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Iniroduction

Using an approach suggested by M.F. Sunkovich of The Babcock and Wilcox

Compuny,

{1

a computer program for culculating the cladding femperature disiribution

in the hot channel of the FNR was written for the iIBM-709, using the MAD langucge.

The assumpiions made in the approach are:

{1)

3)

(4)

{5
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e
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The power density distribution is o function of the radial
and the axial length independently.

The power density distribution may be tieaied as & "clipped”
sine funciion {with appropriiely chosen parameiers) in both
the axial and radial direction, |

Thermul condustivity, densisy and speéific heat of waier
are consiants,

The viscosity of waier as a funciion of femperature is given

{2}

by Binghom's equation,
, . . . {3)
Nussalt number Is defermined by the Housen equation,
Flow velocity through the fuel channels is consiant for all

channels,

There is ne pressure drop through the channels,
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1) Gonsra! Equations

Expressing the axicl power density disiribution as
P) = Sina Grg)
the bulk coclant femperature rise in the hot channel may be writien
x

Thix} = T§+§(J Sm'n{«v } dx
o

Affer integraiing

. . A+ 2o Ko
Yb{x} = Tiei {-'“*;wm; CQS-T{ égm-'} « Los (-mm”“} | 2
or for @ channe! length of £,
L+ 2,
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ihil) = Ti+ 2K {mm) Cos oo - R
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Since for the hot charnael we olso have
P H
@l zs - gimczf} i
ibﬁ«} = 35 W e e e
Tp &
where g recie) Is the wile of maximum jo average power distribuiion in the rodial
\G-l 4

the local hot spot fuctor,

13'9

is the averge power of the core and §*§§ i

{13

(2

(3}

(5}
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Eguating {(4}ond (5}

g frmgr} P H

K = .
2¢:p:e(g"m§i’; Cos 250

&

Substituting {6} inte {2} we get

]

g (mar) P

Thix}=Ti + -
Kpwo Cos m}

: -
Cos gi;ﬁ%> - Cos w %‘%} . D

The equation for the film drop is
]

g
AT fiim g;{gmmgi’i’i Smsré-m- =) . {8

Heve h Is the film coefficient given by the Huusen equation

| (1?52} = 0.166, ( (Re)gf;:zs] Py Lz +13 &) RE f e

where the subscript x refers to conditions at position x from the inlet, b refers fo the
bulk water femperaiure, and pw refers fo the viscosity of the water at the temperciure
of the wall or cladding,

Bingham's equation was vsed o caleslate the viscosity of the water ¢t sach

o

fernpesGiure of infevest.

.
o= 242.0 /< 2,148 §<'fu3296;x J555 - 8,435 +
il N (10}
v/ 8078.4 + | (T - 32,2)x .555- 8.435] | ~120,0 }
- - H
- J



Since
. | ,
" - P Yrar) Iimaa) Hy (i)
Y max A ‘
H
and
AT filmba) = T ()~ ), -3

Then from {11} and (12}, (8) may be wriiten

Pg, .19 . H o |
0 = Typ0 + e lme) 1 g,, pre (13)
H

{‘.;’1

v

or using {7} for Tb{x) and (9} forh, {i3) becomes

X+ C
g€mr} P 5“\}5 LCGS (mm) CG.:‘T ( )]
2 CP © Cos (fg_ﬁ,za-}

T qu{x} = Ti +

o? g(mm} g(wm) i Sm " {L + 2_}

|/ {f ey (e

ot PW

213 .
Ay o T6, k %Re«}bx - 3230!

Equation (14) moy now be used to soleulute the cladding temperature at any siation
% from the fusl channel inlet. i\sase howsver that Re, Pr and éﬁ/ﬁcia d will be

dependent on the water - viscosity o f:? Binghom's equation n iy b be used ai the appropriote

temperaiure,  in (14) el properties are evaluoied ot the bulk fluid temperciure exceps
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for #,, which must be evalugted ot the clodding temparature, Thus o trial and ersor
approach may be used until the soluifon converges, The digital computar is well
suited for this type of calculation,  In the MAD grogram Hsiing, which is given

in Appendix 1, It moy be noted that the loop with eniry lobel TRY is the #rial and
arrer caloulation discussed ahove, ENG: he process coniinves uniil the
error is less thon 1%, ¥ the awmber of trinls at a given locaiion exceeds 20.0, the
program execution is i‘emimiedg '

This program uses the MESS simplified inpuv-output formai and ali dotg

cards were punched aecordingly. The symbol definitions with units are given,

following the program listing,

i Selection of Disiribuiion Funeiion Parometers

The proger seleciion of ?be parcmeier ¢ in the ciappeg‘ sine di st ibution
function s very imporiont,  in an offori to get as realistic an estimete as poss bi
reference was made to the original power calibration daia O{é) Using the power-
density coloylutions from the calibration report, piﬁ% of power density duta in
the axial direciion was made for the hot channe! in the core loading iwﬁ; This

~0

iata is shown in Figure 1 with the bast-fit clipped sine function, 'ﬁ?e percent

L

deviaiion of the datg from the sine funciion is indicated at each daie point, Singe

for o general clipped sine funciion of the form

wy
j$3]
2
b
€
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0
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and since the maximum of F{x)is A, it ray be shown that the maximum to average
{g__} for such a disiribution is
RO

" wl
g = o

eI G wG
3{5. : 2‘.‘:; Cos €E?§"“2?

Thus 9 o for the uxial dote was calevlated by (15)and is shown In Figuwe §. Yo
establish o value of e} data iwken at the ‘micimpl'aﬁe of ?he =A core extending
from fuel element F-2 through fuel element P37 was used, This profile wos
selected becouse s?:‘ gives the largest value of g{mm} and hence the most conservative
fuel cladding temperivre calculation, The radial data is ploited in Fégure-é with
the besit=fit clipped sine funciion. Séme the radic} daia inherently dees not fit the
sine function us Geowately s the caxial duia, o reusonably conservative value of ¢
wes used 1o make Ymar) lasge, The duta points shown in Figure 2 were foken from

bution is assumed

??ag.‘i':i ooYs Ss'i wwn in Pl JUTE iof Y‘cﬁf&i’&ﬁu&‘ féu 5? ih@ me {3353'5';
b
in i’h@ ﬁQE”é’h“’S@H?h ﬁgi'ﬁu‘g‘gﬁﬁy HIR- ?YGm 5&;’@?%*9 asition 43 5’;‘33’0{} g’! 47 é*i'xe fﬁ%{.‘!iﬁi
& ¥

maximume~tovaverage may be ealculated for the 4 x 5 anay by
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where ?..g = 12in, {(4-fuel elements in x~direction)
?.,2 = 15in, (5-fuel elements in y-direction)
¢ = 3.8in, {gmphical determiration)
after integrating {16), the equation for g mar) becomes
1.3 Lz 1{2
{i7}

g, = ,
(mcir) hy /2 w7 3?/2

(y+ 26) Sin g (Ly + 20) Sin g

which gives

g{mz} = 1.47,

The original power density dote may also be used to get the velumetric
g ¥ g
rmaimum-to~Gverage power density, g {mavy* This value was determined by simming
& 3
all the quarter element power cells and dividing by the tetal number of cells to ges

the average and then faking the ratio of maximum fo average, This ealcuiaiion gives

9, = 1,63 ,
i

OV}
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Abernatively, o i) O be determined as:

- , {18)
®wav) * Ffmar) * man) (i8)

R 3

using the valuss of g fmar) end g{mﬂg} determined from the distributions in Figures 1

and 2, equation {18} gives

= 1,47 x 1,11 = 1,63
Semer) * ot
The ugreemant beiween the two methods suggest thai the disiribuiions shown in

e

Figures 1 and 2 may be used fo calculate the temperature profiles in the hot chonnsl

In summary, the porameters for the power density distvibution funciion ere

Sy = 1o W@/t@
" 4 ‘ *
mar) T 147 ar, /VM’{M/) ”w“)“/ o MJLMQ
Ymavy .63
c = 11.8 {for use in equotion 14) .,
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Y By-Poss Flow

The FINR uses modified MTR~type curved plate fuel elemenis, The st and
18th fuel plate of aach fuel element have the same fuel loading os the interior fue!
plutes; hence, in addiiion fo the interior flow analysis, consideration must be given
to the by-pass flow cuiside {around) the fuel elements, The FNE eon ~mairix plaie
has been provided with €3~ 7/8" diometer coolant flow passages 1o Insurs coolant How
between adjacent fuel and/for reflecior elemenis. S$ince the flow geometry ouiside
tha fuel is approximately the same as the interior channels, it will be assumed that
the flow wzii sepaiaie in proportion o the flow area provided by the respective flow
channel dimensions, A larger by~pass flow will result in lower coolont velosity
irside the fuel elementy hence, fo obicin a conservaiive estimaie the !mrges’fbesirima%e
for by-pass flow will be bseci The largest possible by-puss flow area is limited by

the space betwaen the botiom of the element and the grid plote while the smallest

possible flow arsa for sach fuel element is fixed by the eylindrical end piece having

e 2.0" diomster opening. A core containing 19 fuel elements {inciuding 4 partial

elements) represents the smallest fusl louding of cperational interest, so
£ ° 2
fuel flowares = 94 = 59,6 in,
Yo determine the by-poss flow fraction, consideration was given to de?ermmwg
the minimum flow oreo presented to the by-pass cooknt,  The results of this sfudy

indisate the critical dimensions to be the space between the botiom of each element

and the top of the mairix plate, Using the msun tolerance of all the pertinent



dimensions resulis in an average element~fo~grid gap of 0, 109 Inches, This afves
a bng;ﬁtss flow area of

, 2 .
by-pass flow area = 0,109 x 7/8 x & + 0,050 % 7/8= 0,243 in. per 7/8 in, hole,

o

So the toial by-pass area for a 19 element core is

joial bywass flow area = 63 x 0,343 = 20.6 §mz

Hence A{Ma, ol EA—:JZM:‘élé‘;«L

%of toial flow which is by-pass flow = 55 gg"g z = 25.7 .

] °

Considerarion of the ratio of minimum to average flow area for both the
by=pess ond f«sei element flow channels, indicates that the average veloaity In
the by-pass channels will be larger than the velocity inside the-elemenis, Hence,
to give the most conservative estimates fempsrature calculaiions will be hased on

the conditions inside the fusl channels,

O reidiy Abos mied it e ofn.
P e e fomidd



§Y Discussion of Calaulations ond Resulls

Using equation {14} and the consiants shown in Table 1, heai transfer
cedeulations were made on the IBM~709 at the University of Michigan for reactor
power levels of 1, 2and 3 MW, with inlet water temperatures of 85, 110and
120%, A sample hand cateulaion is shown in Appenci?# fi for the 2 MW case
with 110°F, inlet waier remperature.  In all the calculations 5 wos selected as

73% , which comssponds fo veducing the film ecefficient predicted by the Hausen

[]
%

£

-

iiion by 25% . A 25%reduction in the Hausen equation gives a correlation which
includes $9%of the daia points by Gambill t@mﬁ Euﬂdy.,{gj

The moximumeto-average faciors for the distribution funciions were cbiined
from date taken on a core containing seventeen siandard: 18-plaie fusl elemenss
and were freuted as constants in the caleulations for both the 19-element core and
the 28-clement cce';'e:, Both core loadings corsidered were assumed fo have four
puriial F-plate elements in addition io the standard elements,

The resulis of fuel cludding temperature coleulations are plotted in Figure 3
as maxrimum cladding tempemiture vs, inlet water temperature. I muy be noted that
antinmn ploie temperature does not cﬁgﬁ}ge drastically with size of the core {onding,

> *

This bahaviour is due primarily to the assumptions that the sower density disiribuiion
£ ¥ i \



The local boiling point corresponds o the suturated water temperaiure af the
operating pressure of the core, I isassumed thei microscopic, very losal, sub-gooled
boiling will occur whenever the fuel element wall fempesature becomes equal to or
grester than the suturation femperature of the water.,

Nucleaie boiling Is defined by

? S5 ? -]
bulk soed
The cladding temperciure which resulis in nucleate bolling waus calculored
3 . & C 2 . {ﬁ} .".'a"
by the film tempermiure drop predicted by the Jens-Loties equation, the
film~drop predicied by the Jens-Loives equation was reduced by 50% for o
comservative estinmite,
Based on the resulis shown in Figure 3, i is concluded that the FINR may

be operated ai power fevels up 1o 3 MW with no local boil ing if the inlet water

& * (. [J 0
temparaiure is vesivicted fo less than 120°F,

J.B. Bullock
Reaclor Supervisor

& Juns, 19462,
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DATA BYMBOLS

MAX

INTEM

NGRL

HOSE

i

DEFINITION OF DATA S‘iﬁ»’lgviﬁ

WIDTH OF FUEL PLATE (fe.}
AXIAL RATIO OF MAXIMUM TO AVERAGE P@WEE DENSITY

FACTOR ON HAUSEN CORRELATION TO SET CONFIDENCE LEVEL

BY PASS FLOW {fraciion of primary)
0 ﬁgw fibo/ %8 )
DEMNSITY OF §*§2€3 (?bu/’ho

SPECFIC HEAYT OF H

mz»éa&wﬁwumgga OF DIVISIONS OF FLOW CHANNEL
CORE IMNLET TEMPERATURE { F )

THERMAL CONDUCTIVITY OF H,O (Bro/%. 2 foro/ °F)
LENGTH OF FUEL PLATE (.} L
LOCAL, MAXEMUM TO AVERAGE POWER DENSITY RATIO "
NUMBER OF REGULAR FUEL ELEMENTS

NUMBER OF PARTIAL FUEL ELEMENTS

NUMBER OF FUEL PLATES PER REGULAR FUEL ELEMENT
NUMBER OF FUEL PLATES PER PARTIAL FUEL ELEMENT
CONSTANT = 3,14159

IWACTOR POWER LEVEL (MW}

feer

PRIMARY LOOP FLOW RATE (eal /min/)

RADIAL RATID OF MAXHAUM TO AVERAGE POWER DENSRY

£ IS g LIPS T N
WATER GAP THICKNESS {1,
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wore containing 24 reguler fuel elemanis and 4 spacinl fusl elements opsrating o
2 MW, In addition to the constanis given in Table 1 the fllowing are required:
e & Qg “é’“""i T YAV YE
P o= 6,825 107 BTI/he, {2 MW)
i o= 110°F
o e 2
‘{}"&3 = 428,7 §,
¥

Flow: Areo Within Elemenis

4 . 0% 2,75 Ax%x ,110x 2.75
; :::‘ ? x X o o —:~ ho B P i
Atio 24% 17 T %%

annd

1L

076 = 032 ®#.%

&
i

-3

0
e
o~
o

Sinee & = 3,74 10° tbm/hr.

DEN = &3 o3 ibmﬁ?as
5

3 _ 3,74x 10

Vel = 'ﬁg‘NxAﬁo = 630m = $520 f‘i‘eﬁ?fo

ar

#

1,81 . /sc.

Vel

Using equation {7 for the bulk ceolant temperature rise through the core gives

9, PH 1,47 x 6,825 % 10°% 1.3

P
pe)
]

#

]
he
oo
o
[

P

2.0% 1,0 x 3,74 x 10° Cos (,778)
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r~ 7
- -s H HE ¢ x4 o i
7, = i b 24,61 Cos bomg } = 008 1 o) §
by = 1S Los by ) - Cos o G
TABLE 1A
i s . TN T o) A . HE N a
x xte Us ol Cos8 Cosermmpe «Tos@ AT
L+ds S LEgmeoe =3 coolan:
g 11,8 iy Ak ] 0
4 i5.¢ 1.042 503 - 208 5.8
8 19,8 1.308 < 280 483 i1.1
12 3.8 §.572 - 002 5703 17.3
ié 27,8 1.8232 w 227 938 23,0
20 31.8 2,500 - 508 1.219 292,95
24 35.8 2,370 - o713 424 35.0

P %3 . X
ATl = Y mo Sinxte y
' b TR

B o L
¥ g ai ﬁ'
g” = {mart “{mma} 1
¥ mons i — }
"?f 2 12 ) j/
, / / \
4,895 0 107 % 1,47 1,11 2 1.2
e T RN A AT : e = 3,38 52 10
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x 1,062
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3

0.%6 B Tu/ff

ed from equation (9), whera ., = 75,
[4 i

-0583

ix

cosity of the water {uw) should be evaluated ot

.
1%
L

“0

6520 212

.
s

5535x®'

, the

>

, .
film drop of 557¢

>

-~

61,5
.88
2
K

o,

8
2513 1,554 52 +
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02 45,4 155.4
8¢4 353 70,4
G865 62, ot
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