er3
1 k r, +rg* 2r1 2] At 3 rytrgt 2rl r, " T,
ber pC
a 2 et T T 23
+ T, ( N, ) TR (ra rz) + Qz(r3 rz). (85)
3. Third to NNth Region
The heat balance for these regions is given as
aT .
N e AT oT
¢, 3t (riay = rilmdz = =x—= 2nr Az + ko 2nr A2
P .
i i+l
2 2
+ Qi(ri+1 - ri)qu.
The firnite-difference form after rearrangement is
b4yr, pC byr, ber,
Ti-l<- T -Ir ) ¥ Ti At (rf*l - ri) ” -1 ' r : r
itl ~ Ti-l fisl 7 Ti-l iv2 " T
byer . pC
_ i Lq01d%p 2 2 S
* ¥ial ( oo - T, ) Ty w e (Fier 7 fp) * Qe - vp).  (86)
i+2 i
4, Outer Fuel Surface
The heat balance in this region is given by
aT
NT (.2 . R % i ~
oC, 3¢~ (Tyg = Tnp)mhz =~k . 2nrygbz = (Typ = Tyglhy2nrgae
NT

2 2
¢ Qurltyn = Typ)uds.

where hy is the bond conductance.

The finite-difference form after rearrangement is

byr pC bkr
{ NT p 2 _ 2 NT
Tan ( e rNN) i TNT[:At (rpg = *xp) * =Tt My

NT NR ~ 'NT T TmN
+ T (20 v ) = T°1d-ffgi( 2 o pdyequ(rl - £d) (87)
NR'“OpFNR NT “At \'NR ~ TNT NT\TNR =~ FNT/?

where the Stefan-Boltzmann radiation from the fuel surface is neglected.
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5. Inner Surface of Cladding

The heat balance for this region is similar to the one for the outer
surface of the fuel. One obtains

aTNR

-2 2 = 1 3T -
PCp 5t (Tng = Tng)mez = (Typ = Tyglhy2mrypoe + < g
NE

NEA"

We have assumed that there is no heat generation in the cladding. The finite-
difference form after rearrangement becomes

o N I bxryg
Tem(=2h e o) # T | =B (£ = 0 ) + 2h r + -
NT b NR NR | At NE NE b NR "NEP "NE
bir pC
* Tae (- r Eml’ > g T;rlzd At (':E x ':E)‘ (88)
NEP NE
6. Central Cladding Region
The heat balance for this region is given as
aT
NE (=2 -2 o T - aT -
pCp —3?-_(rNEP rNE)wAz 5= - Inrypbz ko] 2urNEpAz,
NE "NEP
which gives the following expression after rearranging:
ber pC = N byer ber
Tnr (' l-wr > * Tne| e (':Ep " ‘:E) YT fEr YT fzf
"wep T "NE NEP ~ 'NE NEP ~ TNE
4KTypp old % -2 -2
M 2 s " Txe B6 (Fnep ~ Thg): (09)
NEP NE
: Outer Surface of Cladding
The heat balance for this region is
aT
NEP . 2 =2 I -
eCo <5t (Tngp ~ Tygp)™82 = "< - 27T \EP Az
NEP

- (T

(Tygp = Tng P2 Tygpd2s
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where h. is the heat-transfer coefficient on the surface of the cladding.
On inserting the finite-difference expressions for the derivatives and rear-
ranging, one obtains

ber pC ber
Ty [ = B Y e r ol « 720 4 commmelBlen & 20 ¢
NE YNEP ~ 'NE NEP| At NEP NEP T - ¢ NEP

NEP ~ 'NE
pC
_.01d % 2 2
Tnep Tt *Nep ~ *nep) * 2TncM < Tnep” (90)

In order to combine all the above finite~-difference equations, let
us define the following quantities:

a, = at for i = 1 to NT, )
1 C ( 2 . r2)
PEplTisl i
At
Oyg " =2
oCo (TN = )
At
ONgE =3 =
o€ (*NEp = Tg)
gy * At
EP 2 =2 '
"Cp('nzp "NEP)
B, =0,
1
k (91)
4 (Contd.)
K!‘z
s * - ;
g r, + Ty 2rl
lokri
B; * p—mr—— for i = 3 to WN,
i+l i~1
. & AtrNT
facs b Ll
NT erR rNT rNN
By ™ PMpTNR?
N ) éerEP
" 'NEP © UNE
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“‘rNEP
" ™NE

NEP
¢ NEP’

= - 2‘ i =
V. Qi(r. r;) for i =1 to NN,

(Contd.)
3 (91)

-0.

d, = r‘.’”(—l- ) ¢y, for i =1 to NEP.
1 1 al 1

With these definitions, Eqs. (83)-(90) can be combined as

1 = 1 =
T, ,(-8;) * Ti(;f + 8+ Bi*l) * T (=84) d; for i =1 to NEP. (92)

1

Equation (92) can be solved by the Gaussian elimination process and back
substitution.

Let us define the following new variables:

1
Al’-&_l' ’821
2

A, = i—— + B. + 8 ~-—Ei— for i = 2 to NEP

i a. i i+l A, u

i i=1
Sl = dl'
and
8i' =

S§. =d. + for i = 2 to NEP.

i 1 A
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Then by solving Eq. (92) for i = 1, one obtains T, in terms of T,,

d) * 8,7, §) * BTy
T, g S . (93)
—&—l + Bl . 62 l

By substituting Eq. (93) into Eq. (92) for i = 2, one obtains T, in terms of

Ta as
By9d)
dg v "X * 87, S, + B.T
1 2 ¥ B3y
T, = . . (94)
2 ) A
1 By 2
—_—t B, * By -
a, 2 3 Al

By continuing this substitution, one obtains the following general, expression:

S, + 8...T.
T, = : 14l in for i = | to NEP. (95)
i Al

When i = NEP, T{,| = Tyc, which is the coolant temperature.

There fore, once the coolant temperature is known, Eq. (95) can be used in a
reverse order to solve all the temperatures inside the fuel pin. This im
plicit numerical scheme eliminates the restriction on the time-step size. It
is particularly advantageous when the steady-state solution is desired. In
that case, the time-step size can be chosen as an extremely large number, such
as 1020 g, and the steady-state solutions are yielded directly.

B. Duct~wall Model

The radial, axial, and circumferential heat transfers are all included in
this duct-wall heat-tranefer model. Figure B shows the cross-sectional view
of the duct wall and the location indices. The heat balance of the cell gives

old
™. . - g . . - TD, .
i,3,k i,]),k 1,5,k 1,1,k
pCp i Wdhd = wd/z hd

D, : “ 1P, . T, ; - 10, ,
i+l,j,k 1,1,k Wh + « i-1,j,k 1,1,k
d+ d d_

+ x

wdh

™, . - T, . -T
+ 1,J,k+; 1,0,k W +

+ -

™

L D i
R L LE (96)
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Fig. 8. Locations of duct-wall temperatures in (a) ij plane and (b) ik plane
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where

TBi, i,k is the boundary temperature, and TDj, j,k is the duct-wall temperature
at location (i,j,k). All the temperatures except TD®!d in Eq., (96) are eval-
uated at the present time., This implicitness in time is consistent with those
ured in the fuel-pin model, Rearranging all the central terms to the left, one
can write Eq. (96) as

pC pC
. . P, 2 v 2k P = TD?I§ —b. &8, . 2,
i,7,k | At w2 d,d_ h h_ 1, 3.k Bt $: 3,k w2
d d

K K

%
i, i Ta * ™i,5,0T 4

* e TR

+ 1D (97)

i,j,k=1 h_h ~
Therefore, TD can be solved once the TD°1d, TB, and the neighboring TD's are
known. This is done by cell-by-cell iterative procedure within the momentum

and energy calculational loop.

C. Grid-resistance Model

Two major effects due to the presence of the grid are the pressure drop
and the flow redistribution. Thesc two effects are modeled by empirical cor-
relations as follows. The flow region inside the rod bundle is first divided
into three types of subchannels: the central, the wall, and the corner sub-
channels, The averaged subchannel velocity, W, is computed for each sub-
channel, and the pressure drop of the subchannel due to the presence of the
grid in the given axial level is modeled!? by

-2
- 2 pw (98)
Ap nGCve 7

where ng is the number of grids within the given axial step, C, is the drag
coefficient in the range of 6 or 7, and ¢ is the fraction of the cross-
sectional area blocked by the grid spacer; eg's are different for different
subchannels. Most of detailed information on the grid-space design are of a
proprietary nature, Therefore, ¢'s are to be estimated by users. They are
usually in the range of 0.3-0.4,
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Equation (98) is included in the z-momentum equation (Eq. 55) as

old g

1
— g i i 2 h
s (J)x,J,k(°1,J,k wl,J,k = other terms

1 st-2

where

2
nchc

f Az

and Az is the dimensionless axial length of the grid spacer. The pressure
drop due to the presence of the grid is therefore calculated by the additional
term in Eq. (99). The flow redistribution is also accounted for by the dif-
ferent K¢ used for the different subchannels. 1In those regions where there is
no grid spacer, the additional term in Eq. (99) is omitted in the z-momentum
calculation,

D. Turbulence Model

Presently, the code includes one- and two-equation turbulence models. It
can also accept effective conductivity and viscosity as input data. Details
of these models can be found elsewhere, 13,14 Only a brief description is
given here,

Turbulences equations can be derived from Eqs. (25)-(27) by time-averaging
them over a time interval large enough to smooth out the turbulence fluctuation
of the velocities. All the thermal-hydraulic variables can be written as two
parts (the time-averaged part and the fluctuating part) as

h=HS+h',
ve=1+73',
(100)
and

p=P+p'.

The time average of the prime quantity will be zero by definition. Time aver~-
aging of Eqs. (26) and (27) will give the following equations:

Turbulence Momentum Equation

p%- = 03 4 9T - WP + o (101)
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and

Turbulence Energy Equation

De " "Veq - Veg 4 o+ po ¢ T (102)

where DP/Dt is the substantial time detivative,"ft is called the turbulence
momentum flux or Reynolds stresses resulting from the time averaging of the
cross products of velocities,

t - .
(f )i,j = -pvivs, (103)

q is the turbulence energy flux resulting from the time averaging of the
cross products of enthalpies and velocities as

§; = ob'3], (104)

and uot is the turbulence energy dissipation term defined as

!

t £y Ot o5 WY o
ud = I : W zij 3xj .

(105)

We have neglected the cross—product terms between velocities and derivatives
of pressures. In order to complete the solution of Egs. (101) and (102),
Eqs. (103)-(105) have to be modeled,

1. Two-equation Turbulence Model

In a two-equation turbulence model, Reynolds stress is expressed
analogously to the viscous stress for the Newtonian fluid with turbulence vis-
cosity replacing the laminar viscosity as

t t| 2 - Wy ",
L.. = =y | =8, .(9sV) = + || (106)
ij 3 Tij 8xj ax,

where V; is time-averaged velocity as defined in Eq. (100). Equation (105)
is also modeled similarly as

av.,
t o t
ue ud zij axi . (107)
Equation (104) is modeled as
t ' oM
qi - t -'5-”"—'" (108)

%, i
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where oﬁ is an empirical constant to be supplied by the user. The turbulence
viscosity is a function of k and g,

.l A (109)

=
™

where

: . '2 ‘2 '2
k = turbulence kiretic energy = 3—(vx + vy, * v, ),

€ = rate of dissipation,
and C, is an empirical constant about 0.09.
Both k and ¢ are solved by differential equations with wall func-

tions specifying the value of k and ¢ near the solid boundaries. The differ-
ential equations for k and ¢ are given as

t
D(pk)  _ 2 (i 3k > . e g . el
u pe
Dt axi % axi
(convection) (diffusion) (production) (dissipation)
and
t C,e 2
Dr(nC) B a: '(‘La :: ) “"'il;—utc ¢ Czo-—: -0, (111)
where
v, av. av.
C = <3X1 + 3XJ) axl (112)
j i j

and ox, of, Ci» and C2 are all empirical constants to be determined by experi-
ments. The commonly used values for them are ok = 1.0, g0 = 1.3, C1 = 1.44,
and C, = 1,92, The above differential equations are subject to the following
boundary conditions:

v 1 EBye /R /e
= _—ln-—_—. (113)
K 2
w u
oY dorwi

or

(114)
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z
A R S (115)
P c
n
and
I, 3/2 l
£ = oy % (116)

where y is the distance to the wall, E and K are empirical constants given
usually by E = 9.8 and K = 0.42, and Iy is the shear stress on the wall,

In order to solve the nonlinear Eq. (113) for _/I,/p, the Aitken's
interpolation techniquel® was used with /Lylp = Kwijk/Zy derived from
Eq. (114) as the initial guess. This procedure is very effective in getting
./Ew/p with an average number of iterations around 3,

Besides the boundary conditions, one also requires inlet boundary
conditions for solving Egqs. (110)=(112). They are

k, = £V, 1
in 1 in
3/2
£in Cpk zc'
(117)
Codny,
£ U m
and
ty * £90,, )

where Vi is the inlet flow velocity, Ly is the mixing length, D, is the hy-
draulic diameter of the assembly, and f1 and f2 are empirical constants to be
supplied by users. The commonly used value for f1 is in the range of 0.01~
0,03 and for f2 is about 0.07. This means that the turbulent kinetic energy
is about 1-3%Z of the inlet kinetic energy and the mixing length is about 7% of
the assembly hydraulic diameter.

The exit boundary condition is treated in the same way as the flow
exit condition. Either a zero gradient or a constant gradient in k and ¢ can
be specified by the user,

Equations (110)-(112) have to be solved in the transformed vari-
ables., The Laplacian operator in the transformed variables can be written as
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a%f a2¢ N ] 32§ a%f 32§ %
s iy e T B pRRLTY  al n, SR T
ax y 3z J Ak an 3z
£
+ P(E,n) -g-f:— + O(g.n)-%-n—, (118)

where J is the Jacobian given by Eq. (7), P and 0 are given by Eq. (1),
2 2 2
Dy, (xzn . xln) gt

ki ¥ 2
D12 (xlexln . x2£x2n)//‘ X
2 2 2

D,y (ng + xlg) a“,

and

a B 2
33 (x1£x2n XZExln) (119)

By using Eqs. (114), (118) and (119) one can express Eqs. (110)-(112)
in terms of the transformed variables, £, n, and L, as

v : v
apk) 1 3pk) 2 alpk) . & 3(pk)

at I, 9 I, on 37 oz

5 3__( N ) ok | _ 2.3 < ot ) ok gt (n 2k, o,y 8%k
22 3n % an oz °k ar °kJ2 11 aE2 12 33
2 2 t
3k 2%k ) " < ok ak> t
+ D + D p + 0 - uG +pe=0 (120)
22 3n2 33 3(2 % ak an
and
3(pe) 1 3(pe) 2 3(pe) o7 3(pe)
at le Ak le an 3 3
. (121)
(Contd.)
_(a)zn a(;f)ae D[a(pt)ac
J12 11 3¢ oc 9k 12| 3¢ . an )
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Vl ‘2nv1 xlnvz.
= 122
vz -szVl + xlEVZ’ > (122)
73 ¥y :
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& . a2 (D aVi 3Vi Sk aVi avi . ZIVi avi) X 32 BVi I-)Vi
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12
1 v, v, 2 W, v, 2 av, 2
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Y12
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le Y 2n 3t 2¢ an F) In 3E 1€ 2n ' -

Then the finite-difference equations can be written for the resulting
transformed equations. Fully implicit formulations in time are again used to
allow the use of a large time step for steady-state applications. The central
terms involving kijk and €jjk are also factored to the left of the finite-
difference equations to enhance convergence, as in the case of the momentum
and energy equations.
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Once the difference equations are solved, one obtains k and ¢ for all
the interior nodes within the flow region. The turbulence viscosity is then
derived from Eq. (109)., This turbulence viscosity, ut, is to be combined with
the laminar viscosity, y%, to give an effective viscosity,

L t

- B .
Meff : T (124)
o o
u u
where oﬁ and oﬁ are the Prandl-Schmidt numbers. A similar expression holds for

the effective conductivity,

t
L p C
e B u el
eff A S (125)
% O

Commonly used values for the constants in Eqs. (124) and (125) are
ol = 1.0, ot = 1.0, o{ = 1.0, and a% = 1.3, This effective viscosity and con-
ductivity are to be used in the momentum and energy equations to account for
the turbulence influence on the time-averaged velocity and enthalpy.

2. One-equation Turbulence Model

In a one-equation turbulence model, only the differential equation
for k (Eq. 110) is used. Equation (109) is replaced by

ut o= otsﬁ. (126)
where f. is determined by

L
& egLclb g0y X ¢ A
8 §
(127)
o 1ol /b A
ACu for -%- > T,

where § is the distance from the point with 1% of the maximum velocity to the
point of maximum velocity, and X is again an empirical constant usually given
as 0.09; & is sometimes referred to as the turbulence width.

All the calculation procedures for the one-equation turbulence model
are the same as those in the two-equation turbulence model, except tnat the
€ equation is completely omitted. Once k is obtained, ' is computed from
Eqs. (126) and (127). Effective viscosities and conductivities are again de-
termined from Eqs, (124) and (125).
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3. Zero-equation Turbulence Model or Mixing-length Model

In this model, both differential equations for k and ¢ are omitted.
Instead, simple equations are used for the determination of turbulence vig-
cosity, ut, as

t av
TR alm|-57 (128)
and
fﬂ_ . ST S S
§ 8 ) K

(129)

= L A
A for 3 > T’

where § and ) are determined in the same way as those used in the one-equation
turbulence model,
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X. CONCLUSION

Computer code BODYFIT-1FE (Boundary-Fitted Coordinate - One Phase, Fully
Elliptic Version) has been completed. It is a thrce-dimenaiSE;I-steady::zate/
transient single-phase computer program for thermal-hydraulic analyses of
reactor rod bundles usiug the technique of boundary-fitted coordinates. It can
presently be used to analyze hexagonal rod bundles. It can be extended to ana-
lyze square rod bundles as well, It includes a fuel-pin model, a duct-wall
model, a grid-resistance model, and one- or two~equation turbulence models. It
has incorporated sodium properties. It can be used for hexagonal rod bundles
with one~twelfth or no symmetry., It provides detailed velocity and temperature
distributions within a rod bundle without invoking any assumption for the
laminar~flow case, In turbulent flow, a turbulence model is required due to the
closure problem. The detail of the velocity and the temperature distributions
can be increased by increasing the number of computational meshes, easily done
by the coordinate generation code. This detailed velocity and temperature
distribution can be used to benchmark and to provide input constants for coarse
mesh codes such as COBRAZ and COMMIX-].Y4 Although there is no substitution for
experimental data, BODYFIT~1FE can be used to fill the gap when the experimental
data are not available,

Future work on BODYFIT will include the capability of analyzing two-phase
flow problems and will generalize the transformation to three-dimensional coor-
dinates. With this generalization, distorted and even wire-wrapped rod bundles
can be analyzed. Presently, a wire-wrapped rod bundle can only be modeled by
effective viscosities and conductivities, This is due to the fact that the
wire wrap destroys the geometric uniformity in the z direction of the assembly
axis. A simple linear-coordinate transformation in the z direction is not
possible to represent the helical geometry of the wire wrap. A general three-
dimensional coordinate transformation is required,

The code uses isotropic one- or two-equation turbulence models, which have
uniform turbulent viscosity in all directions at a given point, However, the
turbulent intensities are (..en anisotropic within the rod bundle. Therefore,
in order to more accurately represent the turbulent phenomena, an anisotropic
turbulence model will be tested in the future and included in the code.

In conclusion, BODYFIT-IFE presents a unique and flexible approach to the
thermal~hydraulic analyses of reactor rod bundles. It separates the geometric
uncertainties inherent in the subchannel approach from the physical-modeling
uncertainties arising from various physical-modeling processes, such as the
turbulence model and the grid-resistance model. It provides a fundamental
approach to the thermal-hydraulic analysis. Although it requires more computer
storage and running time, it is a valuable complement to the existing thermal~-
hydraulic codes,
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APPENDIX A

Code Description

BODYFIT-1FE consists of two separate programs. The first program per forms
the coordinate transformation and generates all the geometric information
needed by the second program. The second program uses this information and
solves the transformed governing equations. These programs are described
below.

The flow charts for the first program are given in Figs. 9 and 10. Only
the major steps are shown. In the MAIN subroutine, the number of pins and the
number of grid lines between pins are read in. The necessary dimensions and
spaces required for all the variables are then computed and allocated.
Subroutine DRIVER is then called to compute the coordinate transformation.

In Subroutine DRIVER, HEXBUN is called to compute the x and y coordinates
of the boundaries for hexagonal rod bundles. In the hexagonal bundles, at
least one pin has to be included inside the hexagonal duct wall. All the geo-
metric dimensions are read in from these rwo subroutines. Inputs for various
printing and writing options are then read in DRIVER, and Subroutine SLABO is
called to determine the grid lines to be skipped for the inner region of the
hexagonal bundle. Every two out of three grid lines are skipped as the grid
lines emerge toward the central region of the hexagonal bundle. This skipping
ratio is fixed to optimize the uniformity of the various sizes of the computa-
tional cells. Figure 1l shows how the skipping of grid lines is done in the
tranformed plane for a one-sixth section of a 19-pin hexagonal rod bundle.
After the skipping of grid lines is determined, Subroutine SLABO is called
again to identify the fuel-pin boundaries. The interior grid lines inside a
pin are skipped again. The computational cells are numbered next without in=-
cluding any of the skipped grid lines. This minimizes the computer storage
required for the computation.

Once the numbering of the computational cells is completed, the boundary
coordinates are reassigned according to the new numbering scheme. Array NB
is then calculated to identify the position of a computational cell relative to
the pin boundary. Subroutine NCHANL is called to identify the subchannel num-
bers for all the computational cells. Figure 12 shows the subchannel numbering
order for a 19-pin hexagonal rod bundle. The boundaries of the subchannels are
not the same as the ones usually defined for the subchannels. This is due to
the fact that the computational grid lines are not necessarily coincident with
the conventional subchannel boundaries. These subchannel divisions are used to
compute the subchannel average temperatures, which in turn are used in the fuel~
pin temperature calculations.
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Fig. 10. Flow chart for subroutine DRIVER of the coordinate generation program
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Fig. 11. Computational grid lines in the transformed plane for
a one-sixth sector of a 19-pin hexagonal rod bundle
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Subroutine GUESSA is then called to give an initial guess of the coordi-
nates of all the cells. These initial coordinates can be plotted by calling
Subroutine COORD. With this initial guess, the difference equations of the
transformed Laplacian equations are then solved by a cell-by-cell and succes~
sive overrelaxation (SOR) iterative procedure. Subroutine TRANS performs this
task. Once the coordinates satisfing the transformed Laplacian equations are
found within a given error limit, they can be plotted and printed out.

For physical problems having symmetry, the computational cells are further
reduced by renumbering the computational cells. Finally, all the geometric
information can be written to & tape. This information can be read into the
second program of BODYFIT over and over again for various physical problems
with the same geometry.

The second program of BODYFIT is to solve the transformed governing equa-
tions. The flow chart for the MAIN subroutine is given in Fig. 13. The flow
chart for the SOLN subroutine is given in Fig. l4. These two subroutines are
the main subroutines. Again, only the major steps are shown in the flow
charts.

The MAIN subroutine starts with the reading of IFR, which determines the
status for various restart cases. In a restart case, the READRS subroutine is
called to read in all the common blocks, and then IFRET is checked to see
whether the previous run was terminated due to insufficient computer time allo-
cation or was terminated normally at the end of the specified time step. In
the case of a new run for a given physical problem, all the variables have to
be initialized. Inputs for name list SET are read in. All the geometric in-
formation is read in from a tape generated by the coordinate-~transformation
program. This information is also printed as it is read in. The beginning and
ending I's and .'s are calculated next. They are not necessarily equal to
either one or the maximum values allowed by the dimensions inside the common
blocks. For physical problems having symmetry conditions, extra computational
cells are included on both sides of the symmetry lines to account for the sym-
metry conditions, such as the velocities on both sides of the symmetry line
being the same. In the present work, 10 is the beginning I, 19 is the I for
the symmetry line, and I8 is the 1 for the grid line before 19. Similar defi~
nitions are used for J's. Euergy computations are performed from I = 10 up to
I8 cells; momentum computations are performed up to I = 19 cells.

The coordinates are nondimensionaiived. Subroutine COEFF is then called
to compute the derivatives of all the dimensionless coordinates. Dimensionless
flow area and heated perimeter are calculated. The time step and the iteration
step are initialized. This is the starting point for time steps. First, the
reference conditions are computed based on the inlet conditions, which can be
changing with time. Then the static pressures due to the presence of gravity
are computed. This static pressure and the entrance pressure are substracted
out of the total pressure to make the relative pressure equal to zero at the
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COMPUTE TIME LEFT
FOR COMPUTATION

CALL OUTPUT

MOD (I FRES,2)

CALL WRITRS

STOP

Fig. 14 (Contd.)
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CONVERGENCE

RETURN
Fig. 14 (Contd.)
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entrance level. All the initial guesses for flow velocities, temperature vari-
ables, density, and turbulent energy, conductivity, and viscosity are calcu-
lated. Then the subroutine OUTPUT is called to print out the initial values of
all these variables. The time step is incremented. The present time values of
all the variables are transferred to the old time variables, Depending on the
options, subroutines SOLN, FUEL, and DUCT may then be called. Subroutine SOLN
solves u, v, and w velocities based on the momentum equations and solves en-
thalpies based on the energy equation, Calculations of the turbulence
variables are nested inside this subroutine. Subroutine FUEL computes the fuel-
pin temperatures based on the subchannel coolant temperatures. It uses a modi-
fied implicit numerical scheme and a 1-D fuel-pin model. Detailed equations
are given in Sec. IX.A. All the fuel pins are divided into five or six sec-
tors, corresponding to the various subchannels adjacent to the pins. Finer
division of the fuel pin is not warranted due to the tremendous increase in the
computer storage requirement for the fuel-pin temperature calculation. Fig-
ure 12 also shows the fuel-pin sectorial orders for a hexagonal rod bundle.
Duct-wall temperatures are calculated next. For hexagonal bundles, only the
temperatures for the bottom duct walls (TDB) are calculated.

An iterative calculational loop is performed between the momentum and
enthalpy calculations and the fuel-pin and duct-wall temperature calculations.
The feedbacks from the subroutines FUEL and DUCT to the subroutine SOLN are the
heat fluxes on the surfaces of the fuel pins and duct walls. With these heat
fluxes, the coolant temperatures are recomputed in the subroutine SOLN. Then
new subchannel temperatures are calculated based on the updated temperature
profiles from SOLN. These new subchannel temperatures are used in the subrou-
tines FUEL and DUCT to recompute fuel-pin and duct-wall temperatures based on
the heat-generation rates inside the fuel pins. Then new fuel-pin surface heat
fluxes are calculated. This process is repeated until the changes in the fuel-
pin heat fluxes are within a specified tolerance limit or until the number of
iterations has reached a specified maximum value.

Subroutine OUTPUT might be called, depending on the printing options spec=
ified by users. Plot tape for the given time step and u, v, w, T, P variables
might be created according to user's specifications. Then a comparison is made
between the current time step and the maximum allowable time step. If the
maximum time step is reached, a restart tape is written for all the variables
inside the common blocks if requested. If the time step has not reached the
specified maximum value, then calculation starts at the next time step again,
as shown by B in Fig. 13.

The flow chart for subroutine SOLN starts with the initialization of the
iteration counter (IT), the sweeping counter {IS), and the variables represent~-
ing errors within a given iteration loop. The sweeping counter (IS) determines
the direction of the sweeping for the momentum and the energy calculations in
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the I and J directions. Cells lying outside the flow region are identified,
and the calculations for these cells are skipped. Two arrays are used to iden-
tify the position of a computational cell relative to the physical boundaries.
They are LSLIT(I,J) and NB(N) arrays. LSLIT(I,J) identifies the physical
boundaries; NB(N) identifies the position of a cell relative to these bound-
aries. Figure 15 shows LSLIT(I,J) for a 7-pin hexagonal rod bundle. The inte-
rior points of & fuel pin have LSLIT = -10000. NB array for a 7-pin hexagonal
rod bundle is shown in Fig. 16. These two arrays are read in along with all
the other geometric information from the tape created by the coordinate trans-
formation program.

Average geometric coefficients are calculated next for basic cells and
staggered cells. The transformed velocities (U,V¥,%) are computed. Then the
various terms inside the momentum equations are solved. They are convective
terms, pressure terms, stress terms due to the presence of the viscosity (Sub-
routine VISC), gravity terms, and grid-resistance terms. A special treatment
in Subroutine VISC is worth mentioning here. All the coefficients assocliated
with velocity of the calculational node are factored together to form a diago-
nal term. This diagonal term is moved to the left-hand side of the momentum
equation to enhance the rate of convergence in the cell-to-cell velocity calcu-
lation. Once velocities are updated, the turbulence energy and the rate of
dissipation are solved based on the one- or two-equation turbulence models
(Subroutine TURB) specified by user's options.

The energy equation is solved next. It includes convective terms, conduc~-
tion terms, and pressure-work terms. Dissipation terms and internal heat-
generation terms are neglected in the preseat work. The central terms within
the heat-conduction terms are factored out again to enhance the calculational
rate of convergence. This false-position type of Newton iteration scheme was
described briefly in Sec. VIII.

The momentum, turbulence, and enthalpy calculation procedure is repeated
from cell to cell until all the cells within the given axial plane are ex-
hausted. Subroutine TEMP is called then to compute the subchannel average
temperatures. Subroutine BOUND is called to compute the boundary temperatures
based on the heat flux from the previous iteration or from the initial guess.,
Subroutine PRES is called next to compute the residual mass for each cell, and
then the pressure corrections are performed for all the cells. The planar mass
flux is computed also, and the overall axial pressure correction is performed
to reduce the residue of the axial planar mass flux. For rod bundles having
symmetrical boundary conditions, symmetric conditions are imposed next. If the
planar-mass-flux residue is not within the tolerance limit specified by the
user, momentum calculations are repeated for the given plane. With the newly
calculated velocities, pressure corrections for all the cells and for all the
downstream planes are performed again. The planar-mass-flux residue is checked
again. The above calculational loop is repeated until the convergence limit
has been achieved or the allowable maximum number of iterations has been
reached.
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Fig. 15. LSLIT(1.]) array for a 7-pin hexagonal rod bundle
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The above calculational procedure for a given axial plane is repeated for
the next plane from the inlet plane to the exit plane. Then the exit boundary
conditions are imposed for the k = kmax plane, which is the exit plane. Print-
ing options are checked. The remaining computer running time is checked. 1f
there is not enough time left for another iteration loop, calculation is termi-
nated and a restart tape may be written. If enough time is left for another
calculational loop, the convergence of the current calculation is checked. If
the calculation has not converged yet and the number of iterations has not
reached the allowable maximum, another velocity, turbulence, and enthalpy cal-
culation is repeated trom the inlet plane to the exit plane. All these proce~
dures are outlined in the flow charts shown in Figs. 13 and 14,
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APPENDIX B

Common Block Description

A sample COMMON BLOCK is shown in Fig. 17. All the dimensions of the
variables inside the common block have to be changed from geometry to geometry,
depending on the size of the geometry. The dimensions are determined as
follows.

U, V, W, H, T, P, RHO, UOLD, VOLD, WOLD, HOLD, POLD, RHOLD, PS, GXlA, TB,
AK, AEP, AMU, AKOLD, and AEPOLD are all two-dimensional arrays. The first
dimension is the total number of computational grid points. It is provided by
the printout of the coordinate generation program under the variable name NTOT.
The second dimension is the total number of axial levels.

NCHNL, X1, XIETA, XIXI, X2, X2ETA, X2XI, JACB, NBOUND, HALF, HBET, and
HCAM are one-dimensional arrays. The only dimension is the total number of
computational grid points.

N and LSLIT are two-dimensional arrays. The first dimension is the number
of grid points in the I direction. The second dimension is the number of grid
points in the J direction.

NPNQ and NPQ are two-dimensional arrays, The first dimension is the total
number of pins. The second dimension is the number of sectors in a pin. It is
currently fixed to be 6,

NCHTP is a one-dimensional array. 1Its dimension is the total number of
subchannels. 1t is provided by the printout of the coordinate generation pro-
gram under the variable name NCHT.

ALFA, BETA, GAMA, TINITL, SUMSM, ATEMP, SUMH, DTSM, DZDARC, QAXIAL, ARC,
XA, ZA, and KA are one-dimensional arrays. Their dimensione are given by the
number of axial levels.

QPIN is a two-dimensional array. The first dimension is the number of
axial levels. The second dimension is the total number of sectors of all the
fuel pins to be included in the calculation. In physical problems having sym-
metry, the sectors outside the symmetry lines are not counted.

QRAD is a one-dimensional array. Its dimension is given by the number of
pins.

C, IBUG, EPS, IOPT, and FAC are cne-dimensional arrays. The dimension is
fixed to be 30,

NPIN is a one-dimensional array. Its dimension is given by the coordinate
generation program under the variable name NBDY.

NTPRNT, ITPRNT, NTHPR, ISTPR, and NTPLOT are one-dimensional arrays. Their
dimensions are fixed to be 50.
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CUMMUN/ VAR Y/ Ut 238,10), VI é45b,10), Wi 238,10),

H( 238,10), T( 258,10), FP( 238,10),
KHUO( 238,10), UOLD( 238,10), VULD( ¢238,10),
WULDC 238,10), HULD( 238,10), PULDLI( 238,10),
HHULD( 238,10), PS( 238,10), GX1A( 238,10),
TH( 238+10), NCHNL(23# )
X1( 238 Jo XIETA( 238 Jeo KIXI( 238 )y
xe( 238 ), X2ETA( 238 Jo RE2X1( 23¥ )
JALBU 238 I NBUUND( 238 e
HALF( 23» o HBET( 238 o HLAM( 238 )
N(Zl,21), LSLIT( 21,21 ), NPNGC 19, o), NPUL 19, &),
NCHTIP( 48), ALFA( 1), BETA( 10), GAMA( 10),
TINITLC 10, SUMSEML(10), ATEMP( 10), SUMH ( 10),
DISm( 10), WPINC 10, 10),LZDAKCY( 10),
GAXIALC 10), WKRADI 19 ). C( 30), I18UG( 50),
EPS( 30), JuPT( 30), FAC( 30), NPIN(C T70),VAREND

COMMUN /KPAKZ  WE,D,PR,PE, DYD,OT,0REF , VEL s TULVEL» TULENT , TULPKE,
LU, EV, En, €N, EP, LUP, EWD, ESUMHM, pkl’-’c”“t'lkkt’l
THEF, CNREFT,VSREFL,CPREF] , HREF], RREF], RIN,AU,BU,FLAKEA,
PIN, TIN, LX,6Y,GZ,FLKT, Fo ESMR, TUKBR ,TUKHF, KPAEND
CUMMUN /IPAR/ [TMAX, TedoRolOs 18 L9)NTUT, IMAX, JMAX, KMAX ,NKUW,
IMXM], JMXM]L, KMxMl, [MxMZ, JMXMZ, KMXM¢Z, NPURD, lHHAX, IBVAX,
IBHSUL IBVSUL, IBPSUL, IBLTER, IBLU, IBWL, JBLU, JBMI, KBLU,
KbHl, LIFRES, INPLOT, 101,172,173, 1TSET, IEWRET, NSTEPS ,NBLY, LS,
ll"',JJ","'\M,lU".JJ".KK"‘,IS“EEP,IPRtb,IPRUU,lbY,NLH',NPle.lhtb,
IPR,JU B, J9, [PAEND
CUMMUN 20UUT y NIP~NV(50),1IPR~!(SO).NIHPN(SO),lSlPa(so),NlPLuttso),
PIME NLT NNT  NUT, BT, NT,JUNK],UUTEND
CUMMUN /P KE g ARCLI0) o 2A(10),ZA(10) ,XACLI0),JUNKS,PHEEND
HEAL JINU, JINIM, JINIP, JINJM, JINJP
COMMUN ZVId/ LINIM, GINIP, GINJM, GINJP, GINKM, GINKP, JINU,
ALFAM, ALFAP, BETAM, BETAP, JINIM, JINIP, JiaJdM, JINJP,
X1CIM, XICJP, XINIM, XINIP, X2CJM, X2CJF, X2NIM, X2N1P,
GALAIM, GXLALP ,GX1AJM,GX1AJP, v, 1P, IM, Ju,
JP, JM, KU, KP, KM,JUK,UU, vu, WU,
STROX]) ,5TkSY ), 5TRSLL,STHEX2,S5TREY2,8TRS22,
NIUJU, NIMJU, NIPJUs NJUJM, NIMJIM, NIPJIM, NIUJP, NIMJF, NIVJF,
vISeEND
ClmmMun/F Uk / wlH( 48, 10), TCH( 48, 10), HCUE( s, 10),
TcuLbe 7, 10, 10), TLLC 7, 10, 10),
VECH( 3), ALFK( T7), BETH( 7), AAA( T7), OOLL( 7),
588( 7)), FLC 7), RADIALC 7),W( 7), HCUND,NC, NTHU,TULTDU,
IDLC 21, 100, TOWC 21, 10), TOT( 21, 10), TOB( 21, 10),
TOLOLD ( el, 10)"UR“LU( 21, 10),TOTULD( el, 10),T1DBULD( el, 10),
WOUL( 21, 10),WDUR( 21, 10), GLUT( 21, 10),WbUKC 21, 10),
wWOUC ,FUEEND
CUMMUN/TUK AK(238,10) ,AEV(238,10),AMU(23B,10),ARULL(238,10),
AEPULD(238,10), TUKEND

Fig. 17, A sample COMMON BLOCK
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WCH, TCH, and HCOE are two-dimensional arrays. The first dimension is the
number of subchannels provided by the coordinate generation program under the
variable name NCHT. The second dimension is the number of axial levels.

TCOLD and TCL are three-dimensional arrays. The first dimension is the
number of radial nodes to be used in the fuel-pin temperature calculation. The
second dimension is the total number of sectors to be included in the calcu=-
lation. The third dimension is the number of axial levels.

DECH is a one-dimensional array. Its dimension is fixed to be 3.

ALFR, BETR, AAA, DDD, S8§, FI, RADIAL, and Q are one-dimensional arrays.
Their dimensions are the number of radial nodes to be used in the fuel-pin
temperature calculation.

TDL, TDR, TDLOLD, TDROLD, QDUL, and QDUR are two-dimensional arrays. The
first dimension is the number of grid points in the J direction. The second
dimension is the number of axial levels.

DT, TDB, TDTOLD, TDBOLD, QDUT, and QDUB are two-dimensional arrays. The
first dimension is the number of grid points in the I direction. The second
dimension is the number of axial levels,

The above descriptions include all the dimensional variables used in the
code.
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APPENDIX C

Input Description

The following input description is for the coordinate generation program.

sannnnnpnnnann INPUT DESCRIPTIUN auannmnannanranbnns

C1
ce

FIRSY TITLE CARD, (80 CHARACTERS)
SECOND TITLE CARD, (80 CHARACTERS)

wnnwnn NAMELISTY /SIZE/ wennn

FOLLOWING INPUTS MUSY BE ENTERED

NPINS
NROW
IGEC

NUMBER OUF PINS,

NUMBER UF RUWS OF PINS, (7 PIN HEX BUNDLE MAS 2 ROWS)
levHEX GEOMETRY

2==RECTANGULAR GEOMETRY (NOT UPERATIONAL)

FOLLOWING INPUTS WILL BE CALCULATED BY CODE IF UMITTED FROM INPUTS

N1

NPOS

NPOI
NPOP
NOUT

NTOT
NTOTS
NCHT
NCHTS

NUMBER OF LINES BETWEEN TWO SULID BOUNDARIES,

FOR RECTANGULAR ASSEMBLY, Ni CAN BE ANY NUMBER,

FOR HMEX ASSEMBLY, N1 CAN ONLY BE ANY ODD NUMBER IN OKDER
YO PRESERVE GRID SYMMETRY,

NUMBER OF POINTS ON BOTTYOM WALL,

NUMBER OF POINTS ON THE DUCY wWALL FOR HEX CASE,

NUMBER OF PUINTS FUR CENTER PIN (FOR HEX GEQMETRY ONLY)
NUMBER (OF PUINTS ON EACH PIN,

NUMBER OF LINES OMITTED IN THE CENTER REGION

(0 FOR RECTANGULAR BUNDLE)

TOTYAL NUMBER OF CALCULATIONAL POINTS

TOTAL NUMBER OF CALCULATIONAL POINTS FOR SYMMETRICAL CASE
TOTAL NUMBER OF SUBCHANNELS

TOTAL NUMBER OF SUBCMANNELS FOR SYMMETRICAL CASE

sunnn NAMELISY /SET/ sunnw

R
CLRSI
CLRSW
R X
RY

IPRNY
SCALE

X0
Yo

PIN RADIUS, (METER)

CLEARANCE BETWEEN PING, (METER)

CLEARANCE BETWEEN WALL AND PINS, (METER)

DELTA X RATIOS UP TOQ 100 RATIOS IN THE X DIRECTION,(1,0)
DELTA Y RATIOS UP TO 100 RATIOUS IN THME Y DIRECTION,(1,0)
THE ABOVE TwD RATIOUS ARE USBED TO CONTROL VARIABLE SPACINCS
FOR RECTANGULAR BUNDLE ONLY, THEY DO NOT HAVE TO BE
NORMALIZED,

0eeNO COORDINATES PRINTED,

1««COORDINATES PRINTED,

. SBCALE FACTOR TO CONVERT X AND Y COORDINATES TO INCHE® FOR

PLOTTING PURPOSE, ASSUME A SCREEN SIZE OF 11X11 INCHES,
X ORIGIN OF THE PLOT IN INCMES
Y ORIGIN OF THE PLOT IN INCHES
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wennnn NAMELIST /SLABS/ sanans

ITER MAXIMUM NUMBER OF ITERATIONS FOR THIS RUN, (100)
IDISK 0«=DO NUT WRIYE SOLUTION OF THE COORDINATE TRANSFURMATION
ON TAPE FILE 14,
l==WRITE SOLUTION ON FILE 6,
INIR 0=«D0 NOT WRITE EACH ITERAT]ION ERROR,
le=WRITE EACH ITERATION ERROR,
IWINTL O==D0 NOT WRITE INITIAL GUESSES,
le=WRITE INITIAL GUESSES.

IwFIN OwewRITE FiINAL VALUES,

l=«SUPRESS PRINT OF FINAL VALUES,
IBUG O==NO DEBUGGING,

l=eVARIOUS DEBUGGING PERFORMED,
ISYm OweNO SYMMETRY

1==0ONE TWELFTH SYMMETRY FUR A MEXAGONAL BUNDLE
2esHALF SYMMETRY IN XeDIRECTION FOR A RECTANGULAR BUNDLE
4=«QUARTER SYMMETRY FOR A RECTANGULAR ROD BUNDLE,

R(1) GAUSSeSEIDEL ACCELERATION PARAMETER UMEGA, (1,4)
A ZERU VALUE CAUSES VARIABLE ACCELERATION PARAMETER
TO BE CALCULATED INTERNALLY,

R(2) ALLOWABLE X«ERROR, (0,0001)
R(3) ALLOWABLE Y«ERROR, (0.00001)
1PLOT 1==NO PLOTTING PERFORMED,

DIVISIBLE By 2+«PLOT PIN AND CUCT WALLS,
DIVISIBLE BY 3««PLOT THE INITIAL COURDINATE SYSTEM,
DIVISIBLE BY S=«PLOT THE FINAL COORDINATE SYSTEM,
I1SLABQ O=«GENERATE SLAB BOUNDARY INDICES INTERNALLY,
THIS DEFAULT VALUE IS STRONGLY RECUMMENDED,
1==READ SLAB BOUNDARY INDICES FROM CARDS AS DESCRIBED
BELOW, THE SLAB INDICES FOR MISSING REGION ARE FIRST
READ IN, AND THEN THE PHYSICAL BOUNDARJES,

THE FOLLOWING DESCRIBES THE SLAB BUUNDARY INDICES AND IS TU

BE INPUT ONLY IF ISLABO=1,

EACH PIN IS TRANSFORMED INTO FOUR MORIZUNTAL OR VERTICAL SLAH
SIDES, THE PINS MUST BE TRAVERSED IN THE SAME UKDER IN WHICH
THE POINTS ARE GENERATED IN SUBROUTINE *#2BUN, PUINTS MUST NOY
BE REPEATED, AFTER THME ODUCT I8 TRAVERSED THE PIN BUUNDARY

IS TRAVERSED STARTING AT THE LOWER LEFT CORNER AND PRUCEEDING

CLOCKWISE FOR BOTH PIN AND oucrs,

w42 NBDY CARDS IN FORMAT (41S) wax

LB} FIRST INDEX OF SLAB SIDE END,
Le2 LAST INDEX OF SLAB SIDE END,
LB3 INDEX OF LINE ON WHICH SLAB IS LOCATED,

LTYPE »1==HORIZONTAL SLAB,
=2=«VERTICAL SLAB,

THE FOLLOWING INPUTS HAVE NO DEFAULY VALUES,

THE LAST TWO SETS OF INPUTS ARE IN THE FORMAT OF 615 FOR
MPNGINP,NQ) FIRST AND THEN FOR NPG(NP,NG), EACH HAS NPINS CARDS,
NPNGINP,NQ) IS THE CHANNEL NUMBER FOR PIN NP AND SBECTOR NGO,
NPGINP,NQ) 18 THE PIN SECTOR ORDER FOR PIN NP AND

SECTOR NG, REFER TO BODYFIT DOCUMENT FOR THE NUMBERING SCHEMES,

wannnnns END OF INPUT DESCRIPTION soawmsns
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The following input description is for the second program of BODYFIT-1FE
in solving the transformed governing equations.

AR R R R R AR AR R AR AR R R AR R AR RN A AR AR R AR R A AR AR AR AR R RN R AR AR ARNARARR R AR R AR

INPUT DESCRIPTIUN FOR NAMELISY gSET,
YALUES INSIDE THE BRACKETS AFTER THE DESCRIPTIONS ARE DEFAULTS

C1,C2 FIRST TWU CARDS ARE TITLES IN 20A4 FORMAT,
IFRES RESTART OUPTIONS IN IS FORMAT,
O=eNEW CASE WITH NO RESTART WRITTEN, (DEFAULT)
Le=NEW CASE WITH RESTART WRITTEN TU TAPE 26,
2««RESTART OF PREVIUUS RUN READ FROM TAPE 25 WITH NU
RESTART TAPE WWRITTEN,
3-eRESTART OF PREVIUUS RUN READ FROM TAPE 25 WITH A
RESTART TAPE WRITTEN TO TAPE 26,

ALL THE FOLLOWING INPUTS ARE FUR THE NAMELISY SET

GX UNIT VECTUR GRAVITY COMPONENT IN THE X«DIRECTION,(0)
GY UNIT VECTUR GRAVITY COMPONENT IN THE Y«DIRECTION,(0)
62 UNIT VECTOR GRAVIYY CUMPONENT IN THE Z=DIRECTION, (1)

ARRAY OUTPUT IS DONE IN SUBROUTINE QUTPUT WHICH 1S CALLED
ONCE AFTER INITIALIZATIUN AND ACCORDING TO THE ARRAYS NTPRNT
AND ITPRNT, QUTPUT IS CALLED DURING AN ITERATION ONLY IF
OUTPUT 18 CALLED DURING THE CURRENT TIME STEP,
NTPRNT >0==UP TO S0 TIME STEPS AT WHMICH THE OUTPUT ROUTINE IS
TO BE CALLED,
NTPRNT(1) «1««QUTPUT IS CALLED EVERY TIMESTEP,
“NewsOUTPUT IS CALLED EVERY NTH TIMESTEP,
0ee«UUTPUT IS8 CALLED ONLY AFTER INITIALIZATION,
ITPRNTY >0eelUP TU S50 ITERATIONS AT WHMICH THE OUTPUT ROUTINE I8
TO BE CALLED,
ITPRNT(1) «1«=QUTPUT IS CALLED EVERY ITERATION DURING SPECIFIED

TIMESTEPS,
*Ne«QUTPUT 1§ CALLED EVERY NTH ITERATIUN ODURING SPECIF JED
TIMESTEPS,
0=«QUTPUT ]S NUT CALLED DURING ITERATION LOOQP,
NTPLOT >0e=UP TO S0 TIME STEPS WHERE PLUT TAPE IS WRITTEN FUR
U,V,W,T,P
ISTPR UP TO S0 VALUES WHICH SPECIFY THE ARRAYS TO BE PRINTED
IN THE FIRST CALL TO QUTPUT, (0)
NTHPR UP TO S0 VALUES WHICH SPECIFY THE ARRAYS TO BE PRINTED

IN ALL SUBSEQUENT CALLS TO QUTPUT, (0)
EACH VALUE OF ISTPR AND NTHPR I8 A SIGNED FOURDIGIY INTEGER
OF THE FORM 'SVPLL' WHUSE VALUE IS SPECIFIED ACCORDING TO tHg
FOLLOWING RULES?

§ ¢+ ONLY THE PLANE SPECIFIED BY VPLL I8 PRINTED,
(PLUS IS ASSUMED AND NEED NOT BE SPECIFIED,)
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SLIPR

KMA X
NSTEPS
1Ty

172
ITSETY

173
DTD
VEL
PENT
TENC
woucC
DREF
TOLVEL
TOLENT
TOLPRE
TOLTOU
ESUMSM
XA

ZA
GDUL

GOUR
QouT

GpuB
GPIN

QRAD
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ALL PLANES BETWEEN VPLL AND THE NEXT VPLL ARE PRINTED,

le=lU IS PRINTED ==V IS8 PRINTED,

Jeew [S PRINTED, demH [S PRINTED,

SeeT [S PRINTED, be=wP [S PRINTED,

TewRHU I8 PRINTED, Bewlh 1S PRINTED,

QueP§ IS PRINTED, 10=«U0LD IS PRINTED,

{1=«VOLD 1S PRINTED, 12=«WOLD IS PRINTED,
THE FOLLUWING 1D VARIABLES CAN BE PRINTED FOR KoPLANE UNLY
13««Xy1 I8 PRINTED, 14=eJACB IS PRINTED,

1SeeX{X] 185 PRINTED, 16=eX2X] IS PRINTED,

17-=X1ETA 1S PRINTED, 18«wX2ETA 18 PRINTED,
19««x2 IS PRINTED,

FOLLOWING 2 OUTPUTS ARE PRINTED FOR K=PLANE ONLY
20==TCL (FUEL PIN TEMPERATURE) [S PRINTED,
21==TDU (DUCT WALL TEMPERATURE) 1S PRINTED,
PLANE INDEX OF THE DESIRED QUTPUT

l==1 PLANE

2==J PLANE

Jewk PLANE

TWO DIGITS FOR INDEX OF THE PLANE DEFINED BY P

SLIP RATIO

OQ==ND SLIP

NUMBER OF AXIAL PUINTS,

NUMBER OF TIME STEPS,

THE NUMBER OF ITERATIONS PER TIME STEP THROUGM TIME STEP
ITSET,

THE NUMBER OF ITEKATIONS PER TIME STEP AFTER TIME STEP
ITSET,

THE TIME STEP AFTER WHICH THE NUMBER OF ITERATIONS PER TIME
STEP IS CHANGED FROM ITy TO IT2,

THE NUMBER OF VELUCITY ITERATIUNS PER PRESSURE CORRECTIUN
TIME STEP IN SECONDS,

ENTRANCE VELOCITY IN M/SEC,

ENTRANCE PRESSURE IN ATM,

ENTRANCE TEMPERATURE IN C

THICKNESS UF DUCT WALL IN M

REFERENCE LENGTH (USUALLY THE MYDRAULIC DIAMETER) IN M
TOLERANCE FOR VELUCITY CONVERGENCE .

TOLERANCE FOR ENTHALPY CONVERGENCE ,

TOLERANCE FOR PRESSURE CONVERGENCE |,

TOLERANCE FOR DUCT WALL TEMPERATURE CONVERGENCE

TOLERANCE FOR CONVEKRGENCE ON PLANAR MASS FLUX i

X COURDINATES FOR THE AXIS OF THE ASSEMBLY IN M

Z COURDINATES FOR THE AXIS OF THE ASSEMBLY IN M

LEFT DUCT WALL HEAT FLUX IN W/(Mxx2). INPUT ONE VALUE POR
EACH ETA LINE AND THEN FOR EACH ZETA LINE. QDULCJ,K)
RIGHY DUCT wWALL HEAT FLUX, GDUR(J,K)

TOP DUCT WALL MEAT FLUX, INPUT ONE VALUE FOR EACH XI LI E
AND THEN FOR EACHM ZETA LINE, QOUT(I,K)

BOTTOM DUCT wALL HEAT FLUX, QDUBC(I,K)

FUEL PIN HEAT FLUX IN w/(Mwx2), INPUT ONE VALUE FOR EACH
AxIAL GRID LINE AND THEN FOR EACH SECTOR, QPIN(K,MPG)
NORMALIZED RADIAL MEAT FLUX DISTRIBUTION, INPUT ONE VALUE
FOR EACH PIN, NUMBER THE PINS IN ALL COLUMNS FROM
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BOTTUM TU TOP AND LEFT TU RIGHT STARTING FROM THE LEFT
BOTTOM CURNER FOR THE RECTANGULAR ROD BUNDLE.,
NUMBER THE PIN FRUM INSIDE OUT AND CLOCKWISE STARTING WITH
BOTTUM PIN OF EACH ROW FOR HEXAGOUNAL RUD BUNDLE,
NPORD le=ZERD FIRST DERIVATIVE ON EX1T BUUNDARY CUNDITIONS,
2==ZERU SECOND OERIVATIVE ON ExIT BOUNDARY COUNDITIUNS,
PGRAD INITIAL AXIAL PRESSURE GRADIENT IN ATM (0,0),
TURBF MULTIPLYING FACTOR FUR TURBULENT VISCOSITY, (1,0)
TURBK MULTIPLYING FACTOR FUR TURBULENT CUNDUCTIVITY, (1,0)
IPRES 1==ITERATE VELOCITY FOR EACM PRESSURE CORRECTION
O==NO VELOCITY ITERATION FOR EACK PRESSURE CQRRECTIUN
ISWEEP | =«FCR ALTERNATING SWEEP IN I AND J DIRECTION
0 «=FOR FIXED DIHLCTIUN OF SWEEPING
1PRUBR 0 ==FOR CONSTANT INLET VELOCITY
| ==FOR CUNSTANY INLET AND QUTLET PRESSURE (NOT OPERATIONAL)
AQ, B0 AD20,5,B0U20 FOR UPWIND DIFFERENCING
AD=0,0,B020,0 FOR CENTRAL DIFFERENCING
AVHTF AVERAGE MEAT FLUX IN J/Max2/S8EC

QACC RATE OF HMEAT FLUX CHANGE FOR TRANSIENT CASE IN W/M2/8,
VACC RATE OF INLET VELUCITY CHANGE FOR TRANSIENT CASE IN M/S,
TACC RATE UF INLET TEMPERATURE CHMANGE FUR TRANSIENT CASE IN C/8,
KA AXIAL INDICES FOR LEVELS HAVING GRIDS
DECH HYORAULIC DIAMETEKS FUR THREE SUBCHANNEL TYPES
IN THE ORDER OF CENTRAL, WALL AND CORNER CHANNELS,
NC TOTAL NUMBER OF RADIAL GRID LINES USED IN FUEL PIN
TEMPERATURE CALCULATION,
NTFU NUMBER OF GRID LINES INSIDE THE PIN FOR FUEL PIN

TEMPERATURE CALCULATION,
RADIAL RADIAL DISTANCE FUR EACH ZONE INSIDE THE FUEL PIN
STARTING FROM THE CENTER NODE GOING CUTWARDS ,
HCOND GAP CONDUCTANCE INSIDE YHE FUEL PIN,
Q VOLUMETRIC HEAT GENERATIUN RATE IN FUEL ZONES IN WATT/Mral
GAXTAL AXTAL HEAT DISTRIBUTION, ONE VALUE FUR EACH AXIAL LEVEL,
#**DEBUGGING AIDS ARE PROVIDED BY THE FOLLOWING VARIABLESS

IBHAX QeeNO ENTHALPY DEBUGGING IN AXIS,
lw=ENTHALPY CALCULATION DEBUGGED IN AXIS,
IBVAX OQweNU VELOCITY DEBUGGING IN AXIS,

1e«VELUCITY CALCULATION DEBUGGED IN AXIS,
IBHSOL  QeeN[ ENTHALPY DEBUGGING IN SOLN,
1==ENTHALPY CALCULATION DEBUGGED IN SOLN,
IBVSOL  0eeNO YELOCITY DEBUGGING IN SOLN,
1=«VELOCITY CALCULATION DEBUGGED IN SULN,
IBPSOL  0w==NO PRESSURE DEBUGGING IN SOLN,
1=<PRESSURE CALCULATION DEBUGGED IN SOLN,
IBITER  NeaPRESSURE DEBUGGING 18 DONE ONLY WHEN THE ITERATION 18
GREATER THAN OR EQUAL TO N IN SOLN,

I18LU THE LOWEST I«INDEX FOR WHICH DEBUGGING IS TO BE PERFORMED,
I8H1 THE HIGHEST J«INDEX,

JeLo THE LOWEST JeINDEX,

JBHI THE HIGHEST JeINDEX,

KB8LO THE LOWEST KeINDEX,

KBHI THE HIGHEST KeINDEX,

«*+END OF DEBUGGING VARIABLES

FAC(1) X=VELOCITY RELAXATION FACTOR,
(2) Y«VELOCITY RELAXATIUN FACTOR,



(3)
(4)
(5)
(e)

(7)
(8)

(9)

(10)

(11)

(12)
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Z=VELOCITY RELAXATION FACTYOR,

ENTHALPY RELAXATIUN FACTUR,

CELL BY CELL PRESSURE CORRECTIUN PARAMETER, W1 IN
EQUATIUN (77) UF THE BUDYFIT DOCUMENT

AXIAL PRESSURE CORRECTIUN PARAMETER, w2 IN EQUATION (78)
OF BUDYFIT DOCUMENT,

TEMPERATURE CURKECTION PARAMETER FOR IUPT(6)=) OR 2,

DOWN STREAM AX1AL VELOCITY CORRECTION PARAMETER

FOk TOPY(7)=1,

DOWN STREAM RaADIAL VELOCITY CURRECTION PARAMETER

FOR 1OPT(7)=1,

AxIalL DUCT wALL HEAT CUNDUCTION MULTIPLIER, WHEN IT IS o,
ALL AXIAL HEAT CUNDUCTION IS NEGLECTED, WHEN IT IS 1,
AXTAL MEAT CONDUCTION IS FULLY ACCOUNTED FOR,

RADIAL OUCT waLL HMEAT CONDUCTION MULTIPLIER., WHEN IT IS O,
HADIAL HEAT CONODULTION 18 NEGLECTEDL, WHEN IT 185 1,

RADIAL HMEAT CONDUCTIOUN IS FULLY ACCOUNTED FUR,

ADDITIUNAL FACTUR IN THE PRESSURE COURRECTION FORMULA,

B IN EGUATION (77) FOR PRESSURE CUKRECTIOUN FURMULA IN
BODYFIT DOCUMENT,

C(1),C(2),C(3) COEFF FOR HEAT TRANSFER CORRELATIUN C(1)+C(3)#PExnC(2)
Cc4),C(S5),C(6) COEFF FOR FLOW RESISTANCE IN NON GRID AREA, CURRENTLY

THEY ARE ALL ZERUS, IT CAN BE USED TOU MUDEL WIKE
WRAPPED ROD BUNDLES,

C(7),C(8),C(9) COEFF FOR FLOW RESISYANCE IN GRID AREA, THEY ARE KF

€(10)
c(11)
(12)
(13)
(14)
(1%)
(16)

(17)

(18)
(19)

(20)
(21)
(22)
(23)

I0PT(y)

(2)

(3)

(4)

(S)

IN EQUATION (99) OF THME BUDYFIT DOCUMENT,
NOT USED CUKRENTLY
SIGMA K FOR TURBULENCE ENERGY EQUATIUN (110), (1,0)
SIGMA EPSILON FUR TURBULENCE EPSILON EQUATION (138).(1,.3)
CONSTANT C§ FOR TURB EPSILON EQUATION (111), (1.44)
CONSTANT C2 FOR TURB EPSILOUN EWUATION (111)., (1.92)
CONSTANT € MU FUR TURB VISCOSITY IN EGUATION (109), (C.09)
CONSTANT KARPA FOR THE LOG VELUCITY PRUFILE IN EGUATIUN
(113), (0,42)
CONSTANT E FOR THE LOG VELOCITY PROFILE IN EQUATION
(113), (9,8)
FRACTIUN OF TURS KINETIC ENEKGY AT INLET, F3 IN EQUYIUN
(117), (o0,01)
MIXING LENGTH AS FRACTION UF HYDRAULIC DIAMETER, F2 IN
EQUATION (1:7), (0,07)
SIGMA MU FOR LAMINAR FLOW IN EQUATION (124). (1.0)
SIGMA MU FUR TURBULENCE FLOW IN EQUATION (124), (1,0)
SIGMA T FOR LAMINAR FLOW IN EQUATION (125), (1,0)
SIGMA T FOR TURBULENCE FLOW IN EQUATION (125), (0.,9)
leeSKIP MOMEMTUM EQUATION
i=aSKIP ENERGY EQUATION
le=kKEEP PHYSICAL PROPERTY CONSTANT
jeeKEEP FUEL=CLAD GAP CUNSTANY
2e=INPUT QPIN AS FUEL PIN SURFACE HWEAT FLUX
AND QGDU» AS DUCT wALL SURFACE HEAT FLUX
J==0ONLY QPIN 18 COMPUTED BY THE CUDE.
GDUx I8 FIXED BY THE INPUT VALUE, WHEN THIS UPTION
IS USED GPIN SHOULD BE TAKEN OUY OF THE INPUT,
0==QPIN AND QDU ARE COMPUTED INTERNALLY BY THE CODE
WHEN THIS OPTION IS USED, BOTH GPIN AND QDU SmOLLD BE
TAKEN OUT OF THE INPUT DATA SETY
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(&) le=ALL DUWNSTYREAM CELL TEMPERATURES INCREASED BY THE SAME
AMUUNT A8 THE INCREASE IN THE UPSTREAM CELL TEMPERATURE
2ewhAllL DOWNSTREAM TEMPERATURE INCREASED BY THE SAME AMUUNT
AS THE PREVIOUS PLANAR TEMPERATUKE INCREASE
#n USE THESE UPTIONS ONLY FUR STEADY STATE CALCULATION TO
SPEED UP CONVERGENCE FOR STEADY STATE SULUTIUN
(7 leeALL ODOWNSTREAM VELOCITIES GET CORRECTED BY THE SAME
AMOUNT A8 THE CHANGE IN THE UPSTREAM VELUCITIES
(8) lewNORMALIZE CELL TEMPEKRATURE WITH RESPECT TO INITIAL
TEMPERATURE CALCULATED FRUM JeD MEAT BALANCE
wx USE THIS OPTIUN ONLY FOR STEADY STATE CALCULATION
(9) OeelERD EGUATION TURBULENCE MUDEL
1=<UNE EQUATION TURBULENCE MODEL
2e=TWl EQUATIUN TUNBULENCE MUDEL
(10) Oe=IMPLICIY TIME DIFFERENCE FUR FUEL PIN MODEL
lewSEMI«IMPLICIT TIME DIFFERENCE FUR FUEL PIN MODEL
(11) 0e=SODIUM AS COQLANT
lewWATER AS CUOLANT (NUT OPERATIONAL)
18UGC(Y) e=DUMP COMMON BLOCKS WHEN ERRUR OCCURS
(2) l==CHECK EACH MOMENTUM AND ENERGY CALCULATIUNS
(3) l==WRITE RADIAL AND TOTAL MEAY CONDUCTION (CUNHT,SCUNMT)
(4) leeCHECK TEMPERATURE TO ITERATIUN AFTER ENTHALPY
CALCULAT]ION
(5) 1==WRITE PLANAR MASS FLUX AND AVERAGE PLANAR TEMPERATUKRE
(&) leePRINT REFERENCE CONDITION AT EACH TIME STEP
(7) 1==PRINT INDIVIDUAL HEAT CONDUCTIUN TERMS FOR EACH CELL
(8) 1=«PRINT TCH,HCOE,QPIN AND WDU#
(9) le=PRINT TURBULENCE K, EPSILUN,MU
EPS(1) CUTUFF FOR VELOCITY UPDATES
(e) CUTUFF FOR TEMPEWATURE UPDATES FRUM ENTHALPY CALCULATIUN
(3) ERROFE ALLOWED FUK TEMPERATURE UPDATES FROUM EXTRAPOLATION
SUBRUUTINE AITKEN, JT IS USUALLY SET THE SAME AS EPS(2)
(4) ERROF ALLOWED FOR FUEL PIN AND DUCT WALL HEAT FLUX, THIS
ERRUF DETERMINES THE NUMBER OF JTERATION BETWEEN FUEL PIN,
DUCT WALL AND CUULANY TEMPERATURE CALCULATIONS,

ARRRAR O R R R AR O R T R AR R A R R AR AR R AN RN R R AR AR R R P AR R A AR AR R RN R AR AR R A AR R AR AR R
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APPENDIX D

Sample Problems

i Output Description

Two sample problems are presented in this appendix. The output of each
problem contains two parts. The first part is the coordinate generation, and
the second is the solution for governing equations.

a. Part One

In the first part of the output, the coordinate generation part, a
set of typical input data is given first. Since the storage requirement for
the coordinate generation has to be specified by users, the number of words
required versus the number of words allocated for computer storage is printed
in the ouctput., If the words allocated are not enough, the program will stop
execution, In that case, the dimensions for the COMMON block SPACE and the
data LENA have to be increased inside the first part of BODYFIT-1FE. The next
item in the output is the boundary coordinates (x, y). Following that, the
horizontal and the vertical grids (slabs) of the regions to be skipped in the
coordinate computation are listed. The indices for the boundary grids (slabs)
are printed. The errors for each numerical iteration and the final converged
coordinates ate printed. Finally, all the geometric information on coordinate
transformation to be read and fed into the second part of BODYFIT-1FE is
printed, The graphic display of the physical boundaries, the initial mesh
structure, and the final mesh structure are also included. These graphic dis-
plays provide an easy visual check on the progress of the program when it is
executed interactively,

b. Part Tﬁg

The second part of the output for each sample problem comes from the
second part of BODYFIT-IFE. The input data set is printed first. Then all the
indices for geometric identification as read in from the first part of the
BODYFIT-IFE are printed. The initial u, v, and w velocities, temperature, and
pressure arrays are printed for various vertical and horizontal cross sections.
The convergence errors for u, v, w, h, and p are printed for each iteration.

An option ie provided for users to print out the calculated u, v, and w veloci-
ties, temperatures, and pressures at the desired intervals of iterations and
time steps. The final converged solution is included also in the output for
each sample problem.

2. Problem Description

a. 7-pin Hexagonal Rod Bundle

The first sample problem is a 7-pin hexagonal rod bundle with sodium
as the coolant under flow rundown conditions. The experiment was performed at
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the GFK Karlsruhe facility to investigate the fuel-assembly behavior after a
power outage to the reactor coolant pump coincident with a failure of the reac~-
tor to trip. The complete result of the simulation is given in Ref. 16.

Figure 18 shows the axial partitioning and thermocouple locations of
the model 7-pin bundle, The physical dimensions of the bundle are also given
in the figure. There is an unheated entrance region 80 mm long. Following that
is a heated region of 600 mm. Crids are uniformly spaced along the channel. The
sodium coolant enters the assembly with a uniform velocity of 2.15 m/s and a
uniform temperature of 553°C. The rods are uniformly heated by the embedded
electric tape. The total heat generated by the rods is 78.6 kW. The inlet velo-
city drops linearly from 2.15 to 0.35 m/s in 6 8. All the other input parameters
are given in the following sample outputs. The graphic printout of the physical
boundaries, the initial mesh structure, and the final mesh structure are given in
Figs. 19-21, respectively.
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Fig. 20

An initial guess of the mesh structure
for a T-pin hexagonal rod bundle
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Fig. 19

Physical boundaries of a
7~pin hexagonal rod bundle

) g

Fig. 21

A final mesh structure for a
T-pin hexagonal rod bundle
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wuwus 15 0 15436G16E-03 0. ’28441*5( 03 0_402576616-02 ©.83732605E-93 -0.63253555€-04
NAX, FASS RESIDUE AT 6 1 = -1.168556918+21

Max. PRES CORPEC. AT 11 9 1= -6.36742370E-05

ssswe 16 0. 17250329€-03 0.23309467€-03 0.35539348E-02 -0.12168384E-02 -0.63074287E-04
HAX. HASS RESIDUE AT - ] 3 1 = -1.15562827E+21

MAX. PRES CORPREC. AT 1% 9 1= -6.1372527%e-05

sxuuw 17 0.20761904E-83 0. 34197536E-03 -0.2/756531E-02 0.21371841E-02 -0.61372522¢-04
HAY. MASS RESIPUE AT 5 3 1= -1.14353065E421

HAX. PRES CORPEC. AT 1 9 1 = -5 92L14755E-05
s=wew 13 §.ISTNIGI6E-03 0.233347556-03 -0.395153035-82 0.20790100E-02 -0.53281476£-05%
HAX. MASS RESIDUE AT S 3 1= -1.135353655421

HAX. PRES COPREC. AT 11 9 1= -5.74500417€-05

wewsm 1% 0. 18162230E-03 -0.25034021E-03 0.25573941E-07 0. 1266%795€-02 -0.57480042¢-0%
MAX. MASS RESIDUE AT $ 3 1= -1.10553050E421

HAX. PRES COSPEC. AT 11 9 1 = -5.59331926E-05

saasa0 020 ©.239391216-03 -0.21296875€-03 0.356005¢26-02 0.85735321E-03 -0.559391952E-04

snmnansnunnnnnnannas BEGIHNING OF CUTPUT FOR STEP 1 ATuwswssess SECONDS, IVERATION 20

U VELOCITY (NOH DIMENSIOMAL)

K= 2

I--> 1 2 3 4 5 6 7 8 5 1 n
J
13 0.0 0.0 8.0 0.0 2.8 0.0 0.9 0.8 6.0 0.0 0.0
12 -1.285e-03 2.057€-04-1.2856-03 2.057E-04 1.235€-03 2.057€-06 1.285E-03 1.831£-03 1.235:-03 1.8316-03 1.68
11 -1.8125-93 3.331E-04-1.8186-03 3.331E-04¢ 1.815E-03 3.331E-04 1.8186-03 2.452£-03 1.3125-03 2.4%26-03 2.635¢
10 -1.992E-03 3.26GE-0%-1.998E-03 3.255E-0% 1.978€-03 3.264E-04 1.998E-03 2.5226-03 1.9°5£-03 2.5226-03 1.831E~
s 0.0 0.0 6.0 0.0 0.8 0.0 8.8 6.0 9.0 0.0 1.363€-
8 -8.650E-11-8.56DE-11-8 660E-11-8 660E-11-8 650E-11-2 660E-11-8 660E-11-8.660E-11-8 .6£0E-11 0.0 ~3. U 3E~
7 -B.660E-11-8B.680E-11-8 660E-11-8 . 650E-11-8.660E-11-8.6606-11-8.660E-11-8_660E-11-8.6500-11 0.0 3.164€
6 -8 .€60E-11-B.660E-11-8 650E-11-8.660E-11-8_650E-11-8.650E-11-8.660E-11-8 £C0E-11-8.6608-11 0.0 9.05%E-
5 0.e 6.0 0.0 o.e 0.0 0.0 0.0 0.9 8.9 0.0 9.54%
- 0.0 0.0 ~8.264E-06-1.5726-07 8.266E-05 1.590£-03 2 .330E-03 3 .467E-03 4.0726-03 3.506£-03 2.055
3 0.0 0.0 ~9.1156-05-2.992E-07 9. 115€-0¢ 1.762E-03 2.6526-03 §.017£-03 5.050c-03 €.4276-03 2.
2 0.0 0.0 ~8.030E-04 6.751€-07 B.090E-04 1.630£-03 2.331E-03 3.475£-03 4 616E-03 §.464£-33 2.50
1 0.9 0.0 8.0 8.0 0.0 6.8 0.0 0.8 0.9 0.0 0.8

I-=> 3
J

13 -8.6¢0F-11
12 -5.t39e-04
1 2. ¥56E-04
10 -1.227¢-03
-1.460€-03
-1.466£-03
-8.413E-04
~& . 640E-04
-1.4436-03
~4.115e-03
-4.873E-03
~4.1315-03
-8.6L0E-11
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b. 19-pin Hexagonal Rod Bundle

The geometric dimensions of the second sample problem are identical
to the ones in the first problem, except that there are no spacer grids in the
19-pin fuel assembly, and there are 19 pins instead of 7 pins. Aleo the fuel-
pin temperature calculation is bypassed. This sample problem is included here
80 users can check their geometric information as printed by the code. Correct-
ness of all the arrays for geometric identification is essential in getting the
correct calculational results. The graphic printout of the phvsical boundaries,
the initial mesh structure and the final mesh structure are given in Figs. 22-
24, respectively.
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Fig. 22

Physical boundaries for a
18=-pin hexagonal rod bundle

OLOYO

Fig. 23

An initial guess of the mesh structure E Ei
for a 19-pin hexagonal rod bundle

Fig. 24

A final mesh structure of a
19-pin hexagonal md bundie
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9 21 108
17 21 107
17 2 110
124 21 12
7 21 113

9 21 127

9 21 126

9 21 12

9 21 123
17 21 125
7 21 122
” 21 120
17 21 119

9 21 129

o 21 130

9 21 132

9 21 133
17 21 131
17 21 134
17 21 136
17 21 137

9 21 7

9 21 6

9 21 4

b 4 21 3
17 et 5
17 21 2
17 21 144
7 21 143

IMDICES FOR BOUNDARY SLARS

L81 1e2 133
144 1 21
"2 14% 17
1 18 7
1% 1% 13
e 1 13
144 %2 13
% 16 152
ns 123 17
1% 1% 138
5o 18 13
14 1% 18
9% 114 17
1% 1% 1%
s 9% 13
1% 1% %
70 30 177
1% 1% %9
s0 70 13
1% 1% 78
46 65 17
1% % €5
65 46 i3
1A 1% 45
22 42 77
16 15 42
42 22 13
1% 16 22

2 ™ 9

LTYPE
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=4
-2
=5
=3
R
-1
~
-3

=3

-
=3
-2
-1

-1
0 -
=9

-1
3
=

2
=3
e -
¥
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3 6 1% -~
1% 2 - | =%
5 3 2 =
73 "2 9 =1
8 6 "z =2
2 138 3 -4
6 3 173 a
w2 134 9 . |
8 6 133 -2
134 122 5 -
6 8 w22 .
114 18 9 -1
& 6 113 -2
n 114 5 -1
§ 8 14 -2
93 110 9 -3
8 6 10 ==
m 58 5 -3
3 8 S5 -
$0 54 9 uy
8 6 5% =2
" 90 S -1
6 & S0 b
74 85 9 =y
8 6 26 -2
&6 74 5 ey
6 3 74 -2
6 76 S =%
8 L] 70 ==
70 €6 5 =3
6 & 65 .
50 62 9 =3
8 6 62 -2
62 50 5 =4
6 8 50 =2
§2 46 9 -1
8 6 46 -
6 42 5 =¥
6 8 42 <2
26 3 b4 -1
3 6 3B .
13 26 5 -3
® 8 26 . -
18 22 9 =3
8 6 22 -2
22 18 5 .
6 8 13 -2
1445 1 1 2 |

19 PIN REXASOHAL ROD BUMDLE CASE &1
SANE GEDUEIRY FOR GERMAN 7 PTN FLON RUN DOV EXP.

19 PIN HEXACOMAL POD PUNDLE CASE €1
SMHE GEMIETRY FOR GERMAN 7 PIK 7LOM RUN DO EXP.

COMNINATE SVSTEN TRANSFOPMATICN
FIELD PARANETCRS: § OF XT(THETA) FOINTS = 6%

9¢1
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