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ABSTRACT

This report summarizes the thermal and hydraulic perform-
ance of the SNAP 10A reactor. The anticipated flow distribution
and pressure drop are discussed. Nominal steady-state tempera-
ture distributions for the core average, edge, and center fuel ele-
ments are given. Maximum temperatures within the center fuel
element are estimated by considering hot-channel factors, which
include the effects of eccentric fuel rods, tricuspid channel geom-
etry, and uncertainties in power and flow distributions. Thermal
stresses, associated with the resulting '"hot'' element temperatures,
are investigated. Several startup transients are analyzed; in each
case, maximum temperatures and temperature gradients are de-
termined and the resulting stresses investigated. Particular em-

phasis is placed upon the startup of the flight system in space.

The analysis indicates that the SNAP 10A reactor is a conser-
vative thermal design; all temperatures and thermal stresses,
during startup and steady-state operation, are well within design

limits.
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I. INTRODUCTION

A. SNAP 10A POWER SYSTEM

The SNAP 10A reactor is intended for use as a primary power source on
satellites and other space vehicles. Generation of power in space requires a
compact system with remote control capabilities, long life, high reliability, and
an ability to operate in a space environment characterized by a high vacuum,
meteoroid showers, and other phenomena not common to terrestrial environ-

ments.

The SNAP 10A power system (Figure 1) employs thermoelectric elements to
convert the heat developed by a compact nuclear reactor into electrical energy.
Circulating liquid metal (NaK-78 sodium-potassium alloy) transfers the heat gen-
erated by the reactor to the thermoelectric elements. Electrical power is gen-
erated as a result of the heat transfer through the elements with heat rejection
to space. SNAP 10A system details and operation are described in detail in

Reference 1, and a summary of design parameters is given in Table 1.

The reactor subsystem (Figure 2) includes the reactor vessel, beryllium
external reflector structure, reactor support legs, thermoelectric pump, and
radiation shield. Active reactor control is effected by four movable drums in
the reflector assembly. These drums are used only during reactor startup,
steady-state control being passive, that is, based on the inherent negative tem-
perature coefficient of the reactor. The radiation shield, located directly below
the reactor, protects the electronic hardware within the instrumentation

compartment.

B. SNAP 10A REACTOR

The SNAP 10A reactor core (Figure 3) is composed of 37 moderator-fuel
elements. These elements are arranged in a triangular array, on 1.26-in. cen-
ters, to form a core which is hexagonal in cross section. The overall dimen-
sions of the active core are 8.750 in. across corners, approximately 8 in.
across flats, and 12.250 in. in length. The core assembly is contained within a
cylindrical reactor vessel of Type-316 stainless steel. The vessel has an in-
ternal diameter of 8.875 in., is 16 in. in length, and has a minimum wall thick-
ness of 0.032 in. Internal side reflectors of beryllium are used to round out the

hexagonal core configuration and fill the void spaces in the core vessel.

NAA-SR-9903
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TABLE 1

SUMMARY OF SNAP 10A REACTOR DESIGN

PARAMETERS

Operating Conditions
Reactor power — average (kwt)

Net electrical power from system — minimum
(watts)

Operating lifetime (yr)
Reactor inlet temperature (°F)
Reactor outlet temperature (°F)
NaK flow rate (1b/hr)
Core Parameters
Core radial peak/average power factor
Core axial peak/average power factor
Fuel element peaking factor
Number of fuel elements
Number of internal reflectors
Total active heat-transfer area in core (ftz)
Nominal heat-transfer coefficient (Btu/hr-ft2 °F)
Nominal core pressure (psia)
Minimum core pressure (psia)
Maximum core pressure (psia)
Calculated reactor pressure drop (psi)
Maximum fuel temperature (°F)
Maximum clad surface temperature (°F)
Core Dimensions (in inches)
Fuel element pitch (triangular arrangement)
Fuel element diameter (cladding OD)
Clad thickness
Fuel length
Diffusion barrier thickness
Diametric fuel-barrier clearance
Fuel diameter

ID of coated cladding

34
500

900
1010
4920

357

12.35
1500

10
0.168

1082

1061

.260
LoD

.015
25

.003
.004
212
214

— = O O N O =

B H K K K K KK
o O O O O o o o

.003
.002
.0005
.002
.001
.0005
.0005
.001
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Figure 3. Internal View of Reactor Core

The reactor fuel is a hydrided zirconium-uranium alloy containing 10 wt %
uranium and is hydrided to a nominal N;, of 6.35 (6.35 x 1022 atoms of hydrogen/
crn3 of fuel). The fuel is formed into rods of 1.21-in. diameter and 12.25-in.
length and is canned in Hastelloy-N cladding tubes. Internal surfaces of the clad-
ding tubes are coated with a 3.0 mil layer of ceramic glass material. This coat-
ing acts as a hydrogen barrier for the fuel. Each fuel element weighs 3.4 1b and

has an overall length of 12.82 in.

The elements are positioned in the vessel between grid plates of Type-316
stainless steel. End pins, 0.242 and 0.180 in. in diameter, engage holes in the
upper and lower grid plates, respectively, to position the elements in the core.
The lower grid plate is supported by a ring at the bottom of the reactor vessel.
The top grid plate is spring-loaded against the vessel top head to permit ther-

mal expansion of the core in the axial direction.

All coolant flow within the core is through the interstices formed by adja-
cent fuel elements or by elements and the internal side reflectors. The orifice

plate located below the lower grid plate was intended to produce the desired

NAA-SR-9903
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flow distribution: equal coolant temperature rise in all coolant channels and a
constant outlet temperature profile across the core. The coolant plenum cham-
bers, above and below the core assembly in the vessel, provide mixing space

for the coolant.

C. CORE POWER DISTRIBUTION

Because of the geometric symmetry of the 10A core and reflector, radial
and axial power distributions are expected to be symmetrical about the core
center. Local power peaking around the fuel elements is expected to be negli-
gible. There is no significant reflector peaking in either the axial or radial
plane. Because of small fractional burnup of fuel and resultant small control

system movement, little change of core power profiles is expected during the

design life of the reactor. For purposes of analysis, axial and radial power dis-

tributions can be represented by the following expressions:

1) Axial Power Distribution — Normalized to an average axial power

generation rate of 1.0.

P(z) = 1.47 cos (1.48 - 0.241 z) 0 <z <12.25 in.

2) Radial Power Distribution — Normalized to an average radial power

generation rate of 1.0.

P(r) = 1.31 cos (0.244 r) 0 <r < 4.03 in.

NAA-SR-9903
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Il. FLOW DISTRIBUTION AND PRESSURE DROP

A. FLOW THROUGH REACTOR

The NaK coolant enters the reactor via two diametrically opposed inlet noz-
zles located below the lower grid plate. The velocity of entry into the lower
plenum is 3.2 ft/sec in a direction normal to the reactor axis. Within the lower
plenum, the flow decelerates and turns to enter the core. The coolant first pas-
ses through the lower grid plate assembly: an orifice plate and a support plate,
separated by 0.380 in. The orifice plate contains 72 holes which correspond in
location to 72 flow passages within the core. The holes vary in diameter from
3/16 in. to 1/4 in. in steps of 1/64 in. The largest holes are in the center of
the orifice plate, and the size of the holes diminishes as the distance from the
center of the plate increases. After passing through the orifice plate, the cool-

ant enters the core through seventy-two 3/8-in. holes in the support plate.

The core flow area is composed of the 72 orificed coolant channels and 12
unorificed channels at the periphery of the core. The peripheral channels re-
ceive flow only by crossflow from the interior channels. Each tricusp channel
formed between three fuel elements has a hydraulic diameter of 0.151 in. while,
because of the smaller edge channels, the core average hydraulic diameter is

0.142 in. As shown in Table 2, the total core flow area is 6.04 in. 2.

TABLE 2

CORE FLOW AREAS

Hydraulic Total Flow
Number | Diameter Area
(in.) (in. 2)
Tricusp channels 54 0.151 3.987
Side channels 18 0.075 1.118
Unorificed peripheral channels 12 0.100 0.935
Total core flow area (in. 2) 6.04
Area of openings in orifice plate (in.?2) 2.60
Area of openings in baffle plates®(in. 2) 7.96

*The support plate and upper grid plate are herein referred to as
baffle plates.

NAA-SR-9903
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The coolant leaves the core through seventy-two 3/8-in. diameter holes in .

the upper grid plate. In the upper plenum, the flow converges to the outlet noz-

zle in the center of the top head, and leaves the reactor at a velocity of 8.2 ft/sec.

B. CORE FLOW DISTRIBUTION

Ideally, the core flow distribution would match the radial power distribu-
tion, and the coolant temperature rise in each channel would be identical. How-

ever, this ideal distribution has not been achieved because of:
1) Mixing between the lower orifice plate and support plate
2) Crossflow within the core
3) Nonuniform velocity distribution in plenums.

The flow distribution in a reactor is dictated by the flow passages which
have the largest fractions of the total pressure drop. If shaping of the flow dis-
tribution is desired, the device which does the shaping should consume more of
the overall pressure drop than do other incidental sources of head loss. When
the pressure drop across an orifice plate is only 13% of the total reactor pres-
sure drop, as it is in SNAP 10A, it should not be expected that the core velocity
profile will conform closely to the profile for which the orifice plate was

designed.

Circumferential or tangential variations in flow rate are induced by the non-
symmetric introduction of coolant at the entrance to the reactor. Near the top
of the core, the flow will converge towards the reactor outlet line. Convergence
can start in the core, by crossflow, before the flow reaches the upper plenum.
Although these effects have not been experimentally measured, they are suspect
because the reactor entrance and exit losses constitute 78% of the total reactor
pressure drop. It is expected that by the time the time the coolant has tra-

versed half the length of the core, the flow distribution will be nearly uniform.

The importance of the core flow distribution upon fuel element tempera-
tures can be assessed by a comparison of two limiting cases. First, in an
ideally orificed SNAP 10A core, where the coolant flow profile exactly matches
the radial power profile, the maximum fuel temperature would be 1048°F. Sec-
ond, if no orificing were provided and the velocity profile was uniform, the

maximum fuel temperature in the center fuel element would be 1078 °F. (These .
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temperatures are based on an inlet coolant temperature of 900°F.) This indi-
cates how small an improvement can be achieved by perfect orificing of the
SNAP 10A reactor, and, conversely, the effect that a 21% flow deficiency would
have on fuel temperatures. Since the higher of the two temperatures is well be-
low current temperature limits, and since the ideal flow distribution will not be
achieved, much of the SNAP 10A analysis is based on the higher temperatures
attained in a fuel element surrounded by flow-deficient channels; i.e., a uniform

radial flow distribution is assumed throughout the core.

C. REACTOR AND CORE PRESSURE DROP

Core pressure drop is made up of a fluid friction loss in the coolant chan-
nels plus orifice losses in the openings of the orifice plate and the two support
plates. In spite of the fact that the core is orificed, the pressure drop can be
approximated by using superficial uniform velocities based on the total flow
areas. Velocities are based on a reactor flow rate of 82 1lb/min. Pressure
drops are based on a smooth tube friction factor and a pressure-loss coefficient

of 1.73 for submerged, square-edged orifices.

TABLE 3

CALCULATED SNAP 10A PRESSURE DROP USING SUPERFICIAL
UNIFORM VELOCITIES BASED ON TOTAL FLOW AREA

Flow Area | Velocity | Pressure Drop

Reactor Component (in. 2) (ft/ sec) (psi)
Reactor inlet nozzle (2 req.) 1.29 3.22 0.054
Baffle plates (2 req.) 7.96 0.532 0.005
Orifice plate 2.60 1.60 0.023
Coolant channels 6.04 0.70 0.010
Reactor outlet nozzle 0.52 8.2 0.076
Total for reactor 0.168

The reactor entrance and exit losses are based on 1.00 and 0.23 velocity
head losses for sudden expansion and contraction, respectively. Since these
two losses make up 78% of the total pressure drop, accuracy in the total figure
must suffer due to inexact knowledge of entry and exit coefficients. Even though
the other losses are more uncertain, they are only a minor portion of the total
pressure drop.
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. lIll. STEADY-STATE PERFORMANCE

A. NOMINAL TEMPERATURE DISTRIBUTIONS

Axial profiles of the fuel centerline, fuel surface, barrier and coolant tem-
perature are shown in Figure 4 for the core center element and in Figure 5 for
the core average element. The core-edge-element mean fuel temperature, the
mean internal reflector temperature, and the non-orificed outer channel coolant
temperature are plotted in Figure 6. Temperatures shown in Figures 4 through 6
are ''nominal' or '""most probable' values and do not include hot-channel uncer-

tainty effects.

The highest fuel element temperatures and temperature gradients are at-
tained in the core center element. If, as assumed, the flow rates in all coolant
channels are equal, the center element will also produce the highest tempera-
ture rises in the adjacent coolant channels. This would not be true for a per-
fectly orificed core in which the coolant temperature rise would be the same in

all channels.

The maximum fuel temperature is 1078 °F and occurs 8.0 in. from the core
inlet in the center element. The maximum barrier temperature of 1051 °F occurs
on the center element near the upper end of the core. As indicated in Figure 4,
the major thermal resistances are offered by the fuel and the gas gap between

the fuel and the ceramic hydrogen barrier.

The calculations of the core-edge-element temperatures assume stagnant
NaK in the unorificed outer channel adjacent to the element. If flow occurs in
the outer channel (due to crossflow from the orificed channels), the core-edge-
element fuel temperatures will be somewhat lower. The relatively flat axial
temperature distributions within the internal reflector and the stagnant channel

are due to the high conductivity of the beryllium reflector.

Radial temperature profiles for the center and average fuel elements are
presented in Table 4. The profiles are taken at three axial positions: 4.3 in.,
8.0 in., and 11.64 in. above the core inlet. The second axial position is the lo-
cation of the maximum fuel temperature, and the third position is the location of

the maximum barrier temperature.
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TABLE 4

RADIAL TEMPERATURE PROFILES
AT STEADY-STATE CONDITIONS

Core Centerline Element

| Fuel Element Radius (in.)

Distance 0.0 0.606] 0.6085 10.6175
from Inlet ( ¢ 'rl' ) 0.203{0.326(0.425{0.504[{0.572| Mean| Mean |[Mean [NaK
(in.) centeriine Gas |Barrier| Clad
4,29 1006 1002| 996 989 982 975| 962 953 953 941
7.96 1070 1066|1060 | 1053 | 1047|1040 1028| 1019 |[1018 | 9007
11.64 1056 1056 1055|1054} 1052{ 1051 1049| 1046 | 1046 | 1043
Core Average Element
4.29 982 979 | 974 969| 964| 958| 948 941 941 931
7.96 1029 102710231018 1013|1008| 997 990 990 981
11.64 1023 102210211019} 1018{1017|1014} 1012 |1012 {1009

B. HOT-CHANNEL TEMPERATURES

Four basic hot-channel factors are considered in calculating 10A hot-channel

temperatures:

1)

Three percent excess power is produced in the core center (hot) ele-
element. This excess is due to uncertainties in the fuel loading and

in the axial and radial power distributions.

The flow rates in all tricusp coolant channels are equal. This implies
a 21% flow deficiency in the center (hot) channel as compared to

matched radial power and flow profiles.

The thermal conductance to the hot channel is increased 20% above
nominal. This corresponds to the fuel rod in the center element and
one of the other two elements bordering the hot channel being eccentric
towards the hot channel. The probability of all three neighboring fuel
rods being eccentric towards the hot channel is negligible. Although a
three-point contact between an eccentric fuel rod and its clad is most
probable (i.e., at top and bottom on one side and center on the oppo-
site side), the more severe condition of a line contact along the length

of an element was assumed.
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4) The average heat transfer coefficient of 1500 Btu/hr—ft2 °F was re-
duced 50% to obtain the minimum effective local heat transfer coeffi-
cient to approximate the effect of coolant stagnation within the cusps
of the channels and the local increase in clad temperature due to

neighboring fuel rods.

These four hot-channel factors are considered simultaneously to produce
maximum temperatures within the center fuel element. The resulting axial tem-
perature profiles for the hot element are shown in Figure 7. The maximum fuel
temperature is 1082 °F compared to the nominal center element maximum of
1078 °F, and the maximum barrier temperature is 1061 °F compared to the nomi-

nal maximum of 1051 °F.

C. DIFFERENTIAL FUEL-CLAD EXPANSION

Thermal expansion data for the fuel and clad are illustrated in Figure 8.
The clad material is shown to expand more rapidly than does the fuel; the

Hastelloy-N exhibits 29% more thermal growth between 70 and 1000 °F.
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Figure 7. Steady-State Axial Temperature
Distributions
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Figure 8. Thermal Expansion of SNAP 10A Fuel and
Clad Materials

As a basis for evaluating the minimum clearances during operation, the
minimum clearances at assembly were chosen. Combination of the fuel diam-
eter and the coated tube inside diameter (with their tolerances) yields a mini-
mum diametric assembly clearance of 0.0035 in. The minimum axial clearance

before welding of the end cap is zero.

At the point of maximum fuel temperature in the center fuel element, the
minimum steady-state diametric clearance between the fuel surface and the
clad ID is 0.0015 in. greater than the clearance at assembly. Between room
temperature and full power operation, the axial clearance (as determined by the
fuel and clad temperatures averaged along the length of the center fuel rod) in-

creases by 0.0159 in.

NAA-SR-9903
24




D. INTERNAL PRESSURE IN FUEL ELEMENT

The principal mechanism of pressure buildup inside the fuel elements is the
dissociation pressure of uranium-zirconium-hydride in equilibrium with gaseous
hydrogen. Tangential stress in the clad, due to dissociation, is plotted against
temperature in Figure 9 for fuel with an Ny of 6.35 and 0.15 wt % carbon additive.
A conservative approach to internal pressure evaluation is to assume that the
local pressure exerted on the clad is a function of the local fuel temperature (no
hydrogen redistribution). Stress rupture data for Hastelloy-N sheet were extrap-

olated to 10,000 hr and are illustrated in Figure 9.

Comparison of the stress level with the ultimate strength of the clad shows
that the maximum allowable clad temperature is 1430°F. Maximum expected
clad temperature in the SNAP 10A core is 1061°F. Therefore, excessive creep
of the clad due to internal hydrogen pressure is not a limiting consideration for

SNAP 10A conditions.
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Figure 9. Hoop Stress in the SNAP 10A
Reactor Cladding and Long-Term
Rupture Data vs Temperature

NAA-SR-9903
25



E. EXPANSION OF THE INTERNAL REFLECTORS AND GRID PLATES

Due to the high thermal conductivity of beryllium and the high heat-transfer
coefficients in the core, the internal reflectors will operate at temperatures
close to those of the adjacent coolant (Figure 6.). Axial expansion of the reflec-
tor between 70 and 950°F amounts to 0. 107 in. compared to the fuel element

expansion of 0.075 in.

The lower grid plate, composed of the baffle and orifice plates, will
operate at a uniform temperature of approximately 900°F. No significant

thermal stresses are induced in these plates.

The upper grid plate will have a radial temperature distribution matching
the core outlet temperature profile. For an ideally orificed core, the outlet
temperatures would be the same for all coolant channels. If a completely
uniform velocity profile were to exist, channel outlet temperatures would vary
by 80°F, with the center of the plate operating hotter than the periphery. This
gradient produces compressive stress in the center of the plate and tensile
stress at the edges, both of which are less than 8000 psi. This is below the
yield stress for Type-316 stainless steel at 1000°F, the 1% creep in 10,000 hr.
limit, and will not buckle the plate.
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IV. THERMAL BEHAVIOR DURING REACTOR STARTUP

A. STARTUP TRANSIENTS

Orbital startup of the 10A reactor is effected by inward rotation of the
four reflector control drums. Upon a command signal from ground, two drums
are snapped in to their operating position. The other two drums are then
stepped in at a nominal rate of 0.5° every 150 sec. The drum steps continue
until a temperature sensing device on the reactor outlet line records a coolant
temperature of 1010°F, at which time drum rotation is stopped: active control
is maintained for 3 days. If, during this period, the reactor outlet tempera-
ture falls below 1010°F, an additional drum step will be taken to insert
approximately 3 cents of reactivity. After 3 days, active control is discontinued
and the reactor power and temperature follow the inherent reactivity changes

within the reactor.

Four distinct periods of operation are discernible during startup: approach
to criticality and sensible heat, first penetration of power range, ascent to
operating temperatures, and active control at operating conditions. The
reactor will go critical approximately 6 hr after rotation of the fine control
drums is begun. Soon after criticality (approximately 20 min) enough energy
is generated within the reactor to produce temperature increases. These mark
the point of sensible heat. The first penetration into the power range follows
immediately. This period of time is characterized by a peaking of the reactor
power followed shortly by rapid increases in reactor outlet temperature and
flow rate. The initial power transient produces the largest temperature
gradients, and, consequently, the most severe thermal stresses during startup.
The initial transient is followed by one or more weak secondary transients and
a gradual increase in reactor temperatures to operating conditions. When the
reactor outlet temperature reaches 1010°F, drum rotation is terminated and

the active control period begun.

The stresses induced during the initial power transient are functions of the
source level encountered in orbit and the fine control drum stepping rate. In
addition, the nuclear and thermal characteristics of the core (e.g., fuel and
grid plate temperature coefficients, heat-transfer coefficient, fuel thermal

conductivity and specific heat) are important. The actual response is due to a
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complex interaction between the core kinetics, the thermoelectric pump, and the .

thermal and hydraulic characteristics of the system.
B. NOMINAL ORBITAL STARTUP

1. Startup Conditions

The nominal startup conditions are (Reference 2):

Orbit 700 mile elliptical orbit
Source Level 10_11 kw

Drum Repetition Time 150 sec

Initial Flow Rate 4.92 1b/min, 6% of full flow
Initial Temperature 70°F

For purposes of analysis, the following core parameters are established

as nominal:
Fuel Temperature Coefficient -(0.075 + 5.7 x 10_5 _T_f) ¢/°F
Grid Plate Coefficient (each plate) -(0.065+ 2.5 x 107° T, ) ¢/°F
Overall Thermal Conductance, UA (Figure 10)

The power, flow, and inlet and outlet temperatures during the initial
power transient (i.e., first penetration into power range) are shown in Figure 11.
These curves span a 240-sec period during which the power peaks at 43 kw and
the flow rate at 42 1b/min, 60 sec later than the power. Because of the long
system time constant at low flow rates, the inlet temperature does not respond

to the reactor transient until the maximum flow rate is passed.
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2. Temperature During Initial Power Transient

To evaluate thermal stresses within the fuel rods, transient radial tem-
perature distributions have been determined for the first 240 sec of the power
transient. Highest thermal gradients occur 5-1/2 in. from the lower end of the
center fuel rod; the corresponding radial temperature distributions are plotted
in Figure 12. The temperature gradient increases to a maximum 60 sec after
peak power and thereafter decreases. The peak fuel stress occurs at the fuel
surface where the temperature is lowest. Tangential stress at this point is
960 psi, well below the ultimate tensile strength of the fuel (o ¢ 15,000 psi at

the local temperature).

The fuel-to-clad temperature excess in the center fuel element reaches
a maximum 50 sec after the power peaks. At this time, and at a point 6 in. from
the lower end of the fuel rod, the difference between the local fuel and the adja-
cent clad temperatures on the center element reaches a maximum of 80°F (407 to
327°F) as shown in Figure 13. At this time, the difference between the axial
average fuel and clad temperatures on the centerline fuel element is 38°F (344 to

306°F) as compared to the steady-state difference of 29°F.
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Average fuel and clad temperatures are plotted in Figure 14 for the core
average element and in Figure 15 for an element at the edge of the core. The
axial clearance between the fuel and the upper end cap is also plotted for these
two cases. No axial interference occurs during the transient; the minimum
clearance is 1.0 mil, 80 sec after peak power. Because of the thermal expansion
characteristics of the fuel and the cladding material, clearances are somewhat

less at the edge of the core than they are at the average radial position.

Throughout startup and during steady-state operation, temperatures of
the hydrogen barrier and the Hastelloy N clad differ by no more than 7°F. This
can be shown by using a peak heat flux of 15,200 Btu./hr-ft2 corresponding to the
43-kw peak power during startup. For this heat flux, the temperature difference
between the inside surface of the 0,004-in. (maximum) thickness of barrier coat-

ing and the outer surface of the 0.0155-in. (maximum) clad thickness is:
_Q z AX
T = Al

15, 200 ( .0155 . 004

10.9(12) T 1(12)

) = 6.9°F

NAA-SR-9903
31



I T i T i T T
280 AVERAGE FUEL -
TEMPERATURE
240~ —
200 -
& AVERAGE CLAD
o TEMPERATURE
x
160 —
E
o
Lt
[N
g 120 —{ooos __
= &
—{ooos
AXIAL CLEARANCE g
80 —{ooo4 &
&
—0003
o
40 —oooz
I
—ooor %
o | i 1 | L Lo
o 40 80 120 160 200 240 280
TIME FROM START OF POWER TRANSIENT (sec)
6-16-64 7623-0370

Figure 14. Average Temperatures and
Axial Clearances for Core Average
Element During Initial Power

Transient

| T T | 1
280 I
240 —
AVERAGE FUEL
TEMPERATURE
_ 200} |
<
W
5 ol 4
g
@
d
= AVERAGE CLAD
oo TEMPERATURE —0006 =
ooos
(&}
80 —ooosa &
<t
~—0003 W
AXIAL CLEARANCE s}
40 —{0002 Ei‘
=
—0001 <
o 1 | [ T Lo
o] 40 80 120 160 200 240 280
TIME FROM START OF POWER TRANSIENT (sec)
6-16-64 7623-0371
Figure 15. Average Temperatures and

Axial Clearances for Core Edge
Element During Initial

Power Transient

NAA-SR-9903
32




The difference between the mean barrier and the mean clad temperature

does not exceed 4°F.

A relatively severe temperature gradient exists during startup at the
junction of the Hastelloy N clad and the upper end cap. The difference between
the average end cap temperature and the clad temperature 0.1 in. below the end
cap reaches a maximum of 72°F in the centerline fuel rod 30 sec after the tran-

sient power peak (Figure 16).
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As shown in Figure 17, the beryllium internal reflectors heat slowly
throughout the initial power transient, and the temperature gradients within the
reflectors are slight. The axial profile at the time of maximum core outlet
temperature (200 sec after sensible heat) is plotted in Figure 18; the maximum

temperature variation is less than 40°F.

3. Differential Fuel-Clad Expansion

The maximum fuel-to-clad temperature difference occurs 50 sec after the

initial power peak when the average fuel temperature in the center fuel element

is 407°F and the clad temperature is 327°F.

This is the most severe local condition in the core, occurring 6 in. from

the lower end of the fuel rod. These temperatures produce a net increase in the
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diametric fuel-clad clearance of 0.0004 in. The minimum axial fuel-clad clear-

ance during startup occurs on the edge fuel element and is 0.0010 in. (Figure 15).

4. Differential Clad-Hydrogen Barrier Expansion

Because the temperature excess of the hydrogen barrier over the adjacent
clad will not exceed 7°F during the life of SNAP 10A, the assumption of equal
clad and barrier temperatures can be applied in determining the differential

expansion at any point in the fuel element.

The combination of softening temperature of the barrier and operating
temperatures in the fuel element produces compression in the barrier during
fabrication and relaxation of barrier stresses between launch and operating
temperatures. The prestress diminishes during startup, reaching a minimum
at the steady-state temperature levels in orbit. The final temperatures are
below the softening temperature of the barrier material and well below the range

in which crystallization takes place.

5. Thermal Stresses in Clad and Barrier at Junction to Upper End Cap

The Hastelloy-N clad and the ceramic barrier are subject to maximum
tensile stresses at the junction of the upper end cap and the clad. These stress-
es are related to the difference between the average end cap temperature and the
adjacent clad temperature. As noted in Section IV-B-2, the maximum tempera-
ture difference between the end cap and clad 0.1 in. from the cap occurs in the
center element and is 72°F (Figure 16). The corresponding maximum tensile

stresses in the clad and the barrier are 28,700 and 9,600 psi, respectively.

The yield strength of Hastelloy-N is 40,000 psi at 500°F. This assures
an adequate margin of safety for the clad. Because of the bonding procedure
used, a residual compressive stress of approximately 25,000 psi exists in the
barrier when the element is heated to 400°F during startup. Therefore, the

barrier remains in compression throughout startup.

6. Thermal Stresses in Clad and Barrier at Junction to Lower End Cap

Discontinuity stresses at the bottom of a fuel element, where the blend
cup, barrier and clad are in contact, are induced by the differences in thermal
expansion between the cylindrical sides of the cladding and the lower end cap.
During the startup transient, these stresses are always less than the correspond-
ing stresses at the junction to the upper end cap. Consequently, the barrier

stress is always less than the precompression of the barrier material.
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C. STARTUP OF FS-1 GROUND TEST SYSTEM

Two preliminary startups precede the normal startup sequence on the 10FS-1
ground test. The first employs a fine control drum stepping period of 300 sec,
twice the nominal period. This test is terminated after the initial power peak,
the total time in the power range (above sensible heat) being less than 30 min.
The second preliminary test employs the design stepping rate of 150 sec, but is
also terminated after the initial power transient. During these two tests, the
maximum fuel temperature in the core will not exceed 520°F, After the prelimi-
nary tests, and presuming the reactor functions as predicted, a normal startup

leading to steady-state operation will be undertaken.

To assist in the evaluation of 10FS-1 startup, the effect of source strength
on the startup transients was determined. Source strength was varied by decades

1 to 10"8 kw. A drum stepping rate of 300 sec, an initial reactor tem-

from 10~
perature of 70°F, and an initial flow rate of 4.92 1b/min were assumed in each
case. The results are summarized in Figures 19, 20 and 21 where power, reac-

tor outlet temperature and flow rate are plotted, respectively.
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Figure 19. Effect of Source Strength on Power
Transient During FS-1 Startup
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The nominal equivalent multiplied source strength is 10_9 kw, furnished by
a 1.25 curie source inserted in the FS-1 system. The minimum possible source

level, 10-11 kw, is that provided by spontaneous fissions within the core.

The primary parameter affecting startup is the excess reactivity inserted
before the initial power peak. In general, the larger the source, the smaller will
be the reactivity inserted (fewer drum steps) prior to peak power and the weaker
the transient. Increasing the source level reduces the time required to achieve
power operation. Thus, with a fixed drum stepping rate, fewer steps are taken
before the initial power peak, and the excess reactivity is correspondingly de-
creased. This behavior is illustrated in Figure 19 where the power transients
determined for the four source levels are plotted. The larger power transients
produced by the weaker sources result in more severe reactor outlet tempera-

ture and flow rate transients (Figures 20 and 21). Maximum rates of change are

shown in Table 5.

TABLE 5

SUMMARY OF FS-1 STARTUP CONDITIONS
AS FUNCTIONS OF SOURCE STRENGTH

Source Maximum | Maximum Rate of Change | Maximum Rate of Change
Strength Power Outlet Temperature Flow Rate

(kw) (kw) (°F/sec) (1b/min-sec)

10-11 21.2 3.1 0.37

10"10 18.4 2.4 0.31

1077 15.0 2.0 0.26

1078 14.4 1.8 0.24

D. OFF-DESIGN STARTUP CONDITIONS

Table 6 summarizes the maximum thermal stresses anticipated for various
SNAP 10A startup conditions. The cases reported are:
1) Nominal startup, 23.6¢ excess reactivity — this is the nominal case
discussed in Section IV-B. The uncertainty in excess reactivity is one

drum step or approximately three cents.

2) Nominal startup with Hastelloy-C grid plates — this is identical to the
preceding case except for (1) temperature coefficients corresponding

to Hastelloy-C grid plates and (2) an earlier drum worth curve.
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TABLE 6

CONDITIONS OF MAXIMUM SEVERITY ENCOUNTERED
DURING FIRST TRANSIENT PULSE

T

| s

2 3 4 5 6 7 9 10
Nominal Hastelloy C | Additional Rapid Rapid Slow Drum | Slow Drum Zero Low af Low UA
SS Grid Plates Grid Plates | Drum Step | Drum Step | Drum Step | Low Source | High Source Initial (1/2 nom ) [(1/2 nom )
Rev Drum Worth P P g Flow

Drum stepping rate (sec) 150 150 150 50 100 300 300 150 150 150
Source strength (kw) 10711 10711 10”11 10711 10711 10711 1078 1071 | 107!t 10711
Time to sensible heat (hr) 6 69 6 15 6 15 2 12 415 12 14 12 05 6 15 6 15 6 15
Excess reactivity (cents) 240 23 6 26 5 380 297 17 4 i4 3 236 236 23 6
Peak power (kw) 43 0 42 0 56 2 127 63 5 211 14 4 43 8 64 2 49 1
Maximum fuel tempera-

ture (°F) 498 511 600 778 586 356 256 632 615 717
Maximum outlet tempera-

ture (°F) 354 371 420 550 435 286 246 466 450 635
Maximum rate of change

of outlet temperature

(°F/sec) 6 7 69 92 16 8 95 33 19 10 4 10 6 89
Maximum flowrate

(1b/man) 42 0 44 1 50 3 68 0 52 5 32 2 26 6 49 4 55 0 46 5
Maximum fuel stress

(ksi) 0 96 109 155 2 64 134 - - 175 174 -
Maximum clad stress

(ks1) 287 26 7 319 46 5 34 ] - - 40 3 34 5 37 3
Minimum barrier com-

pressive stress (ksi) 15 4 161 14 6 99 14 0 - - 117 13 8 131
Minimum axial clearance

(mails) 10 07 -10 07 - - 07 07 05

(interfer-
ence)

Center channel (power generation rate 31% greater than core average)
tCase 1l assumes stainless-steel grid plates all others Hastelloy C
Case 2 employs a revised drum worth curve



3) Increased reactivity, one additional drum step — identical to case 2 ‘

except for increased reactivity produced by added drum step.
4) Fast drum stepping rate, once every 50 sec.
5) Fast drum stepping rate, once every 100 sec.
6) Slow drum stepping rate, once every 300 sec.

7) Slow drum stepping rate with increased source strength (10—8 kw rather
-11
than 10 kw).

8) Zero coolant flow at initiation of startup.
9) Reduced fuel temperature coefficient, one-half nominal.
10) Reduced overall thermal conductance UA, one-half nominal.

The tabulation provides information on the effect of varying excess re-
activity, drum stepping rate and source strength. The most important parameter
affecting the startup transient is the excess reactivity: the reactivity added be-
tween criticality and sensible heat. Changes in drum stepping rate and source
strength produce changes in excess reactivity and thus indirectly modify the

startup transient.
E. TRANSIENT LIMITATIONS UPON STARTUP

1. Barrier Stress Limitation

The most probable mode of core failure during 10A startup is cracking of
the ceramic hydrogen barrier at the junction of the upper end cap and the cladding.
Due to the residual compressive stress of 25,000 psi (at 400°F) within the barrier,
a maximum tensile stress of approximately 35,000 psi, corresponding to a result-
ant tensile loading of 10,000 psi, can be applied to the barrier before cracking

occurs.

The most severe startup barrier conditions occur during the flow transient
which follows the initial power peak. During this time, the temperature gradient
along the cladding is essentially proportional to the clad-to-end cap temperature
difference, and the barrier stress can be directly related to this temperature
difference by the approximate equation:

Oy = 2.08 Eb o AT
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o, = barrier tensile stress, 35,000 psi maximum
Eb = barrier modulus of elasticity, 10 x 106 psi
o« = clad coefficient of thermal expansion,

6.45 x lO-6 in. /in. °F
AT = clad-end cap temperature difference, °F
Consequently, the maximum tolerable temperature difference is 260°F.

The most severe stresses occur within the centerline fuel element which has
an internal heat generation rate 31% greater than that of the core average. When
a clad-to-end cap temperature difference of 260°F is induced on the center ele-
ment, the corresponding temperature difference on the core average element is
approximately 23% less or 200°F. If a safety factor of 1.5 is assumed, the maxi-

mum tolerable temperature difference on the core average element is 133°F.

2. Maximum Duration of Outlet Temperature Transients

This temperature difference has been related to the severity and the
duration of the reactor outlet temperature transient. The clad-to-end cap tem-
perature difference is plotted as a function of the transient duration in Figure 22,
and the maximum allowable durations for the outlet temperature transient are
shown in Figure 23. Because of the 133°F limit, the more severe transients can
be tolerated for only limited times: a 30°F/sec transient for 6.7 sec, a 20°F/sec
transient for 13.1 sec, and a 15°F/sec transient for 23 sec. Transients of
11°F/sec or less will never crack the barrier regardless of how long they are
sustained. (However, limits are eventually set by temperatures reached within

the core or by axial interference between the fuel and the upper end cap.)
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Figure 22. Clad-End Cap Temperature
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APPENDIX A
CORE MATERIALS AND PHYSICAL PROPERTIES AT 950°F

Material Density| Specific Heat| Conductivity
(1b/£t3) | (Btu/lb°F) (Btu/hr-ft °F)

Internal reflectors Be 113 0.65 63
Grid plates 316 SS 495 0.135 11
Fuel ZrH + 10wt % U | 350 0.15 13
Fuel element cladding | Hastelloy-N 538 0.10 10.9
Diffusion barrier Ceramic 140 0.20 1
Coolant NaK-78 46.8 0.209 15
Gas gap H2 + 15 mm He 0.20

Vapor pressure of NaK at 1000°F (psia) 0.8
Vapor pressure of NaK at 1100°F (psia) 1.7
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APPENDIX B
COMPUTER CODES USED IN EVALUATING THERMAL PERFORMANCE

The analytic results summarized in this report were obtained by the use of

three digital computer codes:

1) HEAP: Hot-channel effects
2) TRANCORE: Single element transient temperatures
3) CORESECT: Core transient temperatures.

The Hot-Element Analysis Program (HEAP) incorporates various hot-channel
factors to calculate steady-state fuel, gas gap, barrier, clad and coolant temper-
atures for the core hot element. If all hot-channel factors are set equal to one,
HEAP determines the nominal steady-state temperature distributions within a
fuel element; the radial location of the element is set by the assumed radial

power factor.

Transient temperatures are calculated by the TRANCORE and CORESECT

codes. Both codes are divided into three routines:

1) Core heat transfer
2) Reactor kinetics, and

3) Thermoelectric pump

The two codes differ only in the thermal model; CORESECT simulates the
repeating one-twelfth section of the reactor core, and TRANCORE simulates one
fuel element with its associated coolant. Consequently, the former code provides
an overall picture of temperatures within the reactor while the latter presents

more detailed information on an individual element.

The three thermal codes are discussed in greater detail in the following
sections, and the appendix concludes with the specific application of the codes to

the SNAP 10A reactor.
1. THE HOT-ELEMENT ANALYSIS PROGRAM: HEAP

The Hot-Element Analysis Program (HEAP) considers a tricusp coolant
channel, defined as the hot channel, and the three fuel elements adjoining it, one
of which is the hot element. All coolant channels receiving heat from the three
elements, other than the hot channel, are considered to have the same axial tem-
perature distribution, i.e., a nominal distribution calculated by the code on the

basis of input data for core power distribution, core power, and coolant flow.

NAA-SR-9903
46




The code subdivides this model axially into 100 equal increments. The pro-
‘ gram then determines an energy balance and the temperatures at the downstream
end of each of the increments. The following hot-channel factors are used in the

analysis:

a) F The ratio of the maximum effective local surface film

thI:rmal resistance to the average surface film resistance;
this factor is introduced to evaluate the effect of circumfer-
ential variation in heat flux and heat-transfer coefficient,
resulting from the local variation of coolant velocity in a tri-
cuspid channel. The factor may also be used to obtain the

temperature difference across the clad and/or barrier.

b) FP: The ratio of element maximum power to nominal power;
this factor is used to account for the effect of uncertainty in
fuel element composition. FP may also include the effect of
uncertainty in reactor power distribution, but a preferred
method of accounting for this is modification of the input value

for nominal power.

c) FQ: The ratio of overall radial thermal conductance between
the point of maximum fuel temperature and the hot channel to
the nominal radial conductance. The nominal radial conduct-
ance is defined as the overall conductance between fuel center-
line and coolant for a fuel element with azimuthally uniform
heat flux. This factor is designed to duplicate the effect of
eccentricity of the fuel within the fuel element assuming that

the fuel touches the barrier adjacent to the hot channel.

d) FW: The ratio of nominal to minimum coolant flow in the hot
channel. This factor is used to determine the effect of local
flow deficiency due to imperfect orifice design and construc-
tion. It is assumed that no coolant mixing occurs between the

hot channel and adjacent channels.

The hot-channel factors FH and FQ are evaluated by studies
of detailed temperature distributions in a fuel element and
coolant channel. These studies generally use a nodal network
‘ analysis code, such as TIGER (Temperatures from Internal
Generation Rates) or TAP (Thermal Analyzer Program).
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2. TRANSIENT CODES - TRANCORE AND CORESECT

To simulate transient behavior of the SNAP 10A reactor, the two digital
computer codes, TRANCORE-10A and CORESECT-10A, were prepared. The
codes are used to determine transient temperatures and, subsequently, thermal
stresses within the reactor core. In addition, the codes predict power, flow and
reactor inlet and outlet temperatures. The codes can be used to investigate a
wide variety of reactor operational behavior: steady-state, startup, scram, loss
of coolant flow, etc. However, they cannot evaluate the effects of rapid reactivity

changes, i.e., operation near prompt critical.

Both codes are divided into three routines: core heat transfer, reactor
kinetics and thermoelectric pump. A schematic of the basic common code,
indicating the various inputs and outputs of each of the three routines, is shown
in Figure 24. As one would anticipate, the three sections are interrelated: core
temperatures are dependent on reactor power, flow rate and inlet temperature;
power is dependent on average fuel and grid plate temperatures; and flow rate is

dependent on reactor outlet temperature.

T/E PUMP ety
FLOW RATE REACTOR OUTLET
TEMPERATURE
e
REACTOR INLET REACTOR
REACTOR INLET e HEAT TSANSFER e CORE TEMPERATURE
AVERAGE FUEL
POWER AND GRID PLATE
TEMPERATURE
DRUM WORTH KINETICS o
DRUM STEPPING RATE i
SOURCE STRENGTH
6-16-64 7623-0380

Figure 24. Block Diagram of TRANCORE and
CORESECT Transient Temperature Codes
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The TRANCORE heat-transfer routine, using the physical constants associ-
ated with the 10A reactor, calculates temperatures for one or two fuel elements
within the core. The thermal model considers an element with its associated
lower and upper end caps, lower and upper grid plates, surrounding coolant and
the two plenums. The fuel element is divided into five radial and ten axial sec-
tions to give a fifty-node representation. Depending upon the radial power factor
used, the model is representative of fuel elements at various radial locations
within the core. Ten coolant nodes are employed, at axial positions identical to
those of the fuel nodes. The associated upper end cap and grid plate are each
divided into five radial nodes, matching those of the fuel elements. The mean
temperature of the fifty fuel nodes is taken as the average fuel temperature. An
average coolant temperature is similarly determined from the ten coolant node
temperatures. Average upper and lower grid plate temperatures are calculated

for use with the kinetics routine.

The CORESECT thermal model simulates the repeating 1/12 section of the
reactor core (Figure 25). The core section, which is subdivided axially into
10 planes, contains 1 complete fuel element, 5 partial elements, 4 complete

coolant channels, 4 half-channels, 1/2 an internal reflector, 1/2 an edge channel,

Fl
A F2 F3 Fa 9
~
9 c8
F5
~
SYMBOLS
F= FUEL ELEMENT
C= COOLANT CHANNEL
R= INTERNAL REFLECTOR s
~
c7
EXTERNAL
REFLECTOR
6-16-64 7623-0381

Figure 25. CORESECT Core Thermal Model
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and 1/12 of the vessel wall and the external reflector structure. Axial conduc-
tance within the fuel elements, internal reflector, stagnant coolant channel, ves-
sel wall and external reflector is considered. Various flow distributions are dup-

licated by program options:

a) equal mass velocity in each orificed channel and stagnant coolant in

the edge (unorificed) channel
b) equal mass velocity in all channels, including the edge channel

c) axially variable mass flow in each channel due to crossflow between

channels

Crossflow effects must be determined separately and introduced as inputs into
CORESECT. The greatest usefulness of the CORESECT thermal model is its
predictions of temperatures near the edge of the core where the internal reflec-

tors and the edge channels must be considered.

The reactor kinetics routine used in both codes simulates the nuclear
behavior of the reactor and calculates power as a function of time. External
inputs required are drum worth, drum stepping rate, source strength, and shut-
down reactivity. In addition, the core average fuel and grid plate temperatures
calculated by the heat-transfer routines are used in the determination of reactivity

changes.

The thermoelectric pump, located above the reactor on the coolant exit line,

consists of three major components:
a) A dc electromagnetic liquid-metal pump
b) Two positive and two negative thermoelectric elements, and
c) Four heat-radiating fins.

Heat flow is from the relatively hot NaK in the throat of the pump out through
copper conductors and the thermoelectric elements and along the fins which
radiate to space. The imposed temperature differences across the thermo-
electric elements generate a dc voltage by the Seebeck effect. This voltage sets
up a current through the NaK at right angles to the field of the attached permanent
magnet. The resulting electromagnetic interaction produces a force within the

NaK, driving the liquid metal through the pump and around the system loop.
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The computer simulation is accomplished by solving finite-difference approx-
imations to the basic pump equations. Thus, the instantaneous coolant flow rate

is calculated. Required inputs to the pump routine are the reactor outlet temper-

ature and the equivalent space temperature.

3. APPLICATION OF CODES TO SNAP 10A REACTOR

Nominal steady-state temperature distributions for the core average and
center element were calculated with the HEAP and TRANCORE codes and checked
with CORESECT; the agreement between the three codes is excellent. Edge

element {marked as No. 4 in Figure 25) and internal reflector temperatures were
determined by CORESECT.

The following hot-channel factors were used in the HEAP code to calculate

hot-element temperatures:

a) FH: 2.0

b) Fp = 1.03 for two elements bordering the hot channel, 1.00 for the
third

c) FQ = 1.20 for two elements bordering the hot channel, 1.00 for the
third

e
Hy
0

W 1.00 (uniform radial flow distribution).

Temperature distributions during the nominal startup transient were deter-
mined by TRANCORE and CORESECT. Temperatures, power and flow rate as

functions of time are in excellent agreement. TRANCORE was used to determine

all other startup transients.
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