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TUBK Film Coefficients and 6 6 Temperature RITTPI^ 

for the ZrH Reference Reactor 

BUKMARY 

Temperat\ire profiles have been calculated for a l80^ segment of a fuel 

cell for nominal conditions in the ZrH reference reactor. Typical results 

of cladding temperature ripple are shown in Figure h. Effects of coolant 

interchannel TnlyTng are shown in Figure 6. The teâ jerature and heat flux 

profiles vere used to determine the average Kal film heat transfer coeffi

cient for each condition. Table 1 shows the results for the configurations 

calculated. 

Correlations of the clEidding thickness effect and the coolant mixing 

effect are given in the results section. A correlation for the magnitude 

of the SB temperatiire ripple in the cladding is also given. 

urrooDucnoM 
Because of the relatively close packing of fuel elements in the ZrH (SISAP) 

reactors, both tne fuel cladding and the coolant have a circumferential 

terrperature ripple. This ripple peaks at the points of close approach be

tween elements and minimizes midway between the peaks. The teEiperat\ire 

ripple causes a complementary ripple in the circumferential heat flxnc at 

the cladding surface with peaks end valleys interchanged from those of the 

ten^erature ripple. A detailed determination of the temperature profiles 

in the cladding and coolant is necessary under these conditions to properly 

determine the effective HaK film coefficient of heat transfer end to evaluate 

the thermal stresses and bowing tendencies in the fuel elements. Currently 

used reactor codes either assume synrv̂ tr/ in the circumferential c(X}rdinate 

(TD'IPRJ?2^ ) or split each cladding tube into six average segments circum-

ferentlally, one for each coolant channel around an element (GBj^^ ' ) . 
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(2) 
Detailed circumferential profiles vere calculated "by Magee for the 

S 3 ^ reactor. Megee used en analytical solutiosi of the heat transfer 

equatlcc for the fuel slug and matched it at the fuel surface to a nodal 

model of the rest of the fuel cell; the fuel/cladding gas gap, cladding, 

end coolant. Magee looked at fuel packings with pitch to diameter 

(P/D ratio) of 1.00, I.018, and I.O36, which were of particular interest 

for SSUR. Cladding thicknesses of 0.010 in. and 0.020 in. were investigated. 

A 30 symmetrical segment of a fuel element was used for the nodal calculation. 

Slug flow was essvmied in the coolant channels. 

MsLTchesê  ̂  performed a parameter study of a closely peckBd bundle 

of elements with P/D • 1.00. His calcxilations included variations in the 

relative thermal conductivities of fuel, cladding, and coolant. Cladding 

thickness end gas gap effects vrere also investigated. Meirchese's calcula

tions assumed a fijlly-developed turbulent-velocity profile in the coolant 

instead of slug flow. Again, a 30 symmetrical Fection was used for the 

calculation. The entire problem was solved numerically using a nodal model. 

"By interpolation and extrapolation of previous work, Marchese estimated 

the circumferential ripple msgaltude as a funcrtion of P/D and clad thickness 

TSils Information was to be used in the initial design calculations of the 

ZrH reference reactor. 

The present work was performed to determine specifically the teiiperatiire 

ripple and average UaK film coefficient for the geometry presently under 

consideration for the reference reactor. In addition, the effect of inter

channel nixing and off-center fuel slxjgs was to be determined. In order to 

better accomplish these last two objectives, a nodal model, similar to 

I!archese*s, was expanded to include a iBo segment of a fuel cell. ' . ' 

CALCULATION UDDSL 

Radial and circumferential temperature distributions (steady state) for 

each confî juratioii studied were determined numerically with the TAP conrp.iter 

program. ̂  The model consists of a iBO segment of a horizontal slice 

(5) 
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through a fuel cell. The se^aent includes one-hslf of the fuel element 

slice, plus one-third of each of the three ccolsnt channrJ.B associated vith 

that side of the element (See Figure l). The nodsT model contains ̂ 27 mesh 

points: 61 in the fuel sl\ig, 30 on the fuel surface, 60 in the clAdd±ag, 

120 on the r''«̂ '̂ i'̂ e surface (60 inside and 60 outside)^ and I56 in the 

coolant channels. A portion of the nodal model is shown in Figure U . 

"de reactor core configuration, presently under consideration has fuel 

elements of two different "T'̂^̂ ^̂ T̂ig outside diameters, 0.6*0 in. and 0.65? 1^^ 

For the selected lattice pitch of O.67O in. the P/D ratios of interest are 

I.0U69 and 1.0229. Calculations have been performed for both configurations. 

• - - ' " . _ •'-. 

ELement diameter 

Lattice pitch 

^fii "•"•.M 
" ElPWftnt spacing ' "•' . 

Cladding thlrknesB 

Barrier thickness 

Gas gap width 

Fuel slug diameter 

Material thermal conduct vity 

ConfiRoratitaJi 
(inch) 

0.6l̂ 0 

0.670 

I.OU69 

0,030 

0.032 

0.002 

0.006 

0.560 

• " • 

0 
:^?^*J.^ :"•-

values used vere: 

Configuration 2 
(inch) ~ 

0.655 

0.670 

1.0229 

0.015 

'. 0.032 

J; 0.002 

''\ 0.006 

0.575 

kC hrft°F t 
U-ZrH (fuel slug) 

'S^ (gas gap) 

Barrier 

Incoloy 800 (cladding) 

SaE (coolant) 

0.22 to 0.26 (varies) 

13. • ^•';(lt'^^ 
15. . . ^':'-.':^"-: 

"'v. \: • 
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The effect of the E^ balder material inside the MA^I^IT^^ vas Included 

in the cladding nodes. - -) ̂  '' -

A constant heat generation rate in the fuel slug was assiised. Qiusj 

each fuel node has a heat generation proportional xo its volume (or area 

in this two-dimensional model). The heat sinks in the coolant nodes are 

proportlmial to the node area tines the coolant velocity In that node. 

Fully-developed turbulent-velocity profiles were assumed. Values for the 

profiles vere obtained froni the work of Eifler and Eljsing. Bare rods 

(no fins) vere assigned when determining the velocity profiles. Velocity 

profiles used for the two P/D ratios studied are shown in Figures 2 and 3« 

Interchannel mlx-fng was modeled by having an ezimuthal flow throuj^ the 

inside ring of coolant nodes around the element. 55ie inside ring of nodes 

has a radial thickness of 0.0075 is- -or the 0.015 in- spacing case, end 

0.015 in- '^^'^ the O.O3O in. spacing case. This ziodel vas chosen because of 

its applitability to the right-left-neutral fin model* presently being 

considered f^r the reactor core. In this model the fins on adjacent elements 

always re-»nfor:e each other in TTrTT-!ng fluid froo one channel to the next. 

In the model, the snojnt of a?:T"TTth«il mixlag flow assigned was one-fourth. 

of the total, full-flov nlxlTig which a phnnnel exchanges with its three 

neii^bors. . ^ . .. 

The calculational model is subject to the following assimiptlons. 

1) Boundaries of the model ere lines of symmetry. 

2) Eddy theroal conductivity in the coolant can be neglected 

(a reasonable assumption for !7aK at Beynold's numbers belov 20,000). 

3) All hsat flow is in the plane of the model (axial conduction 

can be neglected). 

h) Only radial conduc^irn (no azianithal) exists across the gas gap. 

5) Heat sinks in the coolant nodes are proportional to cross-sectional 

area times the c(>̂ lant velocity for each node. This assumes an 

equal temperature rise in all coolant nodes. - ' -

FORM 719-P REV. b-69 
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RESULTS 

B^ ''Its froa the calculations are shown in Table 1. All work done 

to date l^s been for tvo P/D ratios and tvo power densities. The hi^xer 

power density, 2.37 kv/±t per element, is the power at the core center for 

the test cc^. The reference reactor has a center peak about I25S greater. 

The lower power, I.96 Isu/tt, is the power at the zone boxmdazy where the 

lower P/D ratibis applicable. A few calculations were made for rlftdfllng 

thicknesses of 0.010 in. and O.O5O in. to evaluate the cladding thickness 

efrect. Mixing vas treated &s a parameter with rates of 10, 20 and SOĴ /inch 

for both geometries studied. For ccnparison, the maximum mixing observed 

in the hydraulic test^°' vas 355o/inch for fins vith a l-in. pitch. 

Presently envisioned fins have a 5-l/2 in. pitch and vould have a lower 

nixing factor. -.- - , 

Table 1 lists the circumferential teriperature ripple on the cladding OD, 

the average HaK film coefficient, and the ecjulvalent Uusselt number for 

each case. Some runs were made assuming sliig flow of the coolant and sone 

assxrsing a fully developed turbulent velocity profile. The results differ 

by c-bout lO/t to 20% between the two assumptions with the txirbulent velocity 

profile giving the more conservative results. Actual coolant velocity 

profiles with the finnc;d rods vould be slightly different froQ either of 

the tvo calculated. 2B.ta on the actizal profile shape v(3uld be a desirable 

input to further calcid-atlons. 

Cladding temperature ripples for different conditions are shown in 

Figures ̂ , 5^ and 6. The curves in eacih figure are normalized to the same 

peak fuel temperature. Figure r̂, for a 2.37 kw/ft power density, VELS nor

malized 27 F hi^er than Figores 5 and 6, which axe for power densities of 

1.98 kw/ft. Figjre h shows the effect of P/D ratio (or spacing) on the 

temperature ripple. Figure 5 shows the effect of mixing. ligure 6 also 

shows the eff *ct of nixing, but with a turbulent velocity profile assumed 

for the coĉ XJit insteaa of slug flow. Kotice that the "seqperature peaks and 

valleys are swept slightly downstream in the Tn-Ty-Tng direction. 

FORM 719-P REV. 8-69 
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The thermal effect of a fin on the fuel rladdlng is shown in Figure 7, 

The fin considered vas 0.015 in. high by 0.017 ia- vide. (The current 

design is 0.080-in. vide.) The effect on the tesiperature ripple vas a 

pert-jrbation of only 1°F. TTote that this result inclvides only the thermal 

effect of replacing the KaK coolant heat sink vjth cladding metal. It does 

not include the results of any hydraulic effect of the fin. ': 

The results from Table 1 were correlated by eqijations for use in the 

G E ^ thermal hydraulic computer progrem; which treats a symmetrical 

segment of the whole core. The average HaK film heat transfer coefficient, 

h, determined here for no mixing, turbulent velocity profile, and O.OID in. 

clad thickness, is in agreement with -^elMes presently being used. Specific 

values are ĵ vailable in Figure 13, Reference 11, which is a graph of average 

Busselt number , e e.s a function of P/D ratio. For cladding thicknesses 

other thp-.n 0.010 in. the following correlation is applicable: 

0.8 
. , . ( l ^ r co..3̂  - ^ ^ ) 

010 
where x = clad thickness ii. inches. 

'^he effect of mixing can be accounted for by the equation: 

h ^ ̂  
^^^-^ = 0.9935 + 0.02875 X M - 0.2393 X MvP/D - 1) 
h 
X 

where K = mixing cross flow (̂ t/inch). 

Results of these two equations, along with the Table 1 eelcuJations 

for the torbolent velocity profile assumption ere shown in Figures 8 and 9-

Flgure 10 shows ̂ he corrections for determination of 6 B temperature 

ripple by GE^M. The CkJjfrl program uses the approximation that the Tn-tMrnm 

clad temperature at any axial location is approximately equal to the average 

coolant teriperature in the adjacent coolant channel. These calculations 

^'-•>.r 
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w^fm^-jmmmamf^rm m^a^iW^tmyif-wmi H«IM 



-~ - ' I f i 7 1 * * 1 I I " i im—- ' ' -—'—— 
iJL , ^ ^ ,^^ ^ _ . . . - . , . . • ^ . , * > > . . . ^ ^ , & . ^£«^ 

Atomics International 
North American Rockwell 

wo. . TI-759^2i*o-038 
WVGE.8 

show that for film coefficients below about 7*000 BtuAir-ft ̂  *F, the 

Tn̂ n̂ T̂mm cladding tesiperature falls a few degrees below the average KaK 

temperature. Deviations from the equal temperature assunjtlon are shown In 

Figure 10 as a function of the average HaK film coefficient, h, for the 

segment xmder consideration. The A T correction follows the equation: 

-0.4 

correction = i-^) (PF) [3.761^-0.0005125 X h J 

where X = clad thickness in laches 

PF = power density, kv/ft 
^ 2 Q 
h = average HaK film coefficient, Btu/hrft F. 

OD:.'gLusio:5 AJD RsooMsmATioss 
The calciilational results reported In this document give the detailed 

fuel cell terrperattire profiles and average HaK film coefficients for the 

nonlnal conditions in the reference ZrH reactor. tHiese are used as Input 

for calculations of over-ell core thermal performance by codes such as 

G3fif. end for thermal stress determination in the cladding. Conpar.lson of 

the calculational model to results of the coming finned heat transfer 
(12) 

test viH provide further confirmation of this vork. 

Investigation of off non1 np.1 conditions, such as off-center fuel slugs 

and special effects at the core edge, is required tmd is presently under way. 

More detailed vork on the thermal effect of the fin is also desirable. 

FORM 719-P REV. 8-69 
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\'Yr• -"rr 11 rid"'!liiiriiiiiiiiiIMiiiii^»M''^^Mf^1^ mii'-• r 1' -11 î• -• f ^-1- • -• -'•-• -r'-'-^ — ' tii^^niiiii^"WfMrir^4^^*'i«'*^^^^^^ 

TI-759-2JKM)38 
Page l £ 

...,^g:yar'aitatg& 

• " - ; • ' 

l l ik) 

11«»0 

£ 1170 

< 

c 
z 5 1160 
< 

11SC 
COOLA\T TUB3ULE.'»T VELOCITY PROFILE; 
F U E L SYM.V.ETRlCAL. 0.015-in. SPACING 

. 20Win. 

MIXING 

30 60 SO 120 

0. CIRCUMFERENTIAL POSITION (0«sr«M) 

1&0 ISO 

Figure ft- Test Core Temperature Ripple on Cl".dding OD, 
Keat Flux: 1.98 kw/ft (Zone Boundary) 



•iiiiiiriii 
• 

•liT
iii' 

[-''•r'-fi-^--.^'-^" 

T
I-759-2'tO

-038 
P

age 17 
, 

c z •« 
c c z < 

•H
P

^S
K

M
H

^n
.. 

J ,M
i 

.m
ill, 

m
 



-. iaa.--A,V.-jfti,t;;- i S,'!•> , w - ^ . .'.^—.j^A^ j^-^.,.„L:-ic^.:•-.- . s^:..r*^-s.r^i^:L .fy.^,-..i^j.,.,^-f- ^^;--.^^^ .̂ . . _ , ^. .•.>• '̂ .̂- « ^ ^ • ' . . . ^ ^ , j:,,- .̂̂ ,̂,.....,-^;.' . ..̂  -..•.. - ^ . •--,..• . - . - - - - , - • . - - . -^v . : .^ - ^^^..^a.-^, -^HJ-J--*^•:• |- -^^ • •-'-• - • ^ • " ^ - ^ r i — - ^ •. •. V.JN-. 

TI-759-2ltO-038 

o 
u 
z " 

z < 

•2jzZj^id^^ 

"W 'i^miim^m^mmmF^mmtimmKrm'^im 



. , . . i ; . . . j : i ; ^ . ^ . L . i . . . . ^ . - . ^ . . - ^ M . . - ^ . . . ^ - . . . . • . * . . . J . . - i ^ ... . • —.^ • . • . - . . . . . . .••••..•. . . ^ . - - U ^ - • . ^ , . . ^ J : , . il '^• ir i ' i ' f i^i film "i -'f -1V'-''' 

e 

# 

i ; : 

' I - tJt/L^C 

i > • : J : " l i _ ^ 
I CQ 

• ̂  7 / 0 ^ ^ 

; .5 ^ • 
.. .... 

: 0 

i u 
^•i^" ""•' 

I f ^/)/}/1 
, ^* O v V t / 

1 ^ 

• _) ^nnc] 
V^ ^fJ^^ 

1 • • 
'. ...;. ^i 

'XGOC 

( -

i- : : 
J . . . . . 

• ^nat 
L 

\ 

* . . -

r.i-:.;::,:-:::;.::-: i::::::.L Jiiii; 

. • : . ' : • . ' : i : • 

^ T : i - i ; i - i i ^ ^ -

• i ' 

1 7^(X;klrVim]C4Jeff 
• i i i ; i i ; • • • • : 

; • . 1 
• ••" -i :• ••• 

: i : • .; ': • : . : ; 

; • i i ' "." '. 

: 

. . . . 
; • : . : : ; 

: : . :.. 
: ; : • 

: i i 1 i . i 

i '• 1. i i ; . ! • ; • 

i -• .i ;-|;;i-. 

i i i : ' :::•'•': 
• 

• -:-::r-iiii--
... i.iriiii;::;;.. 

' . . I I - , . i ^ j i i t i i r . 

:-i^^i[;i:;:ii^-
'. .'. . ' .'.I'.'. . .Z'.. 

: : ;.: .: : C 

v^^^B 
,^^-im 

,...: i r/-. 
; : 1 L . i i>H 
• 

. . i . . ;. . 
<i 

y 
X 

( i \ ^ 

?/: "i 
. i 

': 
: 

1 
) 

• 

"7̂  

^.•••/ ; - . . i i:: . 

: t : : : - t • : : 

•V. : ' ; - iT;^ 
. . 1. . . : 

• : . ; i : - i ! - ^ - T i 
• • ! :'• \::y< 

y \ ::. • 
I ; : . ^ . j ; : . : : : : • 

. Oy. J::::;::. 
- „ J - . . > ^ : i 

^y 
y- A . : 

• 

) ' • '. '• 

, . . . 
• 

. 

r • : : • 

;• " i : - j - ^ - ; 

• i • i • • 

. . . . : . : . ; j : . : ^ : : . . 

; . - • ; . i j i i i i r - ' 

: :i;:;:j:i;ni::. 
; ;: i- ::::::i;:; 
i i . r i - i t i i - i i i r i i -

. . . . , . . . - J . 

' . : i ' . ' . i . * i ' * - " . . 

: .::;:.; ;::;:; : 
. '• : . . 

i ;i:;.:-:"i::i:;:; 

.^Y\:\ ;i-ri" 
J — . . . . 

l-i;i;^^^n-:î îi 
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i. • ; i ;• :̂̂ :̂ i:HJ:î :i:i;i ni^iiiHJrii^:. i: ^^ii^^|i;::.••: 

: : : : } : : : : 
z'.','. iz' zi 

Z IZZtZZZZ 

: : • . ! : • : : 

::.:t:;;: 

i . i j i i i i 
:-:-T^— 
• • • ! • • : : 

"»...! 

. .. ^ . . 

::::::;:; 
I:t—t zzzi 

i : : : : : : 

;ii ."!i::: 

i i : " j i i ; 

...» . . 

. . . : j : . . . 

. i: • •• • 

! 11 . " -

• - - • 

z':.':]/in'iz'',:'[. 

\ :i:^\.iv:-^ 
: - : • . : : ! : . : . : • -

. — t . , . . . 

Y. iii-r:! .iiiiiii 
;;.:::-:iii':i:--:-

ii :. i ' l ; - i i - i i -
i , ' ; ; . : . ! " i i : . 

:. i -ii -.i . 

i . - : . : : ! • • • : ' : : 

: . ! " - i ' i - •!• . . 

:: :i:-:ij .i:-'-
• 

, — 1 

* 
:, : t : 

. i 

''''.y.1'k' .''. 

[: ]::.:v:':\ • 

: • - : : : J . - : , . ; • • 

.. .. ..-( . .. 
- ** i--I ; -
'....1.'.'.4. . . : . 

• '̂ i i! i 

•• -i ii! •: 

•• i : -i i 

:• :. i i i 

:: ::.: | ; : . : 
• : ::\ : . 
: . : : • : • : : 

. 

i..: J .: 
.' •; i i 

i*li.fiupi T i ^ ajUV.U, Jl Ij.. 11 mvtimni^aisimmmm^ 



'trt'f- ^
 '*'- —

"'^
" --j-iiiirflT

 
• r^

^
^

"^
^

'^
'•-^

-^
^

 --'*^*-~ ir -n
iT

rn
ff^

-"
"

-^
'-^ 

..-^^-|-> |ftj|g|f-|i-| ^
^

g- 
\i-'«tm

aiinm
iviirM

im
iillat-i'i\\vrtk 

B
^ 

llf^A
t 

~ 
........... 

«,j-j-:«.-...>r.i;,...... ...^.•^... 
-^..•. 

Y
-t\t'l 

l1
i"i 

Z
 

• 

o
 • 

z « 
a 3 

T
I-759-2iK

)-038 
P

age 20 

l-I «: 

r «; 

^ ^ 

I 

S4 
•! 

•M
 or 

o 
i—

y
—

 

i S^^ 
ilL

U
 

•i 

i O
' 

z 



^iitC
^ 

m
i'iii»«i..... A

te ..»..>...»« " 
^ 

f 
—

 ,-" 
- 

'• 
•••..- 

'^^' 
.-^

T
.-j,..* 

, 

T
I-759-S 

Page 
2

1 

51 

î
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