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JRRIBLE — A COMPUTER PROGRAM FOR FLOW AND TEMPERATURE
DISTRIBUTION IN LMFBR FUEL ROD BUNDLES

J. L. Wantland

ABSTRACT

A computer program named @GRRIBLE was written to predict the
flow and temperature distribution for steady single-~phase flow
through a bundle of nineteen heated rods spaced by helical wire
wraps in a hexagonal duct. Any combination of flow subchannels
can be blocked at the inlet. The section can have an unheated
entrance length followed by a heated section and an unheated exit
length. In the heated section the linear heat rate of each of
the rods can be individually specified. Turbulent interaction,
sweeping crossflow due to the wire wrap, and transverse thermal
conduction are considered. An approximate relationship for pres-
sure diversion crossflow in terms of local axial mass velocities
is used to eliminate pressure as a variable. Hence the computa-
tional procedure does not require iterative techniques. @RRIBLE
can be extended to larger bundles with different internal con-
figurations.

Keywords: computer program, digital; reactor, LMFBR; tem-
perature; temperature distribution; temperature gradient; flow;
flow distribution; flow blockage.

1. INTRODUCTION

The fuel-failure mockup (FFM)! at the Oak Ridge National Laboratory is
a large high-temperature sodium cooled facility in which simulated liquid
metal fast breeder reactor (LMFBR) core segments are subjected to thermal
and hydraulic testing at typical operating conditions. The initial test
program is.to investigate the effects of partial flow blockage by plugging
at the inlet of the test section.

It was desired to have a relatively simple computer program to predict
the flow and temperature distribution in the FFM test section. The result-
ing program, named @RRIBLE, was written specifically for the geometry of
the LMFBR-FFM Bundle No. 22 but it can easily be extended to larger test

sections with different internal configurations.



The LMFBR-FFM Bundle No. 2 consists of nineteen electrically-heated
rods in a hexagonal duct with rounded corners. It has an unheated entrance
length followed by a heated section and an unheated exit length. For spac-
ing, each rod is wrapped with a right-hand-pitch helical wire. The wire
wraps are oriented so that at the start of the heated section the wraps
are directly in the gaps separating adjacent rods.

A cross—sectional view of the test section is shown in Fig. 1. The
rods are numbered 1 through 19. The flow area is considered to consist
of 42 parallel interconnected flow channels numbered as is shown. Inter-
actions between adjacent flow channels take place through the 60 gaps num-
bered as shown. The different types of flow channels have different cross-
sectional areas; for convenience they aré all assumed to have the same
hydraulic diameters. All of the gaps are of the same size.

The interactions through the gaps are due to turbulent interchange,
pressure induced diversion crossflow, directed sweeping crossflow due to
the helical wire wrap, and transverse thermal conduction.

Expressions for the transverse interactions are used in the equations
of conservation of mass and energy to establish the thermal and hydrodynamic
characteristics of the system.

A salient feature of @RRIBLE is the implicit use of the equation of
conservation of axial momentum by obtaining an expression for pressure
diversion crossflow in terms of the axial mass velocities in the two ad-
jacent flow channels. By so doing, pressure is eliminated as a variable

and the solution is obtained without recourse to iterative techniques.

2. TRANSVERSE INTERACTIONS
In this section the expressions used for transverse interactions are
described. Much useful information was obtained from the C@PBRA code written

by D. S. Rowe.®

2.1 Turbulent Interchange

Turbulent transport of mass, heat, and momentum occurs between adja-

cent channel segments. This transport is handled mathematically by
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Fig. 1. Rod, Channel, and Gap Numbering System for @RRIBLE; 19
Rods, 42 Channels, 60 Gaps.



assuming the interchange mechanism to be in the form of a turbulent cross-

flow mass velocity

LA CT (|w2| + !wm]) , (L
fm
where
wp = the local turbulent cross flow mass velocity between channels
My and m, lbm/hr-ftz,
WooW = the local values of the axial mass velocities in channels £,m;
lbm/hr-ftz,
CT = the dimensionless turbulent crossflow coefficient.

For channel £ having a local property sy (per unit mass), this prop-
erity is turbulently transported into channel m at the rate sg YTom SA
where SA is the area joining the two channel segments. Similarly the
turbulent transport of s, from channel m to channel 2 is at the rate sy

Yoo SA and WT o = For s, # sy there is a net transport of the

YTom.
property between the two channels and turbulent interchange must be con-
sidered in the equations of conservation of momentum and energy. For an
incompressible fluid, Pm = Pg and the turbulent interchange terms cancel

in the equation of conservation of mass.

2.2 Pressure Diversion Crossflow

Where a pressure difference exists between adjacent channels, flow
will be diverted from the channel with the higher pressure to the channel
with the lower pressure. The relationship usually assumed for this pres-

sure induced diversion crossflow is

w
ml
Pn T g D 2pg. ’ )
or for Py # Pp,
P —P
- ..m % —
vp =15 —p 7 V(s /C) PP, (3)
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where

PosPp =

YPmg,

8¢

Cp

the local pressures in channels £, m; lbf/ftz,

the pressure diversion crossflow from channel m into channel
2, lbp/hr-ft?,

the fluid density, 1bg/ft?,

lbm-ft

—_—7
lbf hr

the dimensionless pressure diversion crossflow coefficient.

the gravitational conversion factor, 4.170 X 108

Mathematically it is greatly advantageous to be able to express

wp as a function of wy and wp. In early versions of @RRIBLE, several

m
empirical relationships were assumed. The relationship used in the re-

ported version of @RRIBLE is derived in Section 4.

2.3 Sweeping Crossflow

Due to the directing effect of
the helical wire wrap (Fig. 2), flow e ,.__

will be swept along it in the direc-

tion of the helix. Thus there will

be a sweeping crossflow { G F

w

S

where

YSom

wy =

v, m(D + G)
m ¢ P P
= the sweeping crossflow ‘ i
[
from channel % into chan-
2 (D + G)
nel m, lby/hr-ft°,
the axial mass velocity
in channel £ from which Fig. 2
the wire is "emerging" at
that locality, lbp/hr.ft?,
the rod diameter, ft,
the wire wrap diameter (gap thickness), ft,
the helical pitch of the wire wrap, ft.



For a given gap between two rods, the wrap on one rod goes through
the gap in one direction and further down the bundle the wrap on the other
rod goes through the gap in the opposite direction. Hence the sweeping
crossflow through a given gap alternately changes direction through the
bundle.

The maximum sweeping crossflow is assumed to occur where the wire
wrap is immediately in the gap between two adjacent rods, hence for this
purpose the wrap is assumed to occupy no flow area but acts as a vane to
move the flow between channels. Where the wrap is more than 60° away from
the gap (see Fig. 3), its influence on that
gap is assumed to be negligible. For
|6] < 60°, its influence is assumed to +

obey the relationship

w N %-[l + cos (398)]

Szm
To account for the fact that, on the o
average, the sweeping crossflow does not +

follow the wire wrap directly,” a dimenion-
less sweeping crossflow factor Cg 1.0 is
introduced. Hence for |8] > 60°, WSgo = 0

Fig., 3
and for |6] < 60°

WSpm = Cs wy Eigig—gl [1+ cos (36)] . (4)

2.4 Transverse Thermal Conduction

Heat is transferred by conduction between adjacent channels at the

rate

depg = X Fs Sx (tp — tyg) , (5)

where

depg = the local heat transfer rate from channel m to channel %, Btu/hr,

k

]

the thermal conductivity of the fluid, Btu/hr.ft.°F,

Fg = the dimensionless shape factor



8x

tostp

the length of the axial increment, ft,

the local temperatures of channels %, m, °F,

Using electrical resistance paper, the appropriate shape factors for
various values of G/D £ 0.5 were determined by Fukuda.® The results are

correlated by the empirical relationship

Fg = 1.38 (G/D)°% 874 | (6)

3. CONSERVATION EQUATIONS

In the derivations to follow,
v = Wp + Vg (7)

the total diversion crossflow in lbm/hr-ft2 due to pressure diversion and

wire wrap sweeping.

3.1 Conservation of Mass

Consider an increment 8x ft long of the jth flow channel with a cross-

sectional area Aj ft? as is shown in Fig. 4. Where Wy is the specific flow

. + 0w,) A,
(WJ WJ) h|

. G 8x
J




(1by/hr.ft?) into the increment, G is the gap between rods (ft) and wDaj’
a=1, 2, 3 are the total diversion crossflows into the jth channel from

the three adjacent flow channels (lbm/hr-ftz),

3
w.A, + z "Daj G 6x = (wj + Sw,) A.j R

33 4 ]
or with

8w

J
y, = —, (8)

J Sx

3

G
V. =5 ) wp_. . (9)
J Aj a=1 aJ

3.2 Conservation of Energy

Consider the increment shown in Fig. 4. The energy entering axially
at the bottom is WjAj ¢p tj where cp is the specific heat of the fluid in
Btu/1lbp °F. The energy leaving axially at the top is (wy + ¥3 0x) Aj cp
(t + th). Laterally the channel increment receives energy from the
three adjacent rod segments at the rate

3

Z q. . f,.. Ox ,
b=1 3 P
where
q, . = the linear heat rate in Btu/hr.ft of the three rods adjacent to
bj ]
the jth channel,
fbj = the fraction of each of these three rods adjacent to the jth chan-

nel.

Due to turbulent interchange the channel increment receives energy from
the three adjacent channels at the rate
3

ZWT.t.C G 8x ,
a=1 23 & P



where taj, a = 1, 2, 3 are the temperatures of the three adjacent channels,

and imparts energy to them at the rate

3
z wr_, t, c_ G dox ,
a=1 aj Jp

hence the net energy received by turbulent interchange is

3

Y wp_ . (b, —t.) c GOx .
amy tai Taj 3" 0P

The total diversion cross flow wDaj’ a=1, 2, 3 is by definition positive
for flow into the jth channel. Hence where WDaj > 0, the energy received
. . < ; ;
is wDaj cp taj G 8x; where wDaj 0 energy is being removed at the rate
t. G 6x or energy is received at the rate wDaj cp tj G 8x. Hence

wp.. € .
aj p 1]
the total energy received due to diversion crossflow is

3 WD t y WD >0
chch y <WDaj tjaw aj<0
aj "3’ "Paj

a=1

From Eq. (5) the total energy received by thermal conduction from the

three adjacent channels is

3
z kF, (¢t ,—t,) 6x.
a=1 S aj J
Letting
St
2, = —2 (10)
J 8x
k Fg
C. = , 11
£ G c
P
and

(12)
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and equating the energy input with the energy output, the following equa-

tion is obtained

(13)

3.3 Conservation of Axial Momentum

For steady state conditions, the sum of upward forces on an element

plus the increase in upward vertical momentum is equal to zero.

Sum of upward forces

Referring to Fig. 5,
Ft = Ag P, —A, g (P, —8P.) —1T,p. Ox g — pA, &
JFt = Ajg P, — A, g (P, 3 T TPy Sx g — Ay dx g

= A, 8P, — T.p. 6x — pA, 8x
3B %y T TPy T B T PRy X E

where
Tj = the local wall shear in the jth channel, lbf/ftz,
53 = the wetted perimeter of the jth channel, ft,
g = the attraction of gravity, ft/hr?.

A, P. + &P,
ch ( J)

-f— p A, g ox

dx } P TjEs 8x g
+
g

1




11

Increase in upward vertical momentum

Referring to Fig. 6, Z momt = ¢ mom. in — ¢ mom. out

3 3 [wp_ ,u .,w,6>0
= ij.u, + Z wr_, G Ox uja + G 6x Z w aj uaJ w aj< 0
1d am1 T a=1 | "Daj "3 "Daj
3
_.aZl wTaj G 8x uj —-[ijjuj + G(WjAjuJ)]
3 3 WD, u_ s wDa’ >0
= A S(wu) +GOx J wp . (u,—u)+Gox ) 3 aj 3
J jj a=1 aj aj J a=1 wDaj uj’ wDaj <0
where
o =3
] 9]
and
aj
uaj = —
9]

are the upward velocities in the jth and ajth channels respectively. Using

£ w?
T, = —2 (14)
J  2pg,
w,A,u, + 8§(w,A,u,)
%1% Y3573
wp,; G 6xu_. forwy , >0 ) \\ wr . G 8x u_,
aj aj aj ( K aj aj
: or w G 8x u
W G 8x u, for <0 * faj 3
Daj 377 "Pay
w.A u,
NN

Fig. 6
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where fF is the Fanning friction factor and ZFf + Z mom4 = 0, we obtain

- 2
E_Iji=_l_ _fy_w%_ng_fﬁ +_G._§ T ( —w.)
8§x 0gc 2Aj ] 8x Aj am1 2] aj 3
>
+ € 2 [¥Day Va3’ “Daj 0
A w W,, Wp <0
j a=1{"Pa3 5> "Paj

4., DIVERSION CROSSFLOW EQUATION

Consider two parallel interconnected channels 1 and 2 with the same
cross-sectional areas and perimeters. Channel 1 has an inlet blockage so
that at x = 0, w; = 0. For channel 2 at x = 0, wp = 2 w_. As x > «,

Wy = W2 = W_. Diversion crossflow will be from channel 2 into channel 1.
In this derivation the effects of sweeping crossflow will be neglected.

Writing Eq. (15) for each channel we have

e, 1 7—ff§ ., i ¢ ¢

T T e | I T ete T g v (e T v g e, (16)
el

@, 1 [~fp dawi G G i

& o, | T7A VETPETE RN v Ty (17)

Writing Eq. (2) for the two channels and differentiating with respect to
x yields

dp, dp; 1 dwp

dx  dx &J:-58 CD Yp dx

(18)

Subtracting Eq. (16) from Eq. (17) and using Eq. (18), pressure terms can

be eliminated yielding

dwp f'g dw% dw% G 2G

F 2 2
(wi — W2) + a-;— ——d—x— + —A‘- ZWT(Wl — w3) —'A— WpW2 (19)

Cb ¥p 3x " 7a
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From conservation of mass

wy +wy =2 W, (20)
and
dW1 sz G
T ST & IV (21)

The turbulent interchange relationship is

wr = CT(w1 + w2) (22)

Substituting these into Eq. (19) and putting into dimensionless form by

letting
s = X (23)
and
w1
y = (24)
oo
we obtain
CD dy dzy fﬁ; dy
IS AT |t 4l - 4y (25)
with the boundary conditions
y=0ats =0 (26)
y=1at g>® (27)
Letting
2
dy _ dy . v 2
iz = V so that =5 = v Iy (28)

Eq. (25) becomes

c dv £p
D _ F _
5 v 3 < + 4 CT (y 1) + yv
with the boundary condition that v = 0 at y = 1.

(28)
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Letting
C 3
D
and
T [£.p
=\ [ D[CED
¢ =\/g G+4CT) (30)
This becomes
Lmcly—1) +yq'/? (1)
dy
with the boundary condition
gq=0aty=1, (32)

Equation (31) was solved numerically for 0 < y £ 1 and for 0.04 £ C £ 0.4.

The resulting family of curves was fit by the empirical expression

-0,32
q1/3 = 0.75C0-'+'+ (l_y)O-BOC (33)

or in terms of the original equations

6 w; —-w; o us W —-wgf 0.80C
wp_, = 0.375 [— B—X co.uu | m L (34)
m¥ CD W L) W + L)

where C is defined by Eq. (30).

Equation (34) is the relationship for pressure diversion crossflow
used in the reported version of @GRRIBLE. This is not a completely sat-
sifying procedure and work is continuing on this aspect. The numerical
solution of Eq. (31) was not well behaved in the neighborhood of y =1
but otherwise consistent results were obtained with different numerical
techniques. It is tacitly assumed that results for two interconnected
channels are applicable to multi-channel systems. Other procedures may

be more valid, some of these are being investigated.
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5. DESCRIPTION OF THE PROGRAM

I1f, for a given value of x, values of the channel axial mass veloci-
ties and temperatures are known, new values at x + 8§x are computed using
the following procedure. From Egqs. (1), (4), and (34) values of the cross-
flows at x are computed. Using this information and Egqs. (9) and (13),
values of the axial mass velocities and temperatures at x + 8x are computed.

A detailed description of this procedure is given in this section.

5.1 Referencing Arrays

In the system herein described there are 19 rods, 42 channels, and 60
gaps numbered as is shown in Fig. 1. The rods are indexed on I: I =1, 19
indicating the real rods and I = 20 indicating a null rod or duct wall with
no heat flux. The channels are indexed on J: J = 1, 42 indicating the real
channels and J = 43 indicating a null channel. The gaps are indexed on
K: K =1, 60 indicating the real gaps, K = 61 indicating a null gap through
which no interchange takes place.

In general, a channel is surrounded by three rods and three adjacent
channels through three adjacent gaps. Use of the null elements allows this
generality to be extended to the peripheral channels which are surrounded
by one or two rods and the duct wall and two or three adjacent channels.

To identify the three rods surrounding a given channel, three integer
arrays 11(J), 12(J), I3(J) are used which give the rod numbers in ascending
order of the three rods surrounding the Jth channel. Similarly J1(J),
J2(J), J3(J) give the channel numbers in ascending order of the three chan-
nels surrounding the Jth channel, and K1(J), K2(J), K3(J) give the gap num-
bers in ascending order of the three gaps surrounding the Jth channel.
JK1(K) and JK2(K) give the channel numbers in ascending order of the two
channels separated by the Kth gap.

In computing the total diversion crossflow through a given gap the
convention is to consider it positive if flowing from the adjacent channel
with the higher channel number to the adjacent channel with the lower chan-
nel number. In using the total diversion crossflow into a given channel

the convention is to consider it positive if it flows into that channel,
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This is accomplished by using arrays SK1(J), SK2(J), SK3(J) which contain
only +1.0's and —1.0's as multipliers of the diversion crossflows to give
them the correct signs for positive flow into the channel under consider-
ation. Using the numbering system shown in Fig. 1, all values of SK3(J)
are +1.0; hence this array was eliminated from @RRIBLE.

In the LMFBR-FFM Bundle No. 2 the wire wrap at the start of the heated
section is at the position designated 1.0 in Fig. 7, that is, referring to
Fig. 1 the wire wrap around Rod 1 is di-

rectly in the gap between Rod 1 and Rod ’///

7. The reported version of @GRRIBLE allows
for different unheated entrance lengths 2. 10.0

and different wire wrap pitches but the

3.0 9.0

parameters are always adjusted so that

4.0 8.0

at the start of the heated section the
wrap has the angular orientation shown 5.0 7.0
in Fig. 7. 6.0
The wire wrap has a right-hand Fig. 7
pitch, i.e., in the direction of flow

(increasing x), the wrap "moves' around the rod in a counter-clockwise direc-
tion when viewed looking into the source of the flow. The angle of the wrap
for a given value of x is denoted by a parameter AW in terms of 30-degree
increments. For example for the location shown in Fig. 7, AW = 1.0.

In general, each gap has a characteristic angle for the wire wrap
causing the maximum negative sweeping crossflow through the gap, i.e., from
the adjacent channel with a low channel number to the adjacent channel with
the higher channel number; and a characteristic angle (180° out of phase)
for the maximum positive sweeping crossflow through the gap. These char-
acteristic angles are measured in 30-degree increments. By comparing the
local value of AW with the two characteristic angles for a given gap it is
possible to compute the magnitude and direction of the local sweeping cross-
flow through that gap. For convenience in @RRIBLE Al1(K) for K = 1, 43 are
the characteristic angles for maximum negative sweeping crossflow. A2(K)
for K = 1, 42 and A1(K) for K = 44, 60 are the characteristic angles for
maximum positive sweeping crossflow. (Negative sweeping crossflow does not

occur for K > 43.)
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5.2 Input Data

The following input data are necessary to execute @RRIBLE.

IS

NS

NH
NT
NP

DX
CT
CD

Cs

FF
DIA

QR(I),I = 1, 19

JB(J),J

il
=
-
P~
N

Case number for identification purposes. It is printed
at the beginning and end of the printed output of the
execution.

Number of axial length increments (6x) in the unheated
starting length.

Number of length increments in the heated section.
Number of length increments in the total test section.
Number of length increments between output tables.
Tables of channel axial mass velocities and tempera-
tures are printed every NP increments.

§x, value of the axial length increment, ft.

Cr, dimensionless turbulent crossflow coefficient.

Cp, dimensionless pressure diversion crossflow coeffi-
cient.

Cg>» dimensionless sweeping crossflow coefficient.

fr, Fanning friction factor.

D, rod diameter, ft.

G, gap width, ft.

¢, pitch of the wire wrap, ft.

Total flow into the system, lbpy/hr.

Initial fluid temperature, °F.

cp, fluid specific heat, Btu/1lby- °F.

k, fluid thermal conductivity, Btu/hr.ft.°F,

Linear heat rate of each of the rods in the heated
section, Btu/hr-ft.

Channel blockage factors. For JB(J) = 0, that channel
is blocked at the inlet; for JB(J) = 1, the channel is

open to flow.
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5.3 Computational Arrays

The following arrays are used in computation

A(T) Aj, area of each channel, fe2.

GA(J) G/A(J) for each channel, fe-l,

W) W axial mass velocity in each channel, lbm/hr-ftz.
T(J) tj, fluid temperature in each channel, °F.

Y(J) yy = Swy/8x, 1bp/hr-£ft3.
Z(J) zy = th/Gx, °F/ft.
Q1) From Eq. (12), proportional to heat added to each chan-
nel in the heated zone, lby-°F/hr-ft’.
WT (K) Turbulent transport through each gap, lbm/hr-ftz.
WD (K) Total diversion crossflow through each gap lbm/hr-ftz.

5.4 Computational Procedure

@RRIBLE consists of three sections: the primary routine MAIN, routine
BL@PCK DATA, and subroutine XFL@WS. |

BLACK DATA assigns the proper values to all elements of the referencing
arrays and assigns zero to all values pertaining to the null rod, null chan-
nel and null gap.

XFLOWS computes WT(K) and WD(K). For convenience the transverse ther-
mal conduction term is included in WT(K).

MAIN reads the data cards and computes all constants and array ele-
ments peculiar to the case being executed. All channels are assumed to
have the same hydraulic diameter and geometric shape factor for transverse
thermal conduction. The arrays W(J) and T(J) are set at the appropriate
values for x = 0. A title block is printed which contains all input pa-
rameters and other useful calculated values.

XFLOWS is called to compute WD(K) and WT(K) at x = 0. Tables of W(J)
and T(J) are printed for x = 0.

The remainder of MAIN is a do-loop which recomputes appropriate values
for incrementally increasing values of x. In the unheated starting length
all channel temperatures remain constant at the specified inlet value and

the energy equation is not used. In the heated section the energy equation
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is used to compute the channel temperatures. At the end of the heated zone
all Q(J) are set at zero and the energy equation is retained in computation.
At length intervals specified by the value of the integer NP, tables of
W(J) and T(J) are printed.

At the end of computation, an end statement is printed signifying

successful completion of the case.

5.5 1Input Formats

A case is executed with @RRIBLE using a set of six input data cards
with the following formats
First card
Input: IS, NS, NH, NT, NP, DX, CT, CD, CS, FF
Format: 515, 5D11.4
Second card
Input: DIA, G, P, WG, TI, CP, CF
Format: 7D1l.4
Third card

Input: QR(I), I =1, 7
Format: 7D1l1.4

Fourth card
Input: QR(I), I = 8, 14
Format: 7D11.4

Fifth card
Input: QR(I), I = 15, 19
Format: 5D11.4

Sixth card
Input: JB(J), J =1, 42

Format: 12, 4111
A number of unrelated cases may be executed during the same computa-
tion session by using the appropriate number of sets of input data cards.

Execution terminates when there are no more sets of data cards to be read.

5.6 F@RTIRAN Listing of @QRRIBLE 081271

Following is the F@PRTRAN listing of @RRIBLE 081271. This version
became operable on August 12, 1971,



COMMENT
IMPLICIT REAL*8 (A-H, 0-2)
COMMON/B/ OR(20)y A(43), GA(43), W(43), T(43), Y(43), 72(43),

100

102

103

104

105

122

—_ D~ ON =D

Q(
cs

20

THIS IS ORRIBLE 081271 19 RNADS IN A HEX DWCT

43), WTI(61), WD(61)y SKL(43), SK2(43), AL(6Q), A2(42),
v CTy CFy CDy AW, P12y FF

COMMON/L/ T1(43), 12(43),y 13(63), J1(43), J2(43), J3(43),

K1l

(43}, K2(43}, K3(43), JK1(6Ll)y JK2(ELl), JB(42)

READ 101, ISy NS, MHy NT, NP, DXy CTy CDy CSy FFyDIAsGyPyHG,HTI,
CPy CFy (QR(TI)y T = 1y 19), (JB(J)y J = 1y 42}
101 FORMAT (515, 5D11e4/ TD1la4/ TD11.4/ TD11e4 /5011447 12, 4111)

D1
D2
D3
D&

= NS % DX
= NH %= DX
= NT * pX
= NP % DX

0 PRINT 102, IS, D1y NS, D2y NH, D3, NT, D&, NPy DXy DIAy Gy Py WG,
1 TIsCP4CFsCT4CDWCSyFF, (QR(T)y T = 1y 19)y (JUB(J)y J = 1y 42}

0 FORMAT (1H1,'0ORRIBLE 081271 19 RODS IN A HEX DUCT CASE NUMRER!,
16 // % UNHEATED ENTRANCE LENGTH IS' 4, 1PELle4 o' FT IN', 16, ¥ I
2NCREMENTS!' / v TO END OF HFATED SECTION IS' , Ell.4 o ' FT INY,

3 16,y ' INCREMENTS' / ' TOTAL LENGTH IS' , Elle4 4 * FT INY , T6 ,

1

4
5
6

vl

NCREMENTS?Y / ' UUTPUT TABLES FVERY!' , Flle4 , ' FT DR* , 16 ,

' INCREMENTS' / ' LENGTH PER INCREMENT IS' 4, Flle4 » ' FT!

/ ' ROD DIAMETER IS' , Elle4 4 ' FT AND THE GAP BFTW

TEEN RNDS IS' 4 Flle4 4 ' FTY / ' WIRE WRAP IS A RIGHT HAND SPIRAL
8WITH A PITCH OF' ,tE1lle4,* FT'/ ' TOTAL FLOW IS' 4 Elle4 5 ' LBM/HR

9

14

INLET TEMPERATUKRE IS' 4 Flle4 4 ' DEG F* / ' COOLANT SPECIFIC H

AEAT IS' 4 Elle4 , ' BTU/LBM-DEG F' / ' COOLANT THERMAL CONDUCTIVIT
BY IS* 4, Elle4 9 ' BTU/HR-FT-DEG F' / ' TURBULFNT CROSS FLNW FACTOR
C IS' » Ellea / ' DIVERSION CROSS FLOW FACTOR IS' , Ell.s / v S
DWEEPING CROSS FLOW FACTOR IS'y Elle4 / * FANNING FRICTION FACTOR |

E
F
G
H

S'y Elle4 / ' HEAT RATES IN BTU/HR/FT/ROD ARE t 4 B8Elle4 / 11Fll.4
/' CHANNEL BLOCKAGE FACTORS ARE', 4212 // ' LEMNGTH, F

T FIRST ARRAY IS CHANNEL FLOWS IN LBRM/HR=-FT2

SECUOND ARRAY IS FLUID TEMPFRATURES IMN DEG F')

CD = DSQRT(CD/6.,0)

FF = CD * (FF % P12 * DIA/G + 4,0 * CT)

CD = (0375 % FF =% 0.44)/CD

FF = 0,80 x FF %% (—0432)

CF = (1438 % CF = (G/DIA) %% 0.674) / (G % CP}
AW = 1.0 - 12.0 = D1 / P

IF (AWL,GE.0.0) GO TO 104

AW = A¥W + 12.0

GO TO 103

IF (AWt Tel2e) GO T3 105

AV = AW = 12.0

GO TO 104

AWI = 12,0 = DX / P

CS = 2.0 % PI2 * C$S = (DIA + G) /7 P

D4 = 0.3926990818 = (G =% 2 + DIA =%k 2)

Dl = 044330127020 * (G + DIA) =% 2 - D4

D2 = (G + DIA) * (G + 0.5 * DIA) - D&

D3 = 0.5235987757 % G * (0,75 * G + DIA)

D4 = G/D1

DO 122 J =1, 24

A(J)Y = D1

GA(J) = D4

D& = G/D2

810

123 J = 25, 41
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A{d) = D2
123 GA(J) = D4
N4 = G/D3
DO 124 J = 27y 42, 3
ACJ) = D3
124 GA(J) = D4
Dl = 0.0

NO 110 J = 1. 42

110 D1 = D1 + JR{J) *= A(J)
Dl = WG / D1
DO 120 J = 1,y 42

120 W(J) = D1 *x JR(J)
D4 = 1.0 / (6.0 * CP)
PO 125 J = 1. 42

125 Q(J) = D& = (QR{I1(J)) + QR(I2(J)) + OR(I3(J)))
DO 126 J = 25, 40, 3
QlJ) = 1.5 %= 0(J)

126 QUJ+1) = 1.5 % Q(J+1)
DO 127 J = 1y 42
QeJ) = QWJ) / ALY

127 T(J4) =TI
CALL XFLQOWS

X = 0.0
PRINT 128, Xy (W{(J)y J = 1,y 42)
128 0 FORMAT (1HO, 1PE1ll.4,y 10E12.4 / 12X, 10FE12.4 / ° FLOW L

1 10€E12.4 / (12X, 10E12.4))
PRINT 129, (T{(J)y J = 1,y 42)

129 0 FORMAT (1HO, 11X, 1P10E12.4 / 12X, 1CE12.4 / ! TEMP L
1 10F12.4 / (12X, 10E12.4))
NC = 0O

DO 170 N = 1y NT
X = X + DX
AW = AW + AWI
IF (AW.GE.12.) AW = AW - 12.0
IF (NJGT.NS) GO TO 153
DO 150 J = 1, 42
150 0 Y(J) = GA(J) *= (WD(KL(J)) * SK1{J) + WD(K2(J)) * SK2(J)
1 + WD(K3(J)))
GO TO 156
153 DO 154 J = 1., 42

N1 = WD(K1(J)) % SK1(J)

D2 = wWDI(K2(J)) = SK2(J)

D3 = WD(K3(J))

Y)Y = GA(J) * (D1 + D2 + D3)
D& = T(J1I(I))

IF (D1.LT.0.0} D4
D5 = T(J20J4))
IF (D2.LT.0.0) D5 = T(J)
D6 = T(J3(J))
IF (D3.LT.0.0) D6 = TLJ)
154 0 Z2{J) = (Q(J) = Y{J) %= T(J) + GA(J) * (Dl * D& + D2 * D5 + N3 * D6
1 + WTIKL(J)) = (T(JL(J)) = T(J)) + WTIK2(J)) * (T(J2(J)) = TLI)) +
2 WT(K3(J))Y = (T(J3()) = T4y / (W{J) + Y(J) = DX)
DO 155 J = 1,y 42
155 T(J) = T(J) + Z2(J) * DX
156 DN 157 J = 1. 42
157 WiJ) = W(J) + Y(J) = DX
CALL XFLOWS

T(J)
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152
170

180

190

158

l61

162

163

164
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NC = NC + 1

IF (NC.LT.NP) GO TU 151

NC = 0

PRINT 128y Xy (W(J)y J = 1y 42)
PRINT 129, (T(J)y J = 1, 42)

IF (NJNEJNH) GO TO 170

DO 152 J = 1,y 42

Q(J) = 0.0

CONTINUE

PRINT 180, IS

FORMAT (1HO,'THIS IS THF END OF CASE NUMBER',16)
GO TO 100

STOP

END

SUBROUTINE XFLOWS
IMPLICIT REAL*8 (A-H, 0~Z)

2(43),

COMMON/B/ QR{20)y A(43), GA(43), W(43), T(43), Y(43),
Q(43)y WT(61)s WDI(61)s SK1(43), SK2{43), AL{60), A2(42),
CSy CTy CFy CDy AW, PI2, FF
COMMON/L/ 11(43). 12(43)y 13(43), J1(43), J2(43), J3(43),
K1(43), K2(43), K3(43), JK1(61), JK2(61), JB(42)
DO 158 K = 1,4 60
D1l = W(JK1(K))
D2 = W(JK2(K))
D3 = DABS(D2 - D1)

WD(K)} = 0.0
IF (D3.EQ.0.0) GO TO 158

WD(K)} = ((D2 ~ D1) % (D2 + D1) * CD/D3) * (D3/{(D2 + D1)) *=x FF

WT(K}) =CF + CT * (DABS(D1) + DABS(D2))
DO 162 K = 1,4 42

D3 = 0.0
D4 = 0.0
D1 = DABS(AW - Al(K))

IF (D1.6GT.10.) D1 = 12.0 - D1

IF (D1.GE.2.0) GO TO 161

D3 = 0.5 * (1.0 + DLCOS(PI2 * D1))
GO TO 162

Dl = DABS(AW - A2(K))

IF (D1.GT.10.}) D1l = 12,0 - D1

IF (D1.GE.2.0) GO TO 162

D4 = 0.5 * (1.0 + DCOS(PI2 = D1))
WD(K) = WD(K) + CS * (D4 * W(JK2(K)) = D3 * W(JIKL(K)))
D1 = DABS(AW - Al(43))

IF (D1.GT.10.) D1 = 12.0 - D1

IF (D1.GE.2.0) GO TO 163

D3 = 0.5 % (1.0 + DCOS(PIZ2 * D1))
WD(43) = WD(43) - CS * D3 % W(25)
DO 164 K = 44, 60

D1 = DABS{AW - A1l(K))

IF (D1.GT.10.) D1 = 12.0 - DIl

IF (D1.GE.2.0) GO TO 164

D3 = 0.5 * (1.0 + DCOS(PIZ2 *-+D1))
WD(K) = WD(K) + CS * D3 * W(JK2(K))
CONT INUE

RETURM

END
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BLOCK DATA

IMPLICIT REAL*8 (A-H, 0-2)

COMMON/B/ QOR(20), A(43)y, GA(43), W(43),y T(43)y Y(43), Z(43),
Q(43), WT(61), WD(61),y, SK1(43), SK2(43), AL(60), A2(42),

CSy CTy CFy CDy AWy PI2y FF

COMMON/L/ 11(43), 12(43), 13(43), J1(43), J2(43), J3(43),
K1(43), K2(43), K3(43), JKL(61), JK2(61), JB(42}

DATA QR(20) / 0.0 /4 Al43) / 0.0 /y GA(43) / 0.0 /4y HW(43) / 0.0
/9y T(43) / 0.0 /4y YU(43) / 0.0 /4y 2(43) / 0.0 /, QL43) / 0.0 /,
WT(61) / 0.0 /4 VWODI(61) / 0.0 / 4y P12 / 1.570796326794897 /

NDATA SK1 / ley 41*-1., l. /1 SK2 / 5*109“1.9 ley 1.9 1-9-1-, l.y
1.1‘1.0 1.9 1.9‘1.9 1.9 1.,‘1-1 lo' 1.,-1.9 lo’-luv lnv‘lov l.v
“les=ley les=ley=les lag=ler=ley ley=ley=ley les=ley=ley=~1ley 1./
DATA Al/ 3ey leslley 9oy Ta9lley 7oy 569 3ay laslley 9oy Tey 509
3¢9 S5e9 309 leoy 30y leslley laslley Geglley 9ey Tey 9ey Teslla,
9.1 7.9 7.9 507 bo, 3., 3., 1.' 1-'11.11’1.1 9-, Oo' 0.' G-'].O.'
10e910ey 8oy Bey Bey OGey Goy Goy 4oy 40y 40y 2¢9 244 2/ 982/ 94y
70’ 501 3.1 1.’ 5.7 1.111., 9.' 7., 5-1 30' 10711-9 9-9].1-9 9-'
Ter Gey Tey Sey Tes S5e9 309 509 309 loy 309 ley 5ey 30y loy lay
l1leylles 9y 9er Tes Toes Sey 5e9 3./

DATA 11 /7 1y 1y 1y 1y 1y 1y 29 29 29 29 3y 34 3y 4, 4y 44 5, 5,
5’ 61 6' 6’ 77 7118, 89 8' 87 9110910911112’12713,14,14915716'
16,17,18,20 /, 12 / 2y 3y 4y 5y 649y 2y Ty 8y 8y 3,y 94,10, 4,11,
12y 54134914, 6415416, 7417,18,19419,20y 9,10,20,11412,20,413,14,
204915416420417,418,20,20 /, I3 / 3, 44 5y 64 7y 7419,19, 9, 9,
10911 491141241341341441541545164917917,18,19,19%20/

DATA J1l / 2y 1y 29 349 4y 1y 64 Ty 8y 1410411y 2913,14, 3,16,17,
49199209 5922y T 924y B4926y 9911929412914432415417435,18,20,38,
219234254943 /4y J2 / 64 34 4y 5y 65 54 8y 9,910y 9,12,13,12,15,
16915918919918921922,219249239264254269279289314930,31434,33,34,
379436937440939,40941443 /4y J3 / 10413,164919422y 7424426428411,
29931 9144932434417 93549379209 389409239414125442,27443,29430,43,32,
334349354936943,4384939,43,41,42443443 /

DATA K1 / 1y 1y 24 3y 449 54312413,14y 7916417y 8419,20, 9,22,23,
109259264911928429942931945432933448,34,35,51,364937,54,38,39,57,
4094) 943,61 /9y K2 / 69 29 39 49 5y 6513,14415415517,18518,420,
21 92192392449244264327927929930943,44,464464,47449,49,50,52,52,53,
55455,56958,58,59,60461 /4y K3 / T4 8y 9410,11,412,30431,32,16,
339344919435436,22137+9384:25939,40,28541,42,44,45,61,4,4T7,48,461,50,
51961953954 ,961+,56457961459,60461461 /

DATA JUK1/ 1y 2y 3y 449 5y 1y 1y 29 34 44y 5, 64 7y 84y 9,410,11,12,
1341441591691 74184919520921922923y Ty 8y 9911412414,515,17418,420,
21 923924425425 426427428429930931932933,34,435,36,37438,39,40,41,
43 /9 JK2 / 2y 39 4y 59 6y 6910413916419422y 79 8y 9410411,12,
1391491591691 79189199209219229239249249269289299319374934,35,37,
38940941925 9462492649279284929,30931432933,344,359436,37,3R,39,40,41,
42443 /

END
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6. N@PMENCLATURE

6.1 Non-indexed

C. |[£p
D F
— |+
YL -
pressure diversion crossflow coefficient
k Fg/G cp, lbp/hr-ft?

fluid specific heat, Btu/lbp*°F

sweeping crossflow coefficient

turbulent crossflow coefficient

rod diameter, ft

Fanning friction factor

geometric shape factor, see Egq. (5)

gap width, ft

attraction of gravity, ft/hr

gravitational conversion factor, 4.170 X 108 lbm-ft/lbf-hr2
fluid thermal conductivity, Btu/hr.ft-°F

channel perimeter, ft

length in direction of flow, ft

incremental increase, e.g.,

incremental increase in x, ft

local angle of the wire wrap, degrees, see Eq. (4)
fluid density, lbp/ft?

wire wrap pitch, ft

6.2 Indexed

cross-sectional area of the £th channel, ft?
pressure in the %th channel, lbf/ft?
perimeter of the 2th channel, ft

temperature in the 2th channel, °F

wz/p, velocity in the 2th channel, ft/hr
mass velocity in the 2th channel, lbm/hr-ft2
Sw, /8x, 1b_/hr-ft?
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Sty/8x, °F/ft

wall shear in the £th channel, lbf/ft2

heat transferred by conduction from the 2th channel to the mth
channel, Btu/hr

turbulent mass velocity between the £th channel and the mth chan-
nel (wTﬂm = meQ) lbm/hr-ft2

wpy + wgy , lbp/hr-ft?

pressure diversion crossflow from the £th channel to the mth
channel, 1lbp/hr.ft?

sweeping crossflow from the £th channel to the mth channel,
1bp/hr-ft?

heat transferred to the jth channel from each of the three rods
surrounding it (b = 1, 2, 3), Btu/hr-ft

fraction of each of the three surrounding rods exposed to the

jth channel (b = 1, 2, 3)

heat received by the jth channel from the three

p j b=1 b3

rods surrounding it, °F-lbm/hr-ft2

temperature in each of the three channels surrounding the jth
channel (a = 1, 2, 3), °F

waj/p, velocity in each of the three channels surrounding the
jth channel (a = 1, 2, 3), ft/hr

mass velocity in each of the three channels surrounding the

jth channel (a = 1, 2, 3), 1lbp/hr-ft

total diversion crossflow into the jth channel from each of the
three channels surrounding it (a = 1, 2, 3) lbm/hr-ft2
turbulent crossflow between the jth channel and each of the

three channels surrounding it (a = 1, 2, 3), lbm/hr-ft2
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