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STATEMENT OF PROBLEM

Perform a thermal analysis on the SNAP 2 and SNAP 8 reactors
modified for use in an under water environament SNAP 6 systen.
The primary purpose of this effort is to determine the limita-
tions that exist in the S8MAP 2 and 8 reactora when operated

at B8NAP 6 conditions.
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ABSTRACT
The following specific items are contained in this report:

&

l. Maximum fuel element thermal stress as a function of core
power.

2. Maximum fuel and cladding temperature as a function of core
power and exit NaK temperature for Nak AT's frem 100°F to
4O0°F.,

3. Pressure drop through core as a function of flow rate.

h, Fuel element swelling as a funotion of core power and
fuel temperature.

5. Maximum reflector temperature as a function of core power.

Thermal stress considerations limit the power in the SNAP 2
core to 150 kw and that in the SNAP 8 core to 1000 kw. The
problem of fuel element expansion may lower these limits, e.g.,
for a 2% allowable expansion and a fuel temperature of 1100°F,
the maximum power for a five year 1lif
becomes 500 kw.
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1.1 Results The maximum thermal stress has been calculated for both
the SNAP 2 and SNAP 8 corees as a function of the power level. In
Figure 1, the curve for the SNAP 2 core was based on a peak-to-average
flux of 1,91, while that for the SNAP 8 was 1.82. The maximum thermal
stress is directly proportional to the peak-to-average flux, the
reported values can be corrected for any change in the flux dietri-
bution.

1. THERMAL STRESS

At the present time, the maximum streas in the fuel elements is
limited to 20,000 psi, and is essentially independent of temperature
between 1000~1400°F. Since little data are available to support this
value, & safe design limit should be somewhat less than this, perhaps
15,000 psi.

The maximum power for the SNAP 8 core is therefore approximately
1,000 kw, and that for the SNAP 2 core is 150 kw, from a stress stand-
point.

1.2 Method¢l) The maximum thermal stress, o.., for a cylindrical
fuel element may be calculated from the relationship:

Tpax = % Smax 2 (1 (1)
8k 1=V

When the fuel elements are in a triangular arrangement, an additional
term must be included to account for the asymmetrical flow of heat.

The above equation then becomes

Bt Quayx r2 (w

= 1
O’mx T + m ) (2)

Where «’ is a function of the pitch-to-diameter ratio Ao

1.3 Sample Calgulation Values of the constants used in equation (2)
were the following:

107 pai

6.7 x 10~6 degree=t
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1.3 Sample Calculation (Continued)

For the SNAP 8 configuration, the value for  was 0.62, and for
SNAP 2 it was 0.68. The diameter of SNAP 8 fuel elements is 0.53h4
inches; that for SNAP 2 is 1.21 inches.

When the SNAP 8 core is operated at 500 kw, the maximum heat genera-
tion rate is 6.92 x 10° Btu/hr-ft>. The maximum thermal stress from
equation (2) is therefore:

_ 107¢6.7 x 1076)(6.92 x 106) [0.534)\2 1
T max b(12) 2(12) 62 + 2(1 - 0.3)

= 6.32 x 10° psi

2. TEMPERATURES OF FUEL AND CLADDING

2+1 Results The maximum temperature in both the fuel element and
in the cladding has been calculated as a function of both the reactor
power and the NaK AT rise through the core. The difference between
the maximum temperature and the exit temperature of the NaK is
reported here. Figures 2 and 3 show the maximum fuel and cladding
temperatures, reepectively, for the SNAP 2 core. Figures b and 5
show the same for the SNAP 8 cores..

Since a satisfactory method for determining the temperature distri-
bution in a fuel element in a SNAP core configuration has not yet
besn developed, these reported values are only approximately. (gs
allowance has been made for the hot~channel factor, about 1l.22V¢/,
which includes deviations in uranium content, hydrogen distribution,
neutron flux, and coolant flow. Nevertheless, these temperatures
should be satisfactory for preliminary design purposes.

Temperature limitations do not appear to present a serious problem.
A temperature of 1400°F in the coating is the limiting condition.
The maximum coating temperature reported here, that for the SNAP 2
core at 150 kw power with a NaK AT of 100°F and exit temperature of
1100°F, is 1300°F.
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2.2 Method By considering the fuel element as a thin rod with heat
- generation proportional to the flux distribution and bounded by a
coolant whose temperature also depends on the flux distribution, the
point at which the wall temperature is a maximum can be found. In
this calculation the resistances of the cladding, ceramic, and hydrogen
layers were included in the heat transfer coefficient of the coolant.
The maximum fuel temperature, assumed to be a maximum at the same
height as that of the wall maximum, was then calculated for a single
fuel element. The maximum cladding temperature was taken as the
difference between the maximum wall temperature and temperature drop
across the hydrogen layer. The temperature of the ceramic was set
equal to that of the cladding.

When these results werp applied to the triangular arrangement of fuel
rods in the SNAP ooreJ@Jthe estimated effect of the asymmetrical cooling
had to be included. For the SNAP cores, the maximum fuel temperature
was estimated to be ATy higher than the normal maximum, where AT,

was the normal center to wall temperature difference for a single

fuel element. The maximum cladding temperature was estimated to be

ATy higher than normal for SNAP 8 and 1.25 ATe higher for SNAP 2.

Values of constants in these calculation were as follows:

keyel = 12 Btu/hr-ft-°F
kcor = 1

Keiag = 18
kgs = «25

0.001 in.

xc er

X.154 = 0.010 in. for SNAP 8, = 0.015 in. for SNAP 2

Xg2
hyax = 10,000 Btu/hr-£t2-°F for SNAP 8, = 5,000 for SNAP 2

0.001 in.

Peak/Average radial flux = 1.3

- a‘* 7{ Z- s
Point/Average axial flux = l.4 cos T (r 0.5) for SNAP 8

v/ Z .
= 1.47 cos 157 (r 0.5) for SNAP 2
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3+ PRESSURE DROP The variation of pressure drop through the core
assembly with flow rate is shown in Figure 6. These values do not
include the static head, which is about 0.5 psi.

These results were based on a calculated pressure drop for the SNAP 2

and a measured pressure drop for SNAP at their respective design flow

rates. Pressure drops at other flow rates were assumed to be directly
proportional to the velocity squared.

4, FUEL ELEMENT BURNUP

4,1 Results Present dat43lndicate that the rate of swelling of the
fuel elements is about five times the burnup rate at a fuel tempera-
ture of 1200°F, two times at a temperature of 100°F and equal to the
burnup rate at lower temperatures, Figure 7 shows the increase in
volume of the elements as a function of power and temperature for a
five-year life.

Not enough data are available at this time to establish the burnup
limitations of the fuel elements. Experimental work is now being done
to define these limits. A conservative limit is set by the gsometry
of the element - the fuel may swell until it contacts the cladding.
For a .001 inch hydrogen gap in the SNAP 8 element, the maximum
swelling is less than 1.5%.

4.2 Sample Calculation To operate at 100 kw for five years requires
4,95 x 1353 fissions. Since the fuel volume of the SNAP 8 core is

1.28 x 10% cc, this requires an average fission density of 3.87 x 1019
fissions/cc. At t&; center, the fission density will be 1.82 times
this, or Z.Oa x 10+7, Without the hydrogen, the fuel contains about
k4 x 102 atoms/cc. Burnup is, therefore, 0.16%. For a fuel tempera-
ture of 1200°F, the element will swell by a factor of five times the
burnup, or O.8%. If the maximum permissible swelling is 2%, the
maximum power level is 250 kw.

5. REFLECTOR TEMPERATURE

5«1 Results The maximum temperatures in the reflector, control
drum, and pressure vessel were calculated as a function of core power.
These results are shown in Figure 8 for a NaK entrance temperature
of 800°F and exit temperature of 1000°F.

s  {NCLASSIFIED

730-v-45 (REV 5-59) 5




AI-MEMO T8LO

Page 11 of 16

g o

[k R
e RS FRNE

131

¥

ASSENBL

3 ANSAVA

2%01-65E

Roto i
HONI

k]
3

SS3 ® JFA4NIN
H1 OlL 02 X 02



AT-MEMO 73k0

1o O 0 O IS Y O I O O A IEREEEED
[ 3 - 1 + - LS Bl ]m - R * AL R ¢
[e) S . - “ i ]
o -
~ R B I L I
of ’ r f T
& s " \ | A, | ,
M 3 I}
I N
o+ i W + M
Y MMQ * W, * } JW / .
H 14, 1= _m " _— * “ fa /
SERRENS - A A A I O 0
. ! , 1 : e
L .1 ] N\ B =gl SRS SSaN] S s ST
S N |y W \ =) vy Pholks S o 5P 8 e
. . L 4 |- + ] H TT
ERENNE o || NEEESERENENRRRE S
T T 3 1 Ny P p npa S necax Aupm SRSSE QUL waney
s g = i e oﬁv\ | b / 1..4 B N R e =
T ] - N ES A T A} 4 g g ~T {7
- N w : M \ 3 S8 2
ey ] o ] pajres prusy gangy
S8 m u WM g* f / \ / |} s (O e A ity s
T h Y ¥ e - a - i ] -y -
g Py \y 1 ﬂ / ~f & | e
= 1 ! N —p 3 %= fee o
e BRS [ , \ G o JY Lo
e R B i kO . NG TR
1 [ AL oy papn
- o ! i ! . _ 7 i\ N - A o ! = ]
f ] i 3 I B R BN NN\ TS =
3 . ! . tuﬂ ”i ! b i I ! _ ! ' / I . = - ~ s I
. B ‘ | Ty ‘ P ' ~| i ’ | R B T
—_ w k n _ t w N H» / \ . - 1 - )
T . <~ INCNC T TR
R T T T T NS TR N I
— , , ; , _ | - NP A B
| | | T [aal o
I f S S I NS S /f/ ‘/“u/, SO A S
- i i M ) SIREE TR DU NESN S¥cs
. ! 1 . hﬁ o ﬂw . ~ NN / + 1= =
: T T T T SN
SoeRlRaE TS -
- 1 . ) | ' 1 N
¥ w T ! m | * M M_ ! 9 T .
[N t - I o
. ~ I .
T o 1 i s e e i S
o ] 1. i + NIN) ' : i ! i I»l HM. ]
| AP ! T - 1 1
] # W)V . m ) !
] ! } W w r »
. . _ ! E | M I 2SS
onol-668  HoNIanLoLozX 0 X
. . N »




Page 13 or 16

AlL=MLDN | WaU.

4

45

XTV
1 b
Ll

4

1

T

T
!

T
!
‘F

7
ty

T
el

ki—r

+ 4
[+

Lo}

1

T

-1 - = ] ! ] A
%”1.6\ ey _ w -
1T , I f . =
T ﬁ g ]
- } Aﬁ 1
" } w _
s 1 %[ { -
N w ﬂ
N . | w i
~+——1- r I ]
bt | 4 ]
N T
k¢ |
»
1/ ] W 12, | |
/Ir * L B | [
i _ Qﬁf ) 1
N P

THI

En¥ ol

f

MiSEs

a—
g2
20

R

FERLATI KE

T
1

¢

Y

i

4

T+

Tl
. .

,i‘

T

Sy

Fiure Eﬁ

B T SR S

-

) EC TR

o
S

i3

PESU PV N

g e e e

o

13

I P77 Vol
Y

—dd e e
g

[
|
[ t
I, S /7 ] S / _
MINIERERNS TN
\ ] HIEA. U W . . 1 |
] : — e : waiitﬂr -
; v ! L !
p { W | : m w L) “r
# - —t - — +
: SR . I PR A I R
w i L&N Wﬂﬁ htGmétmN | w
—_— — —— ; m 1
i ql m m I I
{ ~ { 1 ;
OYUGI-6EE  HoMIamioLorxor XM




NO. AI-MBD 7840
DATE
ATOMICS INTERNATIONAL PAGE 1k OF._ 16

A Division of North Amcﬂ'cm; Aviation, Inc.

Although the values of quantities used in this calculation were
approximations, these temperatures should be sufficiently accurate
for this preliminary design study, the purpose of which is to deter-
mine the limitations of the SNAP 6 system. The results of this
calculation indicate that the maximum temperature, that in the con-
trol drum, does not limit the power level in SNAP 6 to less than

1 Mw. However, the factors which control the temperature in the
reflector should be considered in the design of the SNAP 6.

The significant resistances to heat transfer are across the gaps
between the core and reflector, the control drum and reflector, and
the pressure vessel and reflector, and through the pressure vessel

and lead shield. Not much can be done to change the resistance
through the vessel wall, but that across the gaps may be changed
considerably. By using helium for the gas in the void space, one
takes advantage of its high thermal conductivity to increase the

heat transfer across the gaps. In addition, the surfaces of adja-
cent pleces should be coated to increase their emissivity, and theredy
increase the rate of heat transfer via radiation.

5.2 Method The geometry of the reflector was simplified to that
of a solid cylindrical shell with an 1/8 inch gap between it and the
core and an 1/4 inch gap between it and the vessel wall. Under these
conditions, about 75% of the heat generation was due to the core
gammas. The energy absorbed in the reflector was approximated to be
2.3% of the core power and that absorbed in the vessel wall adjacent

to the reflector was approximated to be 3.5% of the core power. The
reflector temperature and maximum wall tzypsrature were then deter-
mined, using the Reflector Heating Code

The temperature of the control drum was set equal to that necessary
to transfer the heat generated in it to the reflector. It was esti-
mated that if the boron were added to the reflector, the heat genera~
tion rate would be increased from 2.3 to 3% of the core power. The
heat generated in a single control drum, 0.25% of core power, was
obtained by assuming that the volume of a control drum was 1/12 that
of the reflector shell. The gap between the control drum and the
reflector, across which this generated heat must be transferred, was
1/4 inch.
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$.2 Method (Continued)

At a thermal power of 1 Mw, 33% of the heat generated in a control
drum was transferred to the reflector via conduction through the
helium, the rest via radiation. Since the rate of transfer by radia-~
tion decreases rapidly with decreasing temperature, at lower powers,
most of the heat is tranaferred by conduction.
The following coefficients were used in this calculation:

kye = 0.15 Btu/hr-ft-°F

kB = 72

kpe = 12

kpp = 18

hey1m = 100 Btu/hr-£t2-°F

Core € = 0.3
Inner Reflector &€ = 0.15
All Other Surfaces € = 0.5

Note: Hydrogen loss has been estimated to be about 1.8% for the reactor
operating for 5 years with a cladding temperature of 1150°F. (5)
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