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Atomics International NO. .. TI-759-240-038

-~ North American Rockwell ~ magE. 2 v
NeK Film Coefficients and 6§ Temperature Ripple

for the ZrH Keference Reactor

SUMMARY

&

Temperatufe profiles have been calculsted for a 180°F segment of a fuel
cell for nominal conditions in the ZrE reference reactor. Typical results
of cledding temperature ripple are shown in Figure L. Effects of coolant
interchennel mixing are shown in Figure 6. The temperature and heat flux
profiles were used to determine the avercsge NaK film heat transfer coeffi-
cient for e=ch condition. Teble 1 shows the results for the configurations
celculated.

Correlations of the cladding thickness effect and the coolant mixing
effect are given in the results section. A correlation for the magnitude
of the 66 temperature ripple ir the cladding is also given.

INTRODUCTION :

_ Because of the relatively close peacking of fuel elements in the ZrH (sxaP)
reactors, both the fuel cladding snd the coolant have a circumferential
terperature ripple. This ripple peaks st the points of close sprroach be-
tween elements and minimizes midwaey between the peeks. The temperature
ripple causes a complementary ripple in the circumferential heat flux at
the cladding surface with peeks end valleys interchanged from those of the
temperature ripple. A detalled determination of the temperature profiles
in the cladding and coolant 1s necessary under these conditions to properly
determine the effective RaK f£ilm coefficient of heat transfer and to ewfaluate
the thermal stresses and bowing tendencies in the fuel elements. Currently
used reactor codes elther assume symmetry in the circumferentisl coordinate
(TBIPR¢2(1) ) or split each cladding tube intc six average segments circum=-
ferentially, one for each coolent channel around an element (GED‘M(I'O)).
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Tutslled civeaifelsntial Jrétiles vers cilculated by Niges =) for the
S8 resctor. Megee used an enalytical solution of the heat transfer
: esustion 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 ges gsp, clsdding,
: end coolant. Megee looked st fuel peckings with pitch to diameter
(P/D ratio) of 1.00, 1.018, and 1.036, vhich were of particular interest
for S8DR. (ladding thicknesses of 0.010 in. and 0.020 in. were investigated.
A 30° syrmetricel segment of & fuel element was used Zor the nodsl calculation.
Slug flow was essumed in the coolant cheannels.

Marchese (3)(+) performed a parameter study of a closely pecked bundle
of elements with P/D = 1.00. His calculstions included varistions in the
relative thermal conductivities of fuel, cladding, and coolant. Cladding
thickness and ges gap effects were also investigated. Marchese's calcula-
tions assumed a fully-developed turbulent-velocity profile in the coolant
insteed of slug flow. Again, & 30° symmetricel section was used for the
calculaetion. The entire probler was solved numerically using a nodal model.
Z By interpolation and extrapolation of previous work, Marchese estimated
the circumferential ripple megnitude as & fiumction of P/D and clad thicknessSS)
: This information was to be used in the initisal design calculations of the

ZrH rcference reactor.

The present work wes performed to determire specificelly the temperature
ripple and average NaX film coefficient for the geometry presently under
consideration for the reference reactor. In eddition, the effect of inter-
channel mixing and off-center fuel slugs wes to be determined. In order to
better accomplish these last two obJectives, a nodal model, similar to
Marchese's, was expended to include a 180° segment of a fuel cell.
CALCULATION MODEL A

Redfal and circumferentiel temperature distritutions (steady state) fer
ezch confipguraetion studied were determined numerically with the TAP campucer

1 - program. Ky The model consists of a 180° segment of & horizontel slice
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through a fuel cell. The seghent includes ocne~half of the fuel element
slice, plus one-third of each of the three ccolant channels assoclated with
that side of the element (See Figure l). The nodal model ccntains 427 mesh -
points: 61 in the fuel slug, 30 on the fuel swrface, 60 in the cladding,
120 on the cladding surface (60 inside and 60 outside), azd 156 in the
coclent channels. A portion of the nodal model is shown in Figure 1l.

The reactor core configuraticn presently under ccﬁsidention, bhas fuel

elements of two different cladding outside diameters, 0.640 in. and 0.655 4n.

For the selected lattice pitch of 0.670 in. the P/D ratios of interest are
1.0469 and 1.0223. Calculations have teen performed for both configuratioms.
Reference dimensions for the two fuel configurations are given below.

Confi ati 1 Confi tion 2

Element diameter 0.6:0 0.655
Lattice pitch 0.670 0.670
- P/D ; 1.0469 1.0229
Element specing = 0.030 0.015
Cladding thickness . 0.032 0.032
Barrier thickness 0.002 0.002
Ges gap width 0.006 0.006
Fuel slug diameter 0.560 0.575
Material thermal caonductivity values used were:
| X (a7 7

U-ZrE (fuel slug) ¢ A

E, {ges gep) 0.22 to 0.26 (varies)

Barrier 1.

Incoloy 800 (cladding) 13.

ReK (coolant) 15.
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The effect of the Hé ba.sler material inside the cladding was included
in the cladding nodes.
A consta_.nf heat generation rate in the fuel slug was assumed. Thus,
each fuel node has & heat generation proporticnal 1o its volume (or area
in this two-dimensional model). The heat sinks in the coclant nodes are
proportional to the node erea times the coolant velocity in that node.
Fully-developed turbulent-velocity profiles were assumed. Values for the
oG as ey Gitained Trco the work of Bifler sot Wisetsg. N Tere role
(a0 £ins) were assumed vhen determining the velocity profiles. Velocity
profiles used for the two P/D ratios stuiled ere shown in Flgures 2 and 3.
terchannel mixing was modeled by heving an szimrthal flow through the
inside ring of coolant nodes arcund the element. The inside ring of nodes
has & radial thickness of 0.0075 in. for the 0.Cl5 in. spacing case, and
C.015 in. fcr the 0.030 in. specing case. This model wes chosen beceuse of
its 2pplicebility to the right-left-peutrel fin model(a) presently being
considered for the reector core. In this model the fins on adjacent elements
alweys re-enforze ezch other in mixing fluid from one channel to the next.
In the model, +the zmoumt of ezimrthe]l mixing flow assigned was one-fourth
of the totzl full-Tlow mixing wvhich & chasnnel exchanges with its three
ncighbors.
The calculationel model is subject to the following essumptions.
1) Bounderies of the model ere lines of symmetry.
2) Zddy thermal coniuctivity in the coolant can be neglected
(2 reasornsble assumption for NaK at Reynoli's numbers below 20,000).
3) ALl heet flow is in the plane of the model (axiel conduction
can be neglected).
L) Only radiel coniuc*icn (no azimthal) exists across the gas gap.
5) Heat sinks in the coolant nodes are proportionel to cross-sectional
area times the coclant velocity far each node. This assumes an
equal temperuture rise in all coolant nodes.

FORM 719-P REV. 8-6¢
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RESULTS

Re-»1ts from the calculatiocns are shown in Table 1. All work done
to dete lLias been for two P/D retios and two power denmsities. The higher
power density, 2.37 kw/ft per element, is the power at the core center for
the test core. The reference reactor has a center peak about 12% greater.
The lower power, 1.98 kw/ft, is the power at the zome boundary where the
lover P/D retiois eppliceble. A few celculetions were made for cledding
thicknesses of 0.010 in. and 0.050 in. to evaluate the cladding thickness
effect. Mixing wes treated as a peremeter with rates of 10, 20 and 30%/inch
for both geometries studled. For camparison, the meximum mixing observed
in the hydralte test'd) was 35%/inch for fins with a b-in. pitch.

Presently envisioned fins have a 5-1/2 in. pitch and would have & lower
nmiving factor.

Table 1 lists the circumferential temperature ripple on the cladding 0D,
the zversge IleK £ilm coefficient, and the eculvalent Nusselt number for
each czse. Some runc were made essuming slug flow of the coolant and some
a.ssu:ning 2 fully developed turbulent velocity profile. The results differ
by zbout 107 to 20% between the two assurptions with the turbulent velocity
proile giving the more conservative results. Actual coolant velocity
profiles with the finncé rods would be slightly different from either of
the two calculated. Detz on the ectual profile shape would be & desirsble
Input to further calculations. i

Cladding temperature ripples for different conditions are chown in
Figures 4, 5, and 6. The curves in each figure are normzlized to the same
peak fuel tempe*a*ure. Fizure L, for a 2.37 kw/ft power density, was nor-
malized 27°F higher than Figures 5 and 6, vhich are for power densities of
1.98 kw/rt. Figure 4 shows the effect of P/D ratio (or spacing) on the
temperature ripple. Flgure 5 shows the effect of mixing. Figure 6 elso
shows the eff:ct of mixing, but with & turbulent velocity profile assumed
for the coclant instead of slug flow. Notice thet the tempereture peaks and
vallcys ere .swept slichtly cownstream in the mixing direction.

FORM 719-P REV, 8-62
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The thermal effect of & £in on the fuel cladding is shown in Figure 7.
The ©in considered wes 0.015 in. high by 0.C17 in. wide. (The current
decign 1s 0.080-in. wide.) The effect on the temperature ripple vas a
perturbetion of only 1°F. Tote that this result includes only the thermal
effect of replecing the FeK coolant hest sink with cladding metal. It does
not include the results of any hydreulic effect of the fin.

The results from Teble 1 were correlated by egquations for use in the
GO thermal hydreulic cozputer progra:nslo) which treats a symmetrical
cegment of the whole core. The average NaK f1lm heat transfer coefficlent,
¥, determined kere for no mixing, turbulent velocity profile, and 0.010 in.
clai thickness, is in egreement with values presently being used. Specific
velues ere zveilzble in Figure 13, Reference 11, which is & graph of average
Kusselt mmber (iie_ #s & function of P/D retio. For cladding thicknesses
other than 0.010 Ir. the fellowing correlation is sppliceble:

) 0.8
x .0 e, 0.442
= 1+ G (03 - ey
010 A

where x = cled thickness in inches,
The effect of m.ud.ng cen be eccounted for by the equation:

0.9935 + 0.02875 x M - 0.2393 x M\P/D - 1)

e [
ol
So
=z

{ = mixing cross flow (%/inch).
FResults of these two equations, along with the Teble 1 celculetions

Tor tke turbulent velocity profile assumption ere shown in Figures 8 and 9.

where

Figure 10 shows the corrections for determination of 68 temperature
ripple by GZfM. Tre GE@M program uses the approximation thet the minimm
clad texperaturc at any axial location is approximately equal to the average
coolant tempereture iIn the aijecent coolant chammel. These calculations

FORM 719-P REV, 8-62
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show that for £ilm coefficients below about 7,000 Btu/hr-£t 2 °F, the

minimm cladding temperature falls a few degrees below the average NeK
temperature. Deviestions from the equel temperature assurption are shown in
Figure 10 es a function of the average NaK film coefficient, i., for the
cladding segment under consideration. The AT correction fcllows the equation:

]

-0.4 i
(<= (pF) [3.76&-0.0005125 x i]

Tco:'rec‘bion .0

wvhere X = cled thickness in iaches
PF = power density, lw/ft

T = averege BeX £ilm coefficient, Btu/hrrt® °F.

COLICLISIONS AND RECOMMENDATIORS

The calculational results reported in this document give the detailled
fuel cell temperature profiles and average KeK £ilm coefficients for the
nominal conditions in the reference ZrH reactor. These egre used as input
for celculations of over-ell core thermsl performaence by codes such as
GZfM end for thermel siress determination in the cledding. Compar’scm of
thke ca2lculationel model to results of the coming f£inned heet transfer
test(m) w11l provide furtber confirmation of this work.

Investigation of off nominal conditicms, such as off-center fuel slugs
and specizl effects at the core edge, is required and 1s presently under way.
More deteiled work on the thermal effect of the fin is 2lso desireble.

FORM 719-P REV, 8-69




Atomics international . - no.: - .. TI-759-240-0
North American Rockwell . =~ -~ = mace. b e,

1.

2.

3.

REFERENCES

Moody, E s "TEMPRJ2 - Heat Transfer and Rea.ctiv'ity Lifetime cmanbe..
Code, "'1-696-211,-065, April 10, 1970.

Ve.gec » P.M., "SKAP 8 Developmentsl Reector (S8DR) Core Thermal and
Hydreulic Performence,” NAA-SR-12564, March 10, 1968.

m.-chese, A. R., "Apelytical Study of Eeat Transfer = Ligid Metels
Floving Parallel Through Tightly Pecked Fuel Rod Bundles,”
TI-568-2:-05k, April 20, 1970.

Marchese, A.R., "Effect of Cladding Wall Thiclness and Ges Gep Width
on Circumferenticel Temperature Grzdients and F1lin Coefficlents for
Rod Buriles Eavirg 2 P/D of 1.00,", TI-759-240-016, October 29, 1970.

Marchese, A. R., "Effect of P/D Retioc ani Cladding Thickness on the
6 Tempersture Ripple for S8R ani the Test Reector,” TI-759-240-23,
December 21, 19TO.

Dray, B. J., "Thermorhysice Note No. 57: Thermal Anslyzer Program
(TAP) User's Manual - FORTRAN VII Version," NAA-SR-TDR-11812,
Januery 11, 1966.

Eifler, W. and R. Nijsing, "Rundesmental Studies of Fluid Flow and Heat
Trencfer in Fuel Element Geometries, Part II," ZUR 2193.e, February 196S.

IL, E. Moody to E. J. Donovan, "F in Orientation,” September 21, 1970.
Pekrul, P. J. and R. B. Cassidy, personal commnication.

Moody, E., "Core Sector Thermal-Eydraulic Code GEgM 2," TI-696-24-063,
Marcy 26, 1970.

Moody, E., "Rael Element Tempersture Sensitivity to Bowing, Separstiom,
Diameter and Spacers,” TI-6%-21&-037, October 13, 1969.

IL, E. Moody to J. G. Asquith, "Finned Eeat Transfer Test Bundle
Arrangement,” Jenuary 28, 1971.

FORM 719-P REV, 8-6¢

1

— " aun i =

T R —— ” " .




Figure /.

Gcomctry.of 180° Fuel chment Included in Heat Transfer Model




& i - " G - TR S P —ar o o i 2 e 0 . ] . s i i i e et it el D L

TIAS2.0.03 Page 11 uy ,
e R e i b LOT] L IS0 e IR LA L RO [0 o Sk e
G0 B E T R -.:.n..,_.m.@.:._..d ;ﬁwm..m.. SR R

Aens

. -y

e ML
% + )
S

359-11%
VALE MU A

SEN L.

10X 10 TO THE YA INCH

KEUFFEL O £

K&

121 Flguye sl

}
L e
Lo




R R et - o o - S PP S P B R WG Re  oirs op § i I ) < Tt R o iaada e indiing

TI-759-240-038

339-11
FASEING. LA

4% 10X 10 TO THE "A INCH

' “la KEUIFEL A ESELIWCQ

T

i
I
,I

i

IREFTRERTY B sofordoVenin
N s DRI P R e o

0j34 ¥ |
3! 1o

-~




I e IEm——

gy P 5 i 5. T

, L1=759-260-038
¢ S Pege 13

PREPARED BY AGE
L Fevren @A’fomcs INTERNATIONAL | or
CHECKED BY 4> of Nerth dmericen Rackwell Corporation REPORT NO.
DATE . MODEL NO.
‘ 2 /2S5 /71 Table |.

Na,k F.‘lm Caef{icfeui) ’z;v’ “”d, cC &
R;PP )e on C’addfnjj Per:VedFrom
Ca.’cu,}a.to'ans With l?O TAP Model

®) : ° Na K

P/ \"Y tc’.ad M“’NG aj,o-\,r:c’:s;_ éoo,l—:zt %“:;.Dé. F‘..LM NUL
D k‘”/{t wils | 7o /in, Max Avg Min g 4

| B Coblant Slul Flow

1.0229, 1-9% 10 O 131.06711.t49-5.8336.9[23%4]1-29

g 1.9 R2 | O [21.57 9.)4[-2.34/24.4!/4310[2.4 |
i .97 32 | 1O [ |%07| 777[-2.13[20.2|5064|2.8 3
1 1.9 32 | 20 [ 14.]%| 6,35|=1.1) |1 8. 3|6347|3.5.
N1 2,37 3L O [25.97/10.99|-3.41|29.4|4292]2.40
1 L A0371 32 10 [21.92] 9.42|-2.720 24.6 5090/ 2.8S
" 2.3% 32 | 20 [17-23| 7.459|=1.45|15.7|6270|3.5 )
H - e v i ¥ 30 [13.7%| £.60|-0.50|14.2 |7250| 4. 06

.0449] .37 |0 O |22.5) %.99/-3.51{26.0 [5363]|3.95
" 2-37] 32 O (1723 7.Y9(-1-35|1%.7 6133 | 4. 55
" 37 32 | 10 113.93[6.77[0-37] 14.3 (7219 15.38
N [2.-37] 32| 20 1i0.90[5.55(+¥0%4 10,1 [¥360[6.20
h (2.37 32 | 30| 9.20! 5.90|+). 85| 7.6 |33b3|6.45

| Turbuwlent Velocity| Profille
J.0229[ 1.9% | 1O O |38.3214.3%|~5.04| 6.9 (2747 1.54
" l.9y | 50 O 123.77110.44 =3.22] 27.0|2773| .1
" ].9% | 22 O |26.56{11.20~4.19[30.7(351711.97
1 .88 {32 )0 [22.02]9,48~3.23|2S.3|4211|2-36
" .98 | 32 | RO 17235 7-65-1.92) 19, 3|5325|2.92
E 1.9 | 32 30 ||4,20] 6.55]-0.93[18,) [60F9[3.4]
1.04691 2.37| | O O |[2¥.6)(10.95-5.94|34%.6 |4H4])9|3.28
¥ 2.37| §0 O [19.95] 9.0%4|-1.97| 1.9 |S3IAS| .95
2 ~ X i R O |2L.60| 9.4 3(-2.77| 244 |5119 |3.79
32 | /10 [17.1517.95]|-1.33[1%.5 [£140]| 4. S5

T s
371 321 20 N13.2F6.76(+0.23(13.1 [72471 §.37
37 D] [0 1112l 6.17141.291. 9.2 17923] 5.57

PORM 703-A HRIVv. 4-68




TI-759-240-038
Page 1k
.
1180 ;
0.015-in. SPACING
0.030-in, SPACING
|
1170
o 7 4b
N
-
=
2
<
=
= ‘
S 1180 ‘== -
-
=
S
Z
=3
5 \/\ T
”~N
1150 ”~ ~
: | . o 5 ~
I CooLANT SLUG FLOW : ' ~]
! , FUEL SYMMETRICAL [
) 20 50 50 120 150

6. CIRCUMFERENTIAL POSITION (degrees) . il

rigure M -« Test Core Tempera"ure Ripple on Claddmg oD,
Heat rlux: 2.37 xw/ft (Core Center)




ol T — - i . [ e —— s e -

TI-759-240-038
Page 15

1388 T

NOMIXING S~

1180 ; et
20%/in. MIXING

-t
-t
~
(<]

CLADDING TEMPE RATURL (OF)

COOLANT SLUG FLOW
FUEL SYMMETRICAL,
0.015-in. SPACING

0 30 60 90 120 150 180
0, CIRCUMFERENTIAL POSITION (degrees)

Tigure £ -« Test Core “emperature Ripple on Cladding OD,
Heat Flux: 1.98 kw/{t (Zone Boundary)




1190

1150

.
N

1170 I

' CLADDING TEMPERATURC (OF)

1180 — \
|
! . 20%/in.
; MIXING
1156 l
CCOLANT TURBULENT VELQCITY PROFILE;
FUEL SYMMETRICAL, 0.015-in, SPACING
.«
30 &0 80

— ——— — e —

6. CIRCUMFERENTIAL POSITION (degrees)

Figure @- Test Core Temperature Ripplie on Cl~dding OD,
Heat Flux: 1,98 kw/{t (Zone Boundary)

—— T~ ” Yy I—



LiF'AIY Y VAT W

DIETZOEN

FUGENE DIETZOEN ©O.
‘At T A

.................

,,,,,,,,,,

.......

........

Xy
TR

R S
P B

——— s ey

!
!

pera
F,(zzo ne

ST

IR ERR IERY SRS 28 ‘ .
%3S ERREL B ' I3 ERRR kX ‘e .
- ‘e o
' 188 RERRE AR i . IERS RS IR
b TR PRRLI B ‘e . .
, T RERE B EES I ‘
. L fecoefiea fo P LR o
" REE FREES EREES RRRRY IRREE kN 13 kX
RERE B 1 ' ee
RETE FER) )0 ‘ IREEY ERX T
RERY B! oo vofiyed

' IREI RREEE kxnht Al
vk b ‘e IR SRS B 94
TR ' ‘e
o Phis IS EREEE XX
veen Ll bed .
RN A RERRE e

00 SIPRE LRREA M

S B

L‘BBHW/F

|

[ Effeclt of Flin an Tem

S

Fralre 7

,...,- a
Sl ral e e va iR R g

B S S I o o o T T O S
Iy I¥AIEINT L Qo

g

.

TP > - pod




; : E51 FRSTE ETRTS FROUS RN Fipe ¥ i pifed ,_:”...r.. Yopd 3 (820 Hbe | Al ; x ]
. | |

s A S

.
' i

TI-759-240-038

—;-f«--_—.

Py ey et e piarm gy (oo

" N P Mokt 0 L2 S R ] o e
A, 1 M e et R 0 HEH HEEM CL FEE CERR O O e mRu e RN
o o e A 2
1l TR b a5
A m. x. M
i I e HR K ik
1 5 4. b 4430
\ i S B e
4 : : e
c.-.. -‘.-. - h !
.q ”..f._
oy - A
i “T
w u.w s Al it ..w..q‘w. P
: m * ...... WM .......
‘ .Lé.w 484 B ‘22_..9 ‘..J w
i 4 o D Bnad cont : L .
i m : | _ b [
HMALE LR e w 5% m h N _ .
| e p A PN S
AN i o
. 4 : v S . r
m ] : --..J..v! lra- .. ..... et . T i g ..” ...... o iest P . -

v oLl N 10ve ¢ SLOVRSE T IR § ) )

‘00 NIQZLNA NN Mluvag cavell NILZLNG Lt It
: N




Lacas «

5

Sl

. S

a4y | 3934100 2

— . do s a - ———————-

v e v
30 NAUZL NG INBND

AN v et

NItz ha *

s,

43




TUGENE DIETZGEN CO,
At Nt

LA

LIRADM

d DIETZGEN
(1%

S le&! i e e s

.——

-

o

Do

4
N :
l SR o e
R §
b ¥ SAETE Bl BIH QR Bt ET T S i e B
S i
SRS K (S S
i . '
S - ;
g, o foes

R UK |

m.

ita Con lant

.a.r!req jon

6 & .Ri_p}».l¢ .

TS B S
' '

RO

:I:/ad el

g

TG

Lk

- & i o
s S 3 2

— : N
O+ “ S

i : ™M

T

il

. '1—*

O e I N I  TOoeeaae

................

!
. A- . . . . .
y '
‘ } ' v
PRS] FO8 FUR ENAN BEM e R S
.
;

oyoed

!

R s
00 ¢

ELHRG S0t




2

—— e

Figure 1l. Portion of Noda| Model For |80° Segment,
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