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ntroduction

Using an approach suggested by M0F. Sankovich of The Babcock and Wilcox

Comny, a computer program for cakulafing the cladding temperature distribution.

in the hot channel of the FNR was written for the iBM7O9, using the MAD language0

The assumptions made in the approach are:

(I) The power density dstribut!on is ci function of the radial

and the axial ‘ength independently0

(2) The power density distribution may be treated as a clipped

sine function (with cippropriately chosen parameters) in both

the axial and radial drection

(3) Thermal conductivity, density and specific heat of water

are constants0

c4) The viscosity of water as a function of temperature is given

by Binghams equation02

(5) Nusseh number is determined by the Hausen equation03

(6) Flow velocity through the fuel channels is constant for all

channels0

(7) There is no pressure drop through the channels0



1) General Equations

Expresshg the axial power density distribution as

,Xr0P(x) Sinw.rrc) ‘

the bulk coolant temperature rise in the hot channel n’cy be written

Th(x) = Ti+K $in-) dx (1)

After integrating

16(x) Ti - K) [cosir t44- - Cos(1cLy) (2)

ør fora channel length of Lf

Tb(L) = T—K(L12°)[cos44 CO5([f?e) (3)

Since

r LCos Cos (t4S2) $

Equation (3) becomes

16(L) = Ti + 2K /120) cos ‘°) 4)

Since for the hat channel we also have

g PH(mar) I
= h m-

where9Qtar) is the ratio of rraximurn to average power d!strbution in the radial

direcflon P is the average power of the care and H1 is the iocai hot spot factor0



Equating (4)and 0)

g PH
- (mar)lK
-

(6)
2 Cp

L4ra_)
Cos

Substituting (6) into (2) we get

PH r
TbN=Ti± _J!!!L__L._ I cas(rr)”coswH40)j

2Cfl Cos-20) L
-c

The equation for !he film drop is

- a 0Mfdmfr)
=—— Srnwrrc) o (8)

dare h s the film cceffLcent gwen by the rlaasen equation

4) = Ofl66 [(Re3_ 125] (Pr)Y + 1/3 2)2j ØO;l4 (9)

where the subscript x refers to conditions at position x from the inbt, b refers to the

bulk water temperature, and pw refers to the viscosity of the water at the temperature

of the wail or cladding0

ingham1sequation was used to calculate the viscosity of the water at each

temperature of interest

C

= 2420 /;2,148 j(T.3200)x 5558435 +
1. £-._____

1 (10)

%o7&4±Kr322) x558o351L i200a
- 3

v:here T is in 0 and u is in ibmfnr0ft0



Srce
p ‘4

* rc1i-).9(maa) I
-

cmd

tT fHm (x) Tld (x) — T1(x) (12)

Then From (H) ard (12), (8) may be wdtten

Pa H
r (mav) (maa) I

T!,.1x) b” +
•Sn r 3

or üsn (7) for Tb(x) and (9) for h, (13) becomes

T (x) = Ti
+ PHLcOs(2coc+

clad
2C Cost!S4

(14)

x+c
DP. H(mar) (mao) 1 -c

Jl6 ke)& I251(pr)f3±1/3E_)2/3l()14

Eqition (14) may now be used to c culote. he ciddin9 temperature at any station

x from the ue channel inlet. Note however thit Re, Pr a will be

depencent on tie water vscosty and l3rnghams equation may be used at the appropriate

mpeaturec, n (14) all propertiesre evaluated at the bulk fluid tempeiture except



for p which must be evaluated at the cladding temperature0 Thus a trial and error

approach iwy be used until the solution converges0 The digital computer is well

suited for this type of calculation0 In the MAD program listing, which is given

in Appeçdix I it may be noted that the loop with entry label TRY is the trial and

en-or calculation discussed above0 [Note that the process continues until the

error is less than 1% if the number of trials at a given location exceeds 2O,O the

program execution is terminated j
This progam uses the MESS simplified input—output format and all data

cards were punched accordingly0 The symbol definitions with units are given

following the progittm listing0

11 Selection of Distribution Function Parameters

The proper selection of the parameter c in the cflpped sine distribution

Function is very important0 fri an effort to get as rEIUstic an estirriate as possible,

reference was made to the original power calibration data Using the power

density calculations from the calibration report a plot of power densty data n

the axial direttion was made For the hot channel in the core loading 1—A0 This

data is shown in Figure 1 with the best—fit dipped sine function0 The percent

deviation of the data from the sine function is indicated at each data point0 Since

for a general clipped sine function of the form

* x+c
t (xj = A Sm t rr&

the ave!aqe is



ft
-. ,xrcA S4nrrr——4 ax

-

dx
Jo

and since the maximum of Fx) is A ft may be shown that the maximum to average

(g ) fo.r such a distribution isrraa

S =
0mcta ,

2(L - 2c Cos

Thus for the axial data was calculated by (15)and is shown in Figure 1 To

establish a value of data jttken at the mid—plane of the 1—A core extending

from fuel element F—2 through fuel element Fi1 was used0 This profile was

selected because it gives the largest value of 9{ ar)ad hence the most conservative

fuel cladding temperature caicuhtion0 The radial data is plotted in Figure 2 with

the best$it clipped sine function0 Since the radial data inherently does not fit the

sine function as accurately as the axial dctta a reasonably conservative value of c

was used to make krge, The data points shown in Figure 2 were taken from

the core shown in Figure 1 of reference 4 if the same distribution is assumed

in the north—south direct!on I 0e from lattice position 43 through 47 the radial

maximumtc’average may be calculated for the 4 x 5 array by



At
9 (16)(mar)

2

where = 12 in0 (4—fuel elements in x—dkection)

L2 = 15 in0 (54ue1 elements in rdrection)

a = 3B in0 (graphi3 determination)

after !nte9rating (16), the equation for 9() becomes

2

____ ___

It L2w

____

(mar)
wL1/2rLj2]

(L1±2c) Sin(r4.s (19+2c) S!nj_rtr4

which gives

g = 147(mar)

Hie origtnal power density data may also be used to get the volumerr€c

maximum-ta-averege power density, This value was determined by sUmming

all the quarter element power cells and dividing by the total number of cells to get

the overage and then taking the ratio of maximum to overage0 This calculation gIves

N
L1 L2

12
Cos (yo2_1r4 Cos (.jY2 dxdy

2

91 = i63mav1



C,“so

Ahernativdy a g, may be determined as:

9 =g xc (18)(maw; (mar) imaa,

using the ues of g and g deternined from the &stributions in Figures 1(mar) (mea)
and 2, equation (18)gNes

g .= 1047x iii h630(maw)

The agreement between the two methods suggest that the distrIbutions shown in

Figures 1 end 2 may be used to calculdte the temperature profiles in the hot channel

with a high degree of reliability0

In summary, the parameters for the power density distribution funeflon are

given by

%a) =

9(mcr) = l47 ar ,t-5A4) sc/o’-’

9 = 1063(may)

c 11 (for use In equation 14)
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ill’ ByPass Flow

The FNR uses modified MTRtype curved plate fuel elements0 The 1st and

18th fuel plate of each fuel element have the same fuel loading as the interior fuel

plates; hence in addWon to the interior flow alysis0 consideration must be given

to the by.-pass flow outside (around) the fuel elements0 The FNR corencitrix plate

has been provided with 63- 7/8” diameter coolant flow passages to insure coolant flow

between adaoent fuel and/or reflector elements Since the flow geometry outside

the fuel is approximately the same as the interior channels, it will be assumed that

the flow will separate in proportion to the flow area provided by the respective flow

channel dimensions0 A larger by.-pass flow wiI result i lower coolant velocity

inside the fuel elements henceg to obtain a conservative estimate the largest estimate

for by.pc?ss flow will be used0 The brgest possible by.pass flow area h limited by

the space between the bottom of the element and the grid plate while the smaltet

possible Flow area for each fuel element is fixed by the cyllndrical end piece having

a 2O” dameter opening0 A core containing 19 fuel elements (including 4 partial

elements) represents the smallest fuel leading of operational interest, so

ue fowarea = 596 n,

To determine the bypass flow fractionr consideration was given to determining

the minimum flow area presented to the bypass coolant0 The results of this study

indicate the critical dimensions to be the space between the bottom of each element

and the top of the matrix plate0 Using the mean tolerance of all the pertinent



retitts in cm average eleme 4to’grid gap of 0 O9 ndies This &ves

o by—ciss flow c!rea of

bypassflowarea= OJO9x 7/8x +0.050x 7/8= 0.343 in.2 per 7,’ah
So the total bypass area for a 19 element core is

.2toial by”pass flow area = 63 x 0.343 2O6 n.
11

ilence

%of total flow which is bypass flow
=

2.7

Consideration of the ratio of minimum to overage flow area for both the

hypciss and fuel element flow cnnels indicates that the overage velocity In

the bypass channels will be larger than the velocity Inside the elements. Hence?

to give the most conservative timates temperature calculations will be hosed on

the conditions inside the fuel hanneis9



1 2

P1 Discussion of aku!ations and Results

Using equatLon (14) and the constants shown n oble 1, heat transfer

colcuicltions were made on the IBM—709 at the Univershy of Michigan for reactor

power levels of 1, 2 and 3 MW, with inlet ter temperatures of 85, 110 and

120°F0 A mple hand calculation is shown in Appendix H for the 2 MW case

with 110°F, inlet water temperature. In all the calculations was sMected as

75%, which corresponds to reducing the film coefficient predicted by the Hausen

equation by 25%. A 25% reduction in the Hausen equation gives a correlation which

includes 99% of the data points by Garebill and Bundy,3

The maximumtoaverage factors for the distribution functions were obtained

from data taken on a core containing seventeen standard’ I8p!ate fuel elements

and were treated as constants in the calculations for both the 19element core and

the 2&-element core, Both core loadings considered were assumed to have fdur

partial 9’.’pbte elements in addition to the standard elements,

The results of fuel cladding temperature calculations ore plotted in Figure 3

as maximum cladding temperature vs0 inlet ter temperature. It may be noted that

maximum plate temperature does not change drastically with size of the core loading.

This behaviour is due primarily to the asumptions that the power density distribution

is the same for the two cases and the priman1 coolant flow rate remains constant for

both cases0 Both of the above c&umnptions are considered to be conservative

because they predict higher cladding temperatures for the larger core.



The local boiling point corresponds to the saturated water temperature at the

operating pressure of the core0 It is assumed that microscopic1 very local subcoaied

boiUng will occur whenever the fuel element wall temperature becomes equal to or

greater than the saturaflot temperature of the were

Nucleate boiling is defined by

—
—

0bulk

The cladding temperature which results in nucleate boiling was caicukited

by the film temperature drop predicted by the Jens-Lottes equation The

film’drop predicted by the JensLottes equation was reduced by 50% fr a

conservative estfn-ate0

ised on the reuits shown In Figure 3 ii is concluded that the FNR rray

be operated at power levels up to 3 MW with no local boiling ff the inlet water

temperature is restricted to less than 2O°F0

i0L Bullock
Reactor supervisor

óJun 3962
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DEflNNON OF DATA SYMBOLS

DATA SYMBOLS

A WIDTH OF FUEL PLATE (f)

ARATO AXAL RAT.O OF MAXMUM TO AVERAGE POWER DENSITY

ATA FAcTOR ON HAUSEN CORRELAT1ON TO SET CONFENCE LEVEL

BYP Y PASS FLOW (frcton of pthiry)

CF SPECWC HEAT OF H20 (B,/L/ °F)

DEN DENSiTY OF H20 (!Lf)

MAX MAXMUM NUMBER OF DMSONS OF FLOW CHANNEL

NTEM CORE NLET TEMPERATURE (GF)

K THERMAL CONDUCTMTY OF H,Q(Btu/02/hr/F)

L LENGTH OF FUEL PLATE (f)

LRATO LOcALQ MAxMUM TO AVERAGE POWER DENSITY RAflO

NOiti NUMBER OF REGULAR FUEL ELEMENTS

NOSE NUMBER OF PARfiAL FUEL ELEMENTS

NP NUMBER OF FUEL PLATES PER REGULAR FUEL ELEMENT

NPS NUMBER OF FUEL PLATES PER PARTIAL FUEL ELEMENT

PilE CONSTANT 3i4’159

POW REACTOR POWER LEVEL (MW)

LO PRiMARY LOOP FLOW RATE ccd /mn/)

RADilAL RATiO OF MAX.MUM TO AVERAGE POWER DENSTY

RS REFLECTOR SAVNGS Ut)

T WIER GAP THICKNESS (ft6)
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crO2a ecucfh,n

A hand ce-!cu1aon is &ven for the. ease of constant watar viscosity and a

core containing 24 reguku- fuei eiemc-nts ard 4 specb fuel elements operating at

2 MW n addiHon to the constants given in laMe I the following are required:

P = 6825 x 126 TU/hr0 (2 MW)

—.

= flIJc

A9 = 4287 ft02

How Area Within Elements

0H0x2075 4x9x0l10x2075
= 24 x .1 x

±

= 256 + 076 = 932 ft02

Average Coolant Velocity

= 31,74 x 10 Ibm/hr0

DEN = 615 Ibmftt03
Ii 53074x10 AWI

= zr3r3 = 6520 fL/nr0
flo

or

WI = 181 ft/sec0

:- Coolant Temperature Rise

Using equation (7) for the bulk coolant temperature rise through the core gives

g, bPH. 1,47x60825x106x103mar) I
—

____

,
= U t’

2Cp c3 Cos 200x100x3474x 10 Cos G778)



—25—

= U + 2&6 Cos n

TABLE IA

x x ± c -= CosS Co,t.Cos
TcooIomt

0 II8 ,779 ,7II 0 0 IIOQO0F

$ i58 I042 0503 208 Si fl501

8 !98 h308 2á0 ,451 lii 121o1

L08 I572 — O02 703 I273

36 27,8 I232 227 0938 23O I330

20 3I8 2J00 508 h219 2995 I40O

24 33GB 230 — L424 35,0 145G0

rt1 Pete Cdd!n9Temp&cture

U33r19 equot!on Qs) for the tHrn drop

aT(x) = mcx Sh
t + 2t

where the medmum heot flux s

1! P 91 9, .

0 = mer; mce)
— -- — -

- 11
It’,

:3 = 338 x 10’’ BTU/ft2—hr.
4L007\/

C’
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Since the vEscoslly h to be assumed oonslcnt, the pcitmeters wiD be evciluated at a

waver temperature at 12o F0

Heeice p = h35 Ib/hr0—t0

So L35 rPr = —

flr”

• óIaSx 6520 2I2Re
= = 3460 6

The fflm coefficient may now be determined from equation (9), 6Ihere =

Assuminq a f!!m drop of 55°F, the viscosity of the vster(iw) should be evaluated at
9
J3 I.

So pw 88

0fl6 x ,75 [(52)W3 125] x(3J5)1’3[1 +

0a7(300siz5)x1554 )‘l+ x10062

=
25,6

,,
dte;

£2 5220 WFU/hr04t0 — F

k, noted that f rxJnium cladding temperature

- with the more exact value of 190°F 05
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.. (4±
‘ mcxx Ls±w=T

h

p 7O2 4&4 i554

4 864 5503 17O4

8 965 625 1830e

12 L000 648 i921

16 974 63i 1961

20 86i 557 1957

24 7Oi 46T 191T


