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1.0 ABSTRACT

This report covers in some detail the problem of thermal stability of the

uranium fuel assemblies when subjected to operating temperature conditions

expected in the High Flux Research Pile. The investigation of the problem

includes a study of multiplate assemblies containing le5 m.m. thick plates with

0,0203 grams 25/cm2 and having a 3 m.m. annular spacing, and of assemblies

containing 1 m.m. thick plates with 0.0142 grams 25/cm2 and having a < meoie

annular spacing. Experimental results reported here deal only with all alumi-~

nun assembliese.

The following results and conclusions are reported for a representative

eluminum assembly containing 18 curved plates 60 cm long, 7.6l cm wide, and

0.15 cm thicks

1.

2e

An snalysis of thermal stresses reveals that no serious stresses exist
in é multiplate assembly. Maximum tensile stress is 2800 psi and
maximum compressive stress is 1700 psi; whereas a stress of approxi-
mately 4000 psi is required to distort the assembly permanently.
Experimental results show a maximum bowing of the fuel plates of

0.005 inches or less. Calculated stresses in the plate can result in
deflections of this magnitudee

Longitudinal expansion of the fuel plates for a temperature change
from 20° C to the elevated temperature pattern in the pile is a maxi-

mum of 0.025 inches. Calculated expansion of the 60 cm long plate

is 0,022 inches.
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4e Expansion of the assembly in a lateral direction is less than
0.002 inches.
5¢ A maximum change in plate temperature of 200 F is calculated for the

cagse of a decreased annular spacing of 50%.

Temperature patterns which may be expected in the uranium plate assemblies
under pile operating conditions were calculated and are submitted along with

experimentally obtained patternss

240 INTRODUCTION

An investigation was conducted on the uranium fusl assemblies to be used
in the proposed High Flux Pile to determine their thermal stability under pile
operating temperature conditions. The scope of the investigation covered a
theoretical study of normel and some abnormal temperature patterns in the
assemblies at pile operating heat levels; the determination of resulting
thermal stresses, thermal expansion, and thermal buckling; and the reproduction
of the thermal conditions and their effects in experimental assemblies of the
following two typess

{a) Multiplate assemblies containing parallel, 1 m.m. thick, aluminum

plates with a 2 m.m. annular spacing.

(b) Multiplate assemblies containing parallel, l.5 m.m. thick, aluminum

plates with a 3 mem. annular spacing. It is planned to use this

type of assembly in the High Flux Pile.
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Design specifications used as a basis for theoretical and experimental

work for the two cases are:

1 mem, Plates(l) le5 melle plates(?)
Maximum power level in pile 3C,000 Xw 30,000 KW
Neutron flux distribution £ (n) = coswx/78 £ (n) = cosTx/78
Weight of 25 in pile 3500 grams 3500 grems
Concentration of 25 in sandwich 0.0142 gms/cm? 00203 gms/cm?
Unit heat production 142 watts/em? 203 watts/cm?
Active length of plates 60 centimeters 60 centimeters
Cooling water flow rate 30 feet/second 30 feet/second
Inlet temperature of cooling water 800 F 100° F
Heat transfer coefficient 3700 Btu/{hr)(£t2)CF) 5175 Btu/(hr)(£tRYOF)
Thickness of flat aluminum shect 1.0 millimeter 1.5 millimeter
Water Gap 240 millimeter 3.0 millimeter

A theoretical study was made for both of the parallel plate assemblies;
however the testing program dealty primarily with the 1.5 m.m. multiplate
assembly. Preliminary tests were conducted on a single 1 mem. flat plate and
on 1 single 1.5 mane £lat and curved platess Experimental assemblies were

fabricated of 2 S-0 aluminum.

1. Leverett, My C. and Huffman, J« R., "Technical Division Preliminary
Process Design Report 1000 Project," Clinton Laboratory, May 15, 1946.

2. Huffman, J« Re, "Heterogeneous Pile ~ 1000 Project - Design Dota
Sheets," Clinton Laboratory, May 14, 1947.
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3,0 NORMAL TEMPERATURE PATTERNS

Examinstion of the temperature distribution in the uyranium fuel assemblies
under pile operating conditions may be divided into three parts:
(a) Temperature distribution which results from the neutron flux
pattern in the assembly.
(b) Temperature gradient which occurs along the edges of an active
sandwich plate which is caused by heat conducted from the heat
producing sandwich to the non-heat producing eluminum sealing strip.

(¢c) Abnormal temperature conditions.

The neutron flux pattern in the 60 cm long uranium aceemblies is defined

ass. f(n) = cosTrx

where x is the distance in centimeters slong the length of the assembly from
its center, and L is the effective length of the assembly which is 7€ centi-
meters, or 60 centimeters plus an added length of 9 em at each end required by
the reflector. This equation is modified to define the longitudinal tempera-
ture distribution in a 60 centimeter long assembly as followss(3)

(1) Tx = {a/hp) cos mx # _AL_ (sin 7x £ sin 7Tb )} # Tw
L cwn L L

Tx = plate surface temperature at any point x - OF

Tw = inlet water temperature — °F
b
A = a constant defined as Q = A/" cos FX/L dx; Btu/(hr)(ft)

—

3, Derivation of the equation is presented in Appendix 9.1.
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h = heat transfer coefficient - Btu/(hr)(ft?)(°F)

p = perimeter of heat transfer surface - ft.

C = heat capacity of weter - Btu/(1b)(°F)

x = longitudinal distance from center of assembly - feet
b = length of assembly from its center - feet

W = weight flow of cooling water - lbs/hr

L = effective length of assembly ~ feet
The distribution takes the form of & skewed cosine curve. Temperature

plots for each set of design specifications are presented in Figure 1.

The temperature gradient which occurs along the edges of the active
plates in the ares of the interface between the uranium-aluminum sandwich and
the aluminum seallng strip is considereds Heat is gencrated in the sandwich
but not in the sealing strip; thus heat flows between the two areas. See
Figure 2. The problem is herdly this simple, however, since hecat is also lost
at the plate surfaces. The case of a plete infinitely vide in two dircctions
from an interface is considered as the simplest case. The enriched uranium
sandwich is in one direction and the aluminum sealing strip is in the other.
Then, consider that hest is either transferred along the axis of the plate or
lost at the plate surfaces. From these considerations the following equations

may be derived to determine the surface temperatures along the sandwich edge.(A)

4e Derivation of ocpuations is presented in Appendix 9eRe

SRy
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tk
-Ti e /2n Y for the enriched sandwich

() Ty = Tn
- (L& £
(3) T¢= Tye /2h for the aluminum sealing strip
where:.
Ty, Tf = surface tomperature sbove water tempersture - °F
Tn = maximum surface temperature above water temperature - OF
t = thickness of plate - ft
k = metal thermal conductivity coefficient - Btu/(hr) (££2) (°F) /£t
h = water film coefficient on metal surface - Btu/(hr)(£t<)(°F)
y = distance from interface on the cnriched ursnium sandwich - ft
f & distsnce from interface on the "desd® aluminum strip - ft.
Ty = surface temperature above water tomperature at the

interface - °F

It is necessary to jﬁstify the use of the equations for an infinitely wide
fin when the case being considercd is for a fin of finite length. The justi-
fication arises from the thinness of the fine. Heat flow from the fin surface
is far greater thar the heat flow along the fin axis. It is expected, there-
fore, that the heat flux end fin temperature will reach a plateau within a
short distance in the/girection from the interfacc. Conversely, in the f
direction from the interfcee the heat is dissipated within o short distaﬁce.
Therefore, the end conditions in cach dircction from the interface of the

finite fin approximate those of the fin cross section at an infinite distancc.
pp :

Calculated valuee obtained from equation (1) show thet a maximum surfacé'
temperature of 190° F exists in the le5 mem. thick active plates and 162° F
in theé 1 m.m. platcs. Respective temperature drops at the plate edges in these
cases celeulated from equations (2) and (3) are 76° F ard 529 F, Theoreﬁically

deternined curves for each case are presented in Figure 3.
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When the side plate thickness was inercased in the assembly design, it
vas recognized that the geometry of the sealing cdge could no longer be
considered a fin. In eérlier work one fifth of the plate sealing edge was a
part of the side plate, and a major part of the heat loss occurrcd in the finned
sections In the current design four fifths of the edge is an integral part of
the side plate, and the side plate contribution to cooling is of more impor-
tance. Thefcfore, the heat flux pattern cannot be treatedxas in the casc of
a fin. A graphical method(5) was used to determine the patterns of heat

transfer in the new geometrical shape which rcsembles a "T".

Further refinement of the equations (2) and (3) wes made to inelude the
effect of hot spots at the assembly active plate cdgese The slowing down effect
of water on fust neutrons and the rclationship of heat flux to slow neutron
flux are well known. Since the water/25 ratio is greater at the assembly edges
than at the centor, a higher heat flux and a resulting loeal hot spot exist.

A similar condition exists in asscmblies adjacent to the beryllium reflector
becausc of a higher slow ncutron level occurring therc. The cxtreme case of
odge flux/minimum flux for a plane normal to the major axis of an assembly, as

determined by Spinrad(6), using two group theory, exists between the normal

5, McAdems, We He, Heat Transfer, 2nd edition. McGraw Hill 1942,
Page 16. A Solution of the problem is presented in Appendix 9e2.

6. Spinrod "Assembly Edge Hot Spots", Mey 25, 1947. The procedure is
presented in Appendix 9.2. :
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25 and control 25 assemblics and is 1.22. The hot spot effoct.was teken as
starting 3 centimeters from the assembly cdge, and a plot of the flux pattern
was made. By graphical integration a corrected quantity of heat flowing along
the platc axis was calculated to be 1.095 Q, where Q is the uncorrected value

of heat flow.,

An extreme cese of 1.20 Q was elso calculated for comparison.
The temperature gradicnt across the active plate edges and side plates

for the 3 cases of heat flow are plotted in Figurc 4.

4+0O ABNORMAL TENMPERATURE PATTZRNS

The previous scction discusscd the tempeorature distribution in a balanced
or normal system where hcat production and rcmoval are the some in adjacent
clements. Several factors may cause a departure from this ideal state, for
instanece: changes in flux near a control rod, irregualr spacing of assembly
plates, and variations in fuel concentration within the assemblies. Further-
more, if the symmetry of the assemblies 18 destroyed, teomperaturc differecnces
between faces of the same plate will be establisheds Only thesc temporature
differences which take place over a very short distance are of conccrnj there-
fore the following paragraphs present situations in which temperature difference .

between adjocent plates exist.

4.1 Temperature Gradient Through the Thickness of a Plate
When heat is removed at different rates from opposite faces of an assembly

plate there results o lincar temperature veriation across the plate supcrimposed

—
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on the usual symmetrical distribution. Such a condition is established when
the annular spacos on each side of the plate have unequal thickness. The case

is illustrated in Figure 5.

A derivation of equations for t7 and tp is presented in Appendix 9.3.
Temperaturc difference between opposite faces of a plate is plotted as &

function of thec ratio of abnormal to normel aunular width in Figure 7.

4«2 Abnormal Channel Width

If the width of a channcl diffcers from that of itg neighbors, the changed
rate of flow of the coolant results in difforcent watcr and plate temperatures.

The case is illustrated in Figurc 6.

From the sketch, channel a-a' is smaller than adjacent channels. Since
less coolant flows in this channel, plztes a and a' are hotter than adjacent
platcs. A plot of maximum deviation from normal plate temperature vs effect
of sbnormal channel width is presented in Figure 7. A derivation of equations

defining this effect is presentod in Appendix 9.4.

5.0 TVERMAL STRESS ANALYSIS

The temperature patterns peculicr to the uranium fuel essemblics will
produce thermal stresscs in a number of placese In assemblics of proper
dimensions, of uniform 25 content, and under normsl operating conditions, the
most serious stress occurs ncar the sandwich cdge at the interfaceAbetween the

enriched uranium sandwich and the aluminum sealing edgce See Figure 3. Since
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the temperature gradient per unit distance in this area is the maximum in

the assemblies the resulting stress is the maximum.

Consider the case of an area with a temperature gradient in the x

direction and a constant temperature in the y directior.

yie

The AT from x; to x3 sets up a strain which is calculated as follows:
O y=ARL T

where ¢~ = coefficient of thermal expansion

L unit length of area in y direction.

Tensile stress is caleulzted as:

Ss = gs T
1l ~ 1;-')
wnhere E = Modulus of Elasticity

it

3 Peissons ratio
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Stress at the sandwich interface can be treated by another method.
A temperature drop occurs across the 1.5 cem. edges under pile operating
conditions which results in a difference in longitudinal expansion of the
active plate edge and of a plane 1.5 cem. from the plate edge. It is
apparent that the colder edge of the plate has the effect of restraining
xpansion of hotter portionse A compressive force can be calculated which
if applied at the longitudinal ends of the plates will restriet expansion

in a like manner.

Calculated results obtained from these two methods are submitited for
comparison in Table 1 for the case of a 1 mem. thick plate assembly and of

a 1.5 mem. thick plate assembly with both 4 and 5 m.m. thick side plates.

From the table it is noted that normal maximum stress which occurs in
any one of the design cases considered is Jess than 4000 psis whereas a
stress of 5000 psi is required to permanently distort “he assembly plates.
Aithough the results obtained by the tvo methods are not in close agreement,
they are of the same order of magnitude and are not large enough to be

considered serious.

Stress of the order of 1/5C of the edpe offect stress results from the
longitndinal cosine temperature pattern. This stress is considered insigni-

ficant.

It can be expected that abnormal variations of the assembly temperature
patterns will set up some stressess A study of those stresses was made for

cases covered in section 4e0. The case of a channel restricted by 50% with
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a resulting temperature rise in the affected plates of 20° F is considered.
The calculated case indicated a difference in expansion of the plates of
less than 04001 inches. Curved active plates would increase in curvature
to relieve the strair., It is difficult to visualize significant stresses
set up in such a case. Experimental results of such a case reported in a

later section bear out this conclusion.

Another condition of a temperature gradient over a short distance occurs
between faces of the same plate. Calculated stresses for this case are of

the order of 500 psi and are not considered sericus.

Thermal stress calculations were made using mechanical constants for
25~0 aluminum rather than for U-Al alloy since small error results and since
experimental models were aluminum. All stresses are rcduced by 1l.5% when
the coefficient of thermal expansion for 22% uranium in aluminum by weight
is used and by 3% for 30.5% uranium in aluminum by weight. In view of the
insignificance of the correcction only the percentage values are presented.

A thermal conductivity correction inereasecs surface temperatures by 10%
for the 22.7% uranium—aluminum alloy; however, the temperature gradients

.causing thermal stress do not change appreciablye
g PP J
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THERMAL STRESSES AND EXPANSION
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Multiplate Assembly Multiplate Assembly

1 mm thick plates

1.5 mm thick plates

[
Meximum ~ AT °F/mm. 20

Maximum Calc. edge effect Tensile
Stress — PSI ' 3800

Maximum Calc. edge effect Com~

pression Stress - PSI 1600
Meximum Calce Longitudinal

Expansion - Inches 0.022

Maximum Exp. Longitudinal ‘
Expansion - Inches .-

Moximum Calce Lateral Expansion -
Inches -

Maximum Exp. Leteral Expansion -
Inches -

Maximum Calc. Long Bowing ~ ;
Inches - 0.005

Maximum Exp. Long Bowing - ;
Inches . 0.005

Maximum Calce. Longitudinal Tensilé
Cosine Temperature Gradient - PSI! 46

Tensile from AT between plate
faces - PSI . 390

5 mm

4 mm

Side plates Side plates

15

2810

1720

0.021

2002

57

390

15
2810
] 1300
0,022
|
0,025-0,030

i 0,002

' 0.005
i 0,005
57

390
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5.1 Abnormal Stress Conditions

The bonds between the uranium-aluminum alloy sheets and the cladding
aluminum sheets will be checked by X-ray photographs and by bend tests. In
addition any poor bond usually results in a blister during the brazing
operation. However, it is possible that perfect bonds would nct be formed
in 21l cases during the rolling operations and might not be detected on

inspection.

We may consider two assumed cases of lack of complete bonding. These
are, first, no bonds along the edges or ends of the uranium-aluminum alloy
sheets and for a distance of one milimeter (assumed as one diameter) back on

each side and, second, small areas on one side of the plate.

The case of poor edge bonding is illustrated in Figure 8A. This figure
shows the heat flow pattern cstimated for this condition. No attempt has
been made to analyze this problem completely from a theoretical study but
rather the grephical solution method deseribed by MeAdans{7) has been used.
The everage uranium-sluminum alloy temperature mey be estimated as 205° F

by use of the data presented in paragraph 4.3 of report MonT~433(8). From

7. Vcidams, We Ho, "Heat Transmission," McGraw-Hill Book Co., New York,
second edition, 1942, page 16.

8. Huffrian, J. Res Leverett, M. C., Newson, H. ¥., and Weinberg, A. M.,
"Feasibility Report on Clinton High Flux Pile," December 1, 1947

—
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this and Figure €A, the maximum temperature at the center of the edge of the
poorly bonded section is estimated as 245° F, Thile this method is not too
accurate, the actual maximum temperature probasbly would not be more than 50 F

from this value.

In the second casc in which we may have poorly bonded areas on the sides
of the plates the heat flow would be unidirectional away from the poor bond
vith the exception of the heat flow across the poor bond or frece spacee¢ In
this case cxcessive temperatures would not occur as the average water tempcra-
ture would be increaséd at most from 107° F to 121° F and the average alloy

temperature from 205° F to 303° F.

The question mey be asked regarding the shear produced by the tempera-~
ture differences in the uranium~gluminum alloy end in the adjacent poorly
bonded aluminum shect. Aséuming an alloy plate temperature of 303° F (no
restraint due to pure'Al shects is assumed) and an aluminum plate tempera-
turc of 107° F, the sheer in the aluminum per square inch fér a poorly
bonded area one inch in diemcter may be calculated as follows:

Increase in length per inch = (303-107) .224 x 1074 = .00254
, 1.8 )

/
Shear force = .00254 x 107 x1 /1 = 25,400 psi.
Thilc this stress is above the yield point, it cannot cause failurc since
aluminum is a ductile materiale Any high stress will simply stretch it

.beyond‘the yicld point without great inercase in stress.(g)

9. Timoshenko, S., "Strength of Meterials," Pert II., D. Van llostrand
Co.y New York, 1941, pagc 323.
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5.2 Diffusion of Fission Products

Results of tests and theoretical caleculctions reported in MonT~342(10)

show that the diffusion of fission products through eluminum is negligible.

6.0 DESCRIPTION OF APPARATUS

Apparatus uscd in experimentelly determining thermal stebility of the
fuel assemblies was reoguired to satisfy the following conditions:
1. Reproducc and measure the temperature petterns which arc cxpected
in an assembly under pile operating conditions.
2. leasure thermal cxpansion and warping resulting from the imposed

temporature conditicns.

The deseription presented here deels only vith multiplate assembly
testing apparatus. Tecchniques of heating, cocling, and warping measurement

are similar for the sin te experimonts.

The most scrious temperature gradient over e short distance in the
assemblies results from the cdge effects Thercfcre, hcating and cooling

~

methods used were prinarily to produce this effect.

Heating vas supplicd to the active pletcs from mica-jacketed chromel
resistance heaters inscrted longitudinally in cach annulus and placed about

1

one and one half centimeters from the side plates, thus maximum heat to the

10. "The Diffusiorn cf Fission Products in Aluminum," by G. Ascoli,
July 14, 1947
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active plates was applied at the edges in tﬂe region vwhere heat removal was
a maximum. See Figure 9. The temperature plateau, Figure 3, is obtained by
heat flow along the plate to the center. Heat losses to the ambient air
wvere sufficient to maintain an approximate platecau effcet. The sharp drop
at the edges was accomplished by the rapid removal of heat through the

assembly side platese

Hoat removal was accomplished by spreying water on the side plates.
The water was ejected through small holes drilled in a pipe header which was
nmounted such that the water spray struck the top of the side plates;
blanketed the plate surface, thus supplying the needed cooling action; and

was caught in a withdrawal pen underneath.

The cooling water wes supplied in sufficient volume to produce a nearly

constant side wall temperéture,

Temperature neaswencnts were accomplished by two methods. A number of
thermocouples were brezed during cssembly febrication on 5 of the 18 Mactive"
plates at points only slong the laterzl center plane at several points down
the length. Since the thermocouple leads were placed in the annular spacing
between plates, it was necessary to limit the number of couples to allcw
installation of strip heeters in each annulus., To supplement the attached
thermocouples a surface contact thermocouple was used to make temperature

measurements at other points. The contact couple was made by inserting a

S
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#30 alumel wire into a hypodermic needle and insulating the two exeept at
the hot junction. Smzll holes were drilled to several plates to allow

contoct measurements to be teken.

Test assemblies were mounted in a water cocled refercnce stand in such
a manner that displacement wes improbable but expansion vas not restricted.
The reference stand was meintained at a constant temperature to eliminate
possible dimensional changes from temperature verietion. During a number
of heating and cocoling cycles of the assemblies, reference dimensions on the
stand remained constant within the accuracy of measurcment (0.0005"). There—
fore, changes in distance from the reference stand to the assembly were
considered to be buckling of the plates. Buckling of the plates was measured

with a depth micrometer.

A cathetometer mounted over the test assemblies was used to determine
the amount of longitudinal cxpansion and lateral bowing during the heating

and cooling cycless Scc Figure 10.

7.0 EXPERIMENTAL RESULTS

Temperature petterns calculated to produce significant thermzl stresses
in the enriched uranium fuel assemblies were reproduced in experimental
assemblies. Temperature levels for both sets of design specifications were
obtained, namely: (a) Plates producing 203 wetts/cm? (b) Plates producing

142 watts/cmz. The "edge effect! temperature gredient was accomplished in
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single plate and multiplate test models, and its <ffects were thoroughly
investigated since it produced the most serious stresses. Sce Figures 11

and 12. The less important cosine temperature curve, from the standpoint of
the stress investigation, wes produced only in single plate models. See
Figures 13 and 14. The small temperature drop of 0.2 °¢/mm produced insigni-
ficant thermal stress. Since the heating techniques involved to accomplish
the cosine distribution were extremely tedious, it was not considered worth-~
while to further complicate the heating circuits. Furthermecre, experimental
deflection results from single plate models in which the cosine temperature
curve was produced agreed remarkably well with results from multiplate

assemblies where no cosine distribution was attempted.

The maximum deflection in the 1.5 mm active plates in the curved multi-
plate assemblies was 0.005 inches when normal temperature patterns expected
in the pile were produced. Deflection of the plates took the form of a
longitudinal bowing. Deflection was a maximum at the longitudinal and
lateral center of the active plates and a minimum at the longitudinal ends.
A net bow of the order of 0.005 inches vas observed in a statistically
significant number of tests. The arch of the bowing was in the direction of
the plate curvature. Deflection at the plate center was, therefore, in the
direction of designed curvature, however, the plate ends in some cases
deflected in the opposite direction. See Figure 15. The condition is not
unexpected vher the stress patterns there are knowm. The magnitudé of

deflection at the plate onds was § 0.001 ~ 0.002 incues. Plate deflection
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in multiplate assemblies may be sttributed to, at least, two temperature
conditions., The first condition is the thermal expansion of the supporting
side plates. This effect accounts for a maximum of 0.002 inches movement of
the top plate and one half thet amount for plate 10. The more significant
bowing results from stresses which exist along the plate edges because of

the sharp temperature drop.

The characteristic bowing was of the same magnitude in a single 1 mm
thick plate subassemblys It is re—emphasized that both the edge effect
temperature drop and the cosine distribution were produced in this assemblye.

See Figure 16.

A 1.5 mm plate which was approximately 20° C cooler than adjacent plates
produced a constant longitudinal deflection of C.002 inches. NNo appreciable
bowing was observed. The amount of deflection agrees with that expected
from side plate expansion. A temperature drop of not more than 15° C existed
across the plate edges, thus edge stress was less by a factor of two than in

the plates at a normal temperature level.

No permanent bowing or deflection vas observed in multiplate assemblies
conteining 1.5 mm thick plates as a2 result of alternate heating and cooling
and prolonged heating tests. Calculated stresses for the test conditions
indicated that no permanent s?t should occur in cither the 1.5 mm or 1.0 mm
thick plate assemblies since the stresses were considerably below the metal

yield pointe



ST

0 -—%%Q g %& % Oé?‘ ‘ 3®W QG%'
Front Tube ’ - Of ®
=10
+10
4
0 EG Ong M & aad

Y

1 Cm. From Front Edge of Plat

0% g
R ook ‘

ection - Mils
Q

: s . I
- Cénter Plane of Plate  —— Bgoo — .
~=10
etlo
A
- &%
o & \\\ 5 : %Q e — é
i — e—— G —
1 Cm, From chk Edge of Plate
=10
+10
BP0 e 3
0 254 0%%\ —_ éDQGO %gug/ ______nce-g
Back Tube °
=10 L=

0 15 30 45 60
‘ Length of Plate - Cm,
FIGURE 16 - THERMAL DEFLECTION IN A SINGLE 1 MM, FLAT PLATE ASSEMBLY

Deflection Represents the Change in Position of the Plate
When Heated From &C°F te Pile Operating Temperature.,

8965 # Butasaq

- 8€_



ORNL - 113

[

39

it

Test results on a single 1 mm thick plate subassembly showed no perma-
nent set. However, a 1.5 mm thick single platc model was deformed during
the first heating and cooling cycle. Investigation of the nonconforming
case recvealed a temperature drop which wes much more severe then desired by
a factor of 2. Calculated stress for this case excecded the plate yield
point. In subsequent cycles the plate returned to the new set position upon
cooling. It is likely that the plate was streined sufficiently in the first
cycle to produce a stress above the yield point. However, from a nevi posi-

tion, the plate was strained less on additional hesting.

Longitudinal thermal expansion was observed to be 0.020 - 0.030 inches
in the 1.5 mm plete assembly, Then only the edge cffect temperature drop
was produced the assembly expansion was 0,025 - 0.030 inches as compared to
a calculated valuve of 0.028 inches. Then the edge effect and cosine distri-
bution vere produced, the meon assembly temperature was sevefal éegrees
lower with a resulting expansion of 0.020 to 0.025 inches as compared to a

calculated velue of 0.022 inches.

In the 1.0 mm thick singlc plate assembly longitudinal expansion was
0.0C1 inches. Calculated expansion was 0.007. Leateral expansion of assem-
blies containing 1.0 mm and 1.5 mm thick active plates wes less than experi-

mental accuracy of the measuring instrument of 0,002 inches.

Bowing in the single 1.5 mm thick platc subassemblies was of the order

of 0,025 inches, Figures 17 and 18, The cbnormally large bow was caused by
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a much too severe temperature drop across the plate edges which resulted in
stresses that were high by a factor of two over the normal case. Work was

dropped at this point in favor of the then available multiplate assemblies.

A last point which should be mentioned is the effect of a temperature
gradient across the width of the assembly side plates. In some tests in
which spray cooling was used the top edges of the plates remained 5 to 8° C
cooler where water first contacted the metal surface than at the bottom edge
vhere the water had gained hecat. A bow of 0.002 inches in the direction of

the cooler top edge resulted.

8.0 ESTIMATION OF ERROR

Temperature results may be considered accurate withi:1;£2° C. Plate
expansion data are cccurate to 4+ 0.002 inches. Plate deflection values are

accurate to 4 0.001 inches.
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9.0 APPENDIX

9.1 Derivation of eguation defining temperature digtribution in a uranium

by

assembly baced on neutron flux pattern, G. F. Quinn, R. B. Briggs,
and We Bo Allred

The power generation function over the length of an assembly is given
£ (n) = cosrx/L
where: x = distance from center of assembly, ft.
L = distance for an angle change of 77, fte.
It follows that the heat generation function will be the same.

In the assembly the active metel length 2b, is 60 cme. or 2.0 ft. Re-

flector requires an addition of 9 cm. to each end, L = 78 em. or 2.5 ft. If

Q is Btu/hr generated over the length, the pover generated at any point along

the length of active element is

2) dQ=4cos rxd x
L

A is a constont depending on Q, and determined as follows:

b
Q= //é Q= é//// cos 77 x_  d X
J -b L

Integrating and simplifying

Q= 2 AL (sin 457Db )
" L
Solving for A

3) A= T
m (Btu/(hr)(£t)
L
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If W #/hr of coolant with hent caopacity C and inlet temperature of
Ty flows through an annulus the temperature at any distance x, T, is given
by: X
e (Ty = Ty) = A//’ cos 77'x_ dx
) L
By integrating and collecting terms the equation becomes

4) Ty -Tyg=_AL (sinzmx # sinarb_ )
cn77 L L

If Ty is temperature of sluminum surface, the heat removal may be
equated as:
(T = Ty) h pdx = A cos Z7x_ dx
L
Tlhere p represents the perimeter of heat transfer surface on a plane
normal to the axis of the assembly.

5) T, ~T, =_4A cos rx
" hp L

Equating 4 and 5 and solving for Ty
6) Tp= _A (cos Zrx) #_AL_ (sin 7z £ sin 7Zb # Ty
hp L ik L L

9.2 Derivetion of Curve for Temperature Gradient at Edge of Sandwich -
Ge Ascoli and R. N. Lvon

Consider the case of a fin infinitely wide in two directions from an
interface. Sce Figure'2. The y direction is along an enriched uranium
sandwich. The f direction is along the aluminum sealing strip. Assume
heat is either transferred along y axis or lost at fin surfaces. Unit length
is considered. Assume conductivities, K, of sandwich and sealing strip are

equal.
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For i N2 For 1 3
- )
Heat flow is Heat flow is
Gy = - tK _dly (1a) - Qr = - tK _4Tf (1b)
d af
v

where t = fin thickness

- heat transferred per unit
time in f direction

H

K

&
L)
]

coefficient

Ty = temperature above water . i

|
{
thermal conductivity i
i
!
temperature

is heat transferred per = |
unit time in y direection

Differentiating Differentiating

dQy = ~ tK __(_'_l_z_%‘y__ _ (2a) dor - - tK _g_2_2_f__ (2b)
dy dy [ df ar

But by heat balance g But by heat balance.

Gy o~ -2 b0y = - (2 4Ty ~o) (32) | fr = - 20 (3b)
v ,

if &~ = total heat produced per ;
unit y :
“h = film coefficient h = film coefficient

Substituting for 4g in

Substituting for dof in equation (3b)
af

dy
equation (3a) and changing sign and’' and substituting
substituting 1 dR(2hTy —o) 5 1 _d2(2nTr)
2h dy2 ? 2h T afe

for 4T ; for dzTﬁ

ay? : af
K d2(2hTy -« = 2hTy - o~ (4a) Kk a2 gthS) = 2 hTf (4b)
2h dy’ y . 2h ar

A general solution for this . The general solution is

differential. eq2ff%:n is fﬁ; ; ./Tﬁ ) _ /__ .
;Bye/xﬁ(ss-); 21r11~f.zs¢'<af/1't ,l}afei/Kt (5b)

2hT; —o~= Ay & Kt °

y
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where Ay and By are constants Ar and Br are constants
Vhen y becomes large, Ty approaches Then f becomes large, Tf .0
the finite limit, Ty = &
2h
Ay must be O A =0
Now - Now
£l v = f
2nTy -~ = Bye ¥ KU 2hTy = Brfe } Kt
Solving for Ty Solving for Tf
/— ¥y /—E f
Ty = EE e / Kt © £ o (6a) Tp = _ﬂ e ¥ Kt (6b)
2h
Then y = 0 then £ = 0
2hTy ~0 =20y -~ 2hTr = Bp = 2hTy
Where Ty is temperature at interfacd. There T; is temperature at interface.

At the interface | Then
By = By =g~ (72) Be = By £ o~ (70)
Next differentiate Ty in Eq. (6a) Next differentiate T in Eq. (6Db)
with respect to y with respeect to £
.d_T.:,c-—--%w@e//Kt Q.Tf_=~_f;f71J
dy 2h [/ Xt af 2h
g VE | 5 /R
= tK 2h 8a Qf = tK Bf \f&2 . .6 8b
Eﬁ e | L\e (8b)
i y=0 L M f=o0
i
Qi = tK QEZZgg | ory = tX Bp 2/32
2h/ tK : 2h / Kt
or in terms of Bf é or in terms of By
|
Oyi gm/" Jm 1 %r-&m;ﬂ§¢mm;f‘
2h / & : 2h /Kt 2n / tK



By heat balance
Qyi = - Qfi
Substituting in terms of By

tK \/2h By = - K

2h 7 Kt 2h
e LKZE I
2h Y Kt
Simplifying
2By = - »~; By =1z%:L

Substituting value fo;_gy
-1 /2h

Y 4L
2h Ih
Since Ty = f’*
Ty = Tn, -Tme/Kty
z
mEg -
¥
Ty = Tn —Tle;éxt

_m..

(9a)

‘/EA By ~
Kt

(lOa)i

(11a)

|

in eqe (64)

ORNL — 113

By heat bezlanece

ofi = - Qyi (9pb)

Substituting in terms of Bf

% /2 Bf-—-tK /2 Bf #
2h / Xt l/

Kt

Simplifying

2B =on; Bf = (10b)

2

Substituting value for Bf in Eq. {6b)

= /2h ¢

Te= o ol Kb

(11b)
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Modification of case of Temperature Gradient
at Edge of Sandwich Plates when the Side Walls
are considered an Extension.

From the case of the fin in Appendix 9.2 the heat flowing past the inter-

face between the sandwich and sealing edge is defined as

Qvi = tK By )//5___5'
2h

where t = fin thickness ft

k = coefficient of thermal Btu/hr/ft?/ft/CF conductivity
h = heat transfer coefficient at fin surfaces Btu/hr/ft2/°F
By = 2hTy - 2hTy defined from equation 6a when
y = 0 in Appendix 9.2
T4 = Surface temperature above water temperature at interfac; -
0
Tp = Maximum surface temperature of fin above water temperature-

Tt then can be reasonably assumed that the heat flow at the interface as

ghown in Figure 19 is the same as for the fin.

Qyi = tK (2hTy - 2hTp)
2h tK
= 0.0049 x 124 (41) |/ 2 x 5175
} 0049 x 124
Qyi = 3260 Btu/hr

It is next assumed that the same heat loss occurs in the 1 m.me fin
between the interface and block as would ocecur in the first millimeter of an
extended fin as in Appendix 9.2.

b = Qyicgk) = 3260(27 °F) = 2150 Btu/hr.
i
where: Tp is surface terperature above water temperature at block
junction - ©F

Qp - heat flow at block junction - Btu/hr.
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A graphical method as used by Meadems(11) ,is now used to ascertain the
flow pattern through the side wall block. The portion of the side wall shown
in Figure 19 is typical for any sandwich plate. Surfaces A and B are con-

sldered as boundaries across which no heat flows.

The block is arbitrarily divided into channels which represent equal
quantities of heat flow., Isotherms are then fitted to the flux channels such
that the transcribed blocks are approximately square and the lines cross as
perpendicular planes. The squares although unequal in size represent a
constant AT betueen isotherms and a constant heat flow Between flux lines,

Q is then divided arithmetically according to the graph, and the system is

tested to determine whether the & AT drop across the block and the surface h
values satisfy the Q conditions of heat transfer. Calculations show that the
case where 0.57 Q flows to the inside wall and 0.43Q flows to the outside wall

satisfies the conditions of heat transfer.

9.3 TEMPERATURE GRADIENT THROUGH THICKINESS OF PLATE

Yhen heat is removed at different rates from opposite faces of a reactor
sheet there results a linear temnerature variation across the plate superim-
posed on the normal symmetric distribution. The following discussion proves
this statement and derives equations to determine the temperature differences.
Refer to Figure 5. (1) and (2) inactive cladding, O alloy layer, heat

source = Q Btu Conductivity = k. R = h/k (temp. base line in Figure is
T :

11. McAdams, '« H., "Heat Transfer," McGrau Hill, 1930, Page 16,
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t1 £t2 _ 0 ). The heat diffusion equations are d%t = 0 in (1) and (2);
5 axe

d%t = -Q in O, Putting t = (t1 £t2 A t2 - t1) £t' we have d%t' = O in 1

ax2 2 h dx
1,2; ' = -Q in O with t' (- h) = t'(2) = O. From this it is obvious that
& &k 2 2

t' is an even function of x, thus proving the statement. From heat bhalances

in the two faces we have tp =~ t) %.g = 4] - T and t] ~ 12 %‘Q = (t2 -T2)

Solving this system of equations we have

Q
t2 ~t1 =(To-T1) £2 (Ro - R1)
RAR AR
R

8

ty =T £ To =T £2 (R4 2R2)
REAR #Rp
Eryrie

and a similar expression for t2.

C./ ABNORRAL CHANNEL ¥IDTH

If the width of a channel differs from that of its neighbors, the
changed rate of flow of the coolant results in diff'erent water and plate
temperatures. The following paragraphs indicate how these effects may be
estimated. Refer to Figure 6. These simplifying assumptions have been made:
the temperature and heat transfer coefficient in channels 2 adjacent to the
abnormal charnecl 1 (seec figure) arec taken as those prevailing in a channel
under normal conditions and the temperature drop across the plates is neglected.
Calculations not shown here have indicated that these assumptions lead to a

very small error, In the figure and in the following, absence of subscripts
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indicates normsal conditions and the nomenclature except as shown is that
used in Section 9.3. By heat balances on the channel and plate in question
we havei

W] = ATy = 203(t1 = T7) and Up(ty - Ty) # U(t1 - 1) = (1)

D ——

X

[oN

Solving the second equation for t] and substituting in the first one we have

after introducing the symbols of the flgure and using W 4T = Q:

dx
t1 = F_T _4__q _anddd Fmigz Qy cos 77X (2)
T el ™ E TN L,
where m = 204
L, = length of cosine flux distribution curve
The solution of the differential equation iss
Aago Flg_m-D . Lo sin Trxy - d)
| A e e LA eflF
(7T w? Y
Q cos I x (3)
U Lq

The constant of integration C is determined by the condition A = O at the
inlet, B is determined directly from the width of the channel, while < must
be obtained by trial and error since it depends on the water temperature. The

plate temperaturc may then be found from Abr using the first of (2) and

t =T # Tt -ty o L fol- Q.
—%ﬁ— 1 QL;‘-& l;‘»x~ 2U

Figure 7 shows tho result obtained with the design data of Section 2.0, the

results shown applYing to both designss
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