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SNAP-27 PROGRAM REVIEW

(Work performed under Contract No. AT(29-2)2581)

BY

A, A, Pitrolo

Program Manager, SNAP-27 - General Electric Company -

Missile and Space Division

B. J. Rock

Isotopic Power Branch - AEC Headquarters, SNS

W. Remini - AEC Site Representative - NASA/MSC
J. A. Leonard - Technical Director SNAP-27 - Sandia Corporation

1. ABSTRACT

{The SNAP-27 Radicisotope-Thermoeleetric—€Generator (RTG) System was designed,
devéibped and fabricated for the US Atomie-Energy-Gemmission (AEC) as the prime power
supply for theNattomalAeronauvtice—a :Td—Space«Administratian'(NASA's) Apollo Lunar

Surface Experiments Package (ALSEP).

The RTG program was carried out by the General

Electric Company's Missile and Space Division under the techmical direction of the

Sandia Laboratories.
generators were on test in late 1966.

The program began in late 1965 and the first electrically heated
Initial electrical power requirements of 56 watts

were exceeded and each of the five flight units is expected to produce more than 67 watts

after one
of 1969,

ear of lunar surface operation.

The last flight hardware was delivered in May
he SNAP-27 Program has been successfully concluded and the AEC has provided

NASA with Plutonium 238 isotopic power system of proven performance and reliabilityjj

II. PROGRAM DESCRIPTION

The SNAP-27 RIG developed for the
ALSEP mission was an outgrowth of earlier
power system studies performed for the
AEC. An earlier AEC study resulted in a
conceptual definition of a lightweight,
high performance 40 watt RTG to power a
lunar roving vehicle. This study focused
attention on the use of beryllium as prime
structural and radiator material for the
RIG. Based on these results and the conmn-
tinued interest of the AEC to upgrade RTG
capability, a technology program, SNAP-27,
was defined. The objectives of the program
were to investigate beryllium as a struc-
tural material and to select appropriate
lead telluride type elements to best a-
chieve high specific power and long term
performance.

While this technology program was be-
ing pursued, NASA-MSC was choosing the
scientific experiments which would be left
on the moon during the Apollo program.
RTG's were a natural candidate to provide
power for the experiments due to its po-
tential of lightweight and ability to pro-
duce full electrical power during the lunar
night and lunar day cycles. Subsequently,
a systems integration study was sponsored
using the SNAP-27 concept to evaluate the
performance of the RTG as the prime power
supply and to determine its ability to be
readily integrated in the existing LM con-
sidering thermal, structural, electrical,
and deployment facets. The results of this
study were positive and NASA requested the
AEC to provide the RTG for the one year
mission. A major hardware program was in-
itiated in the fall of 1965.

Two basic SNAP-27 concepts were con-
sidered relating to the placement of the
isotopic fuel capsule on the LM during the
earth to lunar surface transportation phase,
One approach, referred to as Integral Ship-
ment, required that the fuel capsule or heat
source be installed in the basic converter
(generator assembly - GA) before launch and
the fueled system then integrated thermally,
structurally and electrically in the LM in-
ternal compartment with the ALSEP experi-
ment package. The second approach referred
to as Separate Shipment separates the heat
source from the converter permitting an in-
ert generator assembly to be integrated
without concern to thermal and electrical
constraints. As a result, the heat source
is located on the most advantageous section
of the LM external surface consistent with
the needs of thermal integration and the
experiment deployment. Separate Shipment
was the selected concept.

The overall program consisted of four
major hardware elements and a safety pro-
gram, The elements are:

Generator - which consists of the
thermopile, structure and heat re-
jection system.

. Fuel Capsule - which contains the
isotopic fuel in a separate hermet-
ically sealed structure to prevent
release of fuel.

. Graphite LM Fuel Cask (GLFC) - which
supports the fuel capsule during the
trip to the moon., The GLFC is






mounted on the outside of the

IM descent stage. It will pro-
vide thermal and blast protection
to the FCA in the event of a pad
abort or an abort in space
resulting in re-entry.

. Auxiliary Support Equipment - which
provide for storage, ground and
flight handling and testing of the
generators, fuel capsule and GLFC.

. Safety Program - a program of
analysis, test, and evaluation.

Three design/fabrication phases were
conducted to achieve acceptable flight
hardware. The engineering phase which
served to demonstrate feasibility of the
initial design, the qualification phase in
which the final design was tested and the
production phase which included fabrication
of all flight hardware. The overall pro-
gram is illustrated in Figure 1.

The AEC was required to deliver an
engineering generator to NASA for ALSEP
development testing in December 1966 only
15 months after program go-ahead. The AEC
.elected to provide a parallel technology
and development program which would assure
that the RTIG would perform as required and
would be delivered on schedule. This was
accomplished by initiating a comprehensive
component technology and test program in
support of the parallel design and develop-
ment of the basic flight hardware. This
approach is illustrated in Figure 1 which
shows that the systems and componen test-
ing were proceeding concurrent with the
three generator design/fabrication cycles.
Changes were made as necessary to incor-
porate the results of test data.

Safety capability for the SNAP-27
system was a primary design consideration
from the inception of the program. Results
of the comprehensive safety evaluation
indicated that the SNAP-27 has adequate
safety margins.

SNAP-27 is a total system of compo-
nents consisting of both the actual
flight hardware and all necessary ground
support and checkout equipment. The pro-
gram end-items are tabulated in Figure 2,

During the program, technical, con-
tract and administrative interfaces were
maintained between many agencies and major
contractors. The major interfaces were:

a) AEC Hdgs (SNS), Program Direction

b) AEC ALO, Contract Administration

c) GE-MSD, Prime SNAP-27 Contractor

d) Mound Laboratory, Fuel production/
heat source fabrication

e) Sandia Corporation, Technical
Direction for AEC and safety
analysis and test support

f) NASA-MSC, Apollo Program Direction

g) Bendix Systems, Prime ALSEP Systems
Contractor

ITI. ALSEP INTEGRATION AND MISSION PROFILE

The SNAP-27 flight components are
located in two sections on the LM descent
stage during transportation to the lunar
surface. The inert generator assembly is
bolted to the ALSEP Subpackage No. 2
pallet, and is stowed in the right hand
IM Scientific Equipment Bay, (SEQ Bay), see
Figure 3. The Flight Handling Tool is.
also stowed in Subpackage No. 2 pallet,
Subpackage No. 1 containing a various
assortment of experiments is stowed in
the left hand SEQ Bay. To the left of the
SEQ Bay, and mounted externally on the LM
by means of the ALSEP Support Structure,
is the GLFC containing the fuel capsule,
This arrangement was selected to minimize
heat input into the LM compartments. Access
to the fuel capsule is such that the astro-
naut can easily remove it for insertion
into the generator. The deployment sequences
of the SNAP-27 and the ALSEP experiments
are illustrated in Figure 4.

During earth storage, Subpackage No. 2
is housed in a pressurized container filled
with Argon. The pressurized environment
provides positive assurance that the gen-
erator thermopile cover gas (argon)
pressure will be a maximum at time of
installation in the Lunar Module regard-
less of the storage time on earth. Prior
to launch, approximately T-84 days, the
fully checked out ALSEP Subpackages are
installed in the IM. The generator is sub-
jected to the launch and boost dynamic
environments generated by the launch
vehicle. From the time the astronaut fuels
the generator until the system is placed
on the line'", the generator power leads
are maintained short circuited to minimize
the hot junction temperature during gener-
ator warm-up. After deployment, the
astronaut removes the short circuit (at the
main connector) and the generator begins
to operate at its control point of 16 volts
de which is maintained by the Bendix N
shunt regulator operating at 16 + 0.2 volts.
The ALSEP Subpackage No. 2 pallet baseplate
becomes the baseplate on which the RTG
rests when deployed for normal operation
on the lunar surface. The baseplate has
been designed to withstand a conducted heat
flow of 20-80 watts from the generator
mounting feet. Since the generator 'sees'
the baseplate, a thermal surface is pro-
vided with an emittance of at least 0.85
and an @/ e¢ ratio which is a minimum, all
of which results in a flat temperature
profile for both hot and cold junction






temperatures. The geometry and the
coating characteristics of the heat
rejection surfaces result in a worst case
effective sink for the RTG of 170°F which
occurs at approximately 10 or 2 o'clock
sun position. The lunar night sink is
-280°F.

The GLFC, without fuel capsule, is
installed on the LM descent stage at
T-22 days prior to lift off. At approxi-
mately T-15 hours, the fuel capsule is
brought to the base of the launch vehicle
in an AEC van at which time the following
sequence of events occurs: (See Figure 5)

a. The fuel capsule is removed from
Ground Shipping Cask and inserted
into the portable SLA Transfer
Cask.

b. The SLA Transfer Cask with FCA
is transported via elevator up to
a 3A platform of the service
structure,

¢. The Port Entry Trough is partially
inserted into the SILA through a
10" SLA port located at the 260
foot level of Saturn V.

d. The fuel capsule is removed from
the SIA Transfer Cask using the
SIA Handling Tool, placed in the
horizontally supported Port Entry
Trough and then slid through the
SLA panel into the interior to
waiting loading personnel. The
tool remains attached to the cap-
sule during this procedure. 1In
all cases the fuel capsule and GSE
are tethered to prevent loss
should they be accidentally
dropped.

e. The fuel capsule with the SIA
Transfer Tool attached is lifted
from the trough and carried to
the open GLFC. The capsule is
then inserted into the GLFC
cavity and latched.

f. After insertion, the fuel capsule
latch fittings are checked to
insure proper locking.

g. The GLFC dome is then installed and
the ALSEP Support Structure
assembly bands tightened.

h. Cooling air is continuously pro-
vided upward over the GLFC
surface so that the graphite sur-
face temperature is maintained
below 350°F.

After launch heat from the GLFC (~ 1500
watts) is radiated to the inner wall of
the SIA until after the SLA panels are
removed prior to transposition and docking.
Prior to this the GLFC surface reaches
its maximum temperature, 800°F. With the
panels open, the GLFC rejects heat to
space and operates at a slightly lower
temperature.

After the IM reaches the lunar sur-
face, the astronaut removes the fuel
capsule from the GLFC. Figure 6 shows an
actual GLFC (instrumented for test) with
fuel capsule inserted, mounted on a simu-
lated IM. Figure 7 shows the astronaut
pulling a lanyard to "cut" support trunnion
bolts, and rotate the GLFC to a position
slightly below horizontal. Figure 8 shows
the astronaut removing the dome from the
GLFC. Figure 9 shows the fuel capsule
being removed from the GLFC. Figures 10
and 11 show the final operation of
"fueling'" the generator.

IV. HARDWARE DESIGN AND PERFORMANCE

A, Converter Design, Performance Tech-
nology

The SNAP-27 Generator Assembly designed
and built for the ALSEP using 3N and 3P
lead telluride thermoelectric conversion
elements was shown, by actual long term
testing, to satisfy the program power
requirements with considerable margin.
Tests on a flight qualification generator
showed no thermoelectric degradation after
7700 hours in a thermal vacuum environment
simulating the lunar day-lunar night cycle.
Generator performance was also verified by
a parallel supporting technology test pro-
gram investigating the effects of varying
operating parameters on the SNAP-27 thermo-
electrics. Two such test programs were
established and are still in progress.

One program utilizes 19 10-couple flat-
plate modules fully instrumented and

tested under various hot and cold junction
temperatures, thermopile cover gases and
gas pressures, and element contact pres-
sures, The other program makes use of
several 104-couple modules with the thermo-
couples mounted exactly as they are on
SNAP-27. The l04-couple module is basically
a 1/4th length generator. They are fully
instrumented and tested similarly to the
10-couple modules. These two module
endurance programs have provided the data
required to develop a complete under-
standing of the degradation phenomenon such
that long term (say five year) mission
applications using 3N and 3P can be made
with confidence. The following paragraphs
present a brief summary of the SNAP-27





generator design and performance and the
10 and 104-couple program.

1. Generator Assembly: The SNAP-27
generator assembly with the fuel capsule
installed is shown in isometric cutaway in
Figure 12. The heat source is not perma-
nently assembled into the generator and can
be removed or inserted as required by
ground operational considerations. Heat
from the nominal 1480 watt 238Pu02 fueled
capsule is transmitted to the generator
hot frame by radiation coupling. Both
surfaces are coated with a high emissivity
iron titanate coating, with the heat
source having a minimum emissivity of 0.85
and the hot frame 0.80. Temperatures
during normal operation on the lunar sur-
face are 1350°F for the capsule and
1125°F for the hot frame. The hot frame
itself is fabricated Inconel 102 alloy.
Heat received by the hot frame is trans-
mitted to the thermoelectric couple hot
side by passing first through electrical
insulator, then an electrode, and
finally a hot button. Total temperature
drop through these components is 25-45°F,
which establishes the SNAP-27's hot
junction temperature at 1080°F to
11009F. Heat flow ( ~1250 watts)
through the system's thermoelectric
couples is such that the cold side
thermoelectric temperature is main-
tained at 525°F in the normal operating
mode (lunar environment). Heat loss due
to leakage between the couples is kept to
a minimum by the high density packing of
powdered Min-K insulation with a thermal
conductivity of 0.04 Btu/ft2-hrs.

The thermoelectric material selected
for the SNAP-27 couple design was 3M
Company's developed and proven 3N, 3P
lead telluride used extensively in their
commercial converters and in AEC pro-
grams, such as SNAP-17, SNAP-21, and
SNAP-23. Each element forming the
couple (one N and one P) is integrally
assembled such that the hot side interface
is free and the cold side soldered to
spherical caps. Between the caps and the
actual element material are an electrode
and a barrier disk. Two series strings
of couples connected in parallel with
each couple electrically laddered to pre-
vent string loss, given a couple open
failure, comprise the electrical arrange-
ment. Nominal operating voltage of the
thermopile is. between 14 and 16 volts dc.
Each element is preloaded into its hot
button by individual springs sized and
shimmed to establish a bearing pressure
of 150 psi.

The heat, after having flowed
through the couples, is transferred into

beryllium oxide followers which interface

directly on the cold cap. The heat then

flows into a massive beryllium cold frame

which serves to '"smear'" out’ any possible
temperature gradients and which in turn

results in constant couple temperatures. <,
Thermal gradients between the cold frame . !
and the outer case are minimized by a shrink

fit with a maximum interference of 0.002

inch,

The outer case is the prime structural
member of the generator. It is a hot-
pressed block beryllium structure with a
0.060 inch thick cylindrical wall with
eight (8) cross-rolled sheet beryllium fins
integrally attached by brazing. Two (2)
transition rings of 19-9 DL, are also
brazed into each end of the cylindrical
case,

After shrink fitting the outer case
to the thermopile the Min-K insulation is
packed into the thermopile and the seals
are welded. The generator is then processed
and backfilled with argon cover gas at 25
psia operating temperature. The cable
attachment is made of Kovar pins welded into
the aft seal.

Magnetic field generation of the
SNAP-27 has been kept within 17 at 3
meters by careful selection of materials and
the use of degaussing loops, which can be
seen in Figure 12,

2. Generator Tests: The generator
test program was conducted to confirm the
generator design and to develop experi-
mental data for any future improvement
modifications.

Three generators, MOD 5, MOD 8B and
a prime flight qualification generator Mod
10, were life tested in environmental
thermal vacuum test chambers. The tests
were terminated on July 10, 1968, July 11,
1968 and July 12, 1968 for MOD 8B, MOD 5,
and MOD 10, respectively. These generators
accumulated 28,203 hours with MOD 5
accumulating 12,165 hours. Thermal sink
conditions for all generators were cycled
from +1700F to -2800F every two weeks to
simulate maximum temperatures for lunar
day and lunar night operation. A perfor-
mance summary is given in Table 1. Note
that MOD 5 was reduced to a power input of
1485 W after 10,000 hours to simulate the
fuel decay. Figure 13 shows the performance
(I/V) map for predicted and actual perfor-
mance of the MOD 10 generator. ,a“

Table 2 summarizes the performance ’
characteristics of each of the five (5)
flight units prior to AEC acceptance.
generator has its performance

Each





characteristics determined for a possible
variation in heat source thermal loading
(1415-1505 watts) and the maximum tempera-
ture extremes representative of lunar

day and lunar night. Each generator was
acceptance tested not less than 500 hours,
of which at least 200 hours are in a
thermal-vacuum environment. Note the
consistency in performance and weight.
Since each heat source is very close to
1480 watts, power for the ALSEP mission
will be approximately 67 watts at the end
of one year.

3. 10-Couple Module Tests: The
SNAP-27 generator program was supported by
a comprehensive thermoelectric test pro-
gram utilizing 10-couple modules operating
at both reference design and off design
conditions. Nineteen modules were built -
two with beryllium to assess materials
compatibility - sixteen modules are
operating at this time. Figure 14 shows a
typical 10-couple module and Table 3
outlines the 10-couple module test series.
Testing was terminated on two short-term
stability modules, B-1 and C-3, one to
evaluate compatibility and one due to a
severe module leak. Module C-12, designed
to investigate low pressure effects,
operated at 2.5 psia and was taken off
test after power had dropped to 60 per-
cent of its theoretical value. On all
other modules, testing is being continued
and, as of 6/30/69, 3.70 x 105 couple
hours had been accumulated without any
couple failure, The oldest module, B2,
has been on test over three years.

A summary of results for the various
test conditions is given in Figures 15
through 17. It should be noted that the
power ratios given here are the ratios of
the actual power output of the module
divided by the theoretical output, based
on the same hot and cold junction temp-
eratures and operating conditions. Power
ratios larger than one, which are some-
times experienced, do not reflect
inaccuracies in the reduction technique,
but show a slightly higher performance of
the actual material than the nominal
theoretical data used in the SNAP-27
design.

In Figure 15, the influence of hot
junction temperature is summarized. All
modules below 1200°F show a normal and ex-
pected performance-time history. The
sudden change in slope for the modules
operating at 1200°F around 5000 hours
reflects a change in leg geometry due to
sublimation losses and creep deformation.

Figure 16 shows the sensitivity of
performance to gas pressure. This is due

to the same sublimation effects, as men-
tioned above, which is suppressed at higher
surrounding gas pressures. On Module C12,
a post-test analysis was conducted and a
substantial material loss on the N-leg was
found with an appreciable geometry change.

Figure 17 displays the effect of higher
spring pressure on the elements. It can
be seen that higher spring pressures have
a pronounced effect on "burn-in" character-
istics at BOL which are an important factor
for low temperature operation. Furthermore,
equivalent resistance increases are
experienced at considerably later times.
The performance of the modules which were
subjected to an accelerated lunmar cycle
simulation (35 cycles for C13 and 24 cycles
for C17) showed that cycling does not have
any detrimental effects on performance.
This experience was further confirmed on
the 104-couple module series and the
generators. Higher cold junction tempera-
tures (up to 625°F) were also found to have
no effect upon long term performance.

4. 104-Couple Module Tests: The 104-
couple module test program extended the
objectives of the l0-couple program to
provide an experimental basis for pre-
dicting generator performance. The module
itself was designed and fabricated in a man-
ner identical to a SNAP-27 generator,
except that it was highly instrumented and
shorter, Use of identical materials,
parts, and processes provides the 104-
couple modules with the same susceptibil-
ities that the actual generator would have
and removes the idealism of the 10-couple
module design. Figure 18 shows a typical
104-couple module thermopile.

Table 4 summarizes the 104-couple
module testing. As of 6/30/69, a total of
12.96 x 106 couple hours were accumulated
with no failures. The oldest module has
20,521 hours.

B. SNAP-27 Fuel Capsule Assembly

The design features of the SNAP-27
Fuel Capsule Assembly are shown in
Figure 19. The device is a complete weld-
ment which offers maximum design margins
for containing the fuel during the normal
operational mode and in cases where aborts
occur. The latter is significant since
the heat source must contain the fuel
during and after an impact of the fuel cap-
sule on a graphite block. This containment
feature has been demonstrated by test with
the capsule impacting at any angle, at
velocities of 195-215 fps and capsule
temperatures at 850°F. Figure 20 illus-
trates the containment capability of the
SNAP-27 capsule.





The capsule comprises two fuel com-
partments integrated into a single high
strength superalloy outer structure,

Each of the two fuel compartments contains
a nominal loading of 740 watts thermal of
38Pu09 microsphere fuel fabricated in
the 50 to 250 micron size. The fuel
itself is held in an annular configuration.
The resulting void volume adds significant
life to the capsule for long term storage
and mission use and also results in low
fuel temperatures by providing.containment
volume for the helium generated by the
fuel. The welded structure is 2-1/2
inches in diameter and approximately 16-1/2
inches long. A backplate provides the
interface for handling and securing the
capsule. Total weight of the assembly is
less than 15 pounds.

Selection of the two compartment
concept was an outgrowth of early develop-
ment testing where the secondary forces
from angular impacts results in ''slap
down'" and a tendency to fracture the
capsule in the center. This phenomenon
will exist for geometries where the L/D
exceeds 3. Therefore, the fuel and the
fuel containing liners were removed from
this critical center area. Inspection
of Figure 20 shows two capsules that have
separated into two halves,

Fuel production and assembly of the
heat source with its accompanying inspec-
tion were performed by Mound Laboratory.
Six (6) units were fabricated for
delivery to the program, each exhibiting
an exceptional degree of consistency in
terms of weight and performance.

Measured thermal loading for each source
was:

Flight 1 1487 watts
2 1485 watts
3 1479 watts
4 1483 watts
Flight B/U 1485 watts
Qual Unit 1484 watts

After fabrication, iron titanate
coating with demonstrated long-term
emissivities of greater than 0.85 was
applied by plasma torch to the outer
surface of the capsule,

The heat source has been fully
qualified by passing tests simulating
the ALSEP/Saturn V qualification level
environments. Oper ting temperatures
of interest during the mission profile
of the capsule are:

a., Steady State - In air, 850°F

b. Ground Storage in Ground Shipping
Casks, 500°F

¢. Lunar Transit in GLFC and mounted
on 1M, 1400°F

d. In Generator Assembly - Lunar
Mission, 1350°F.

c. Graphite IM Fuel Cask

The Graphite LM Fuel Cask (see Figure
21) supports the Fuel Capsule Assembly
during the operational mission from launch
to lunar surface deployment and, in the
event of a postulated abort provides
re-entry protection and enhances contain-
ment of the fuel.

The GLFC is a cylindrical container
consisting of a primary heat shield,
secondary thermal shield and fuel capsule
support structure,.

The primary heat shield which forms
the external shell of the GLFC consists
of a cylinder and two nominally hemispheri-
cal end caps. The graphite used in the
primary heat shield is Hitco's Pyrocarb-
406, formed by infiltrating a pyrolized
square weave graphite composite cloth
layup with pyrolitic graphite. The primary
heat shield protects the fuel capsule
during re-entry by heat sink, reradiation,
and ablation modes. The heat rejected by
the fuel capsule in normal vacuum opera-
tional conditions is transmitted through
the secondary heat shield and absorbed by
the primary heat shield where it is both
reradiated to external environment and con-
ducted to the GLFC Support Structure.

The end caps are attached to the
cylinder by means of a tantalum-ceramic
spline which is inserted into a hole formed
by matching grooves in the cylinder and
end cap at their interface. A tantalum
pin is attached to a tantalum wire strung
with aluminum oxide beads which extends
further into the curved length of the hole.
Upon installation, the tantalum wire de-
forms and takes a permanent set which
prevents the tantalum pin from vibrating
loose during launch or re-entry.

The secondary thermal shield consists of a
beryllium cylinder. The beryllium is
coated with successive layers of silver,
rhodium, and radifrax to provide oxidation
resistance and a high emissivity surface
to promote radiant heat transfer. During
normal operation the heat rejected by the
fuel capsule will be radiated to the
beryllium cylinder, conducted through it,
and reradiated to the graphite cylinder.






In event of re-entry the beryllium
cylinder will act as a heat sink to pro-
tect the fuel capsule.

The cylinder is supported at the for-
ward end on the flanges of a segmented
Inconel ring which is bolted to the
forward capsule support. These flanges
fit into slots cut into the end of the
beryllium cylinder. The slots are
designed to allow radial and longitudi-
nal thermal expansion of the beryllium
cylinder.

The aft capsule support is a titanium
fitting which furnishes a latching point
for the fuel capsule backplate latching
mechanism, It is clamped to a thick
internal flange on the graphite
cylinder by nine titanium bolts and tabs.
The overall fitting design and the clamp-
ing arrangement are such as to minimize
thermal stresses developed due to
differential expansions of titanium and
graphite materials.

The forward capsule support consists
of a titanium housing ring and a Haynes
alloy guide ring to support the capsule.
The guide ring is mounted to the housing
ring in such a way that it floats free at
room temperatures but, at higher tempera-
tures caused by fuel capsule heat re-
jection, it seizes to provide a firm
support due to differential temperature
expansions of the guide and the housing.
The housing ring is mounted to the forward
end cap. In addition to structural sup-
port, the housing ring provides a heat
path from the capsule.

To protect the ends of the fuel
capsule during re-entry heating, fiber-
frax insulation is placed in both end
caps to prevent radiation to the capsule
ends. To reject heat from the forward
end of the capsule during normal oper-
ational conditions, a titanium dome is
attached to the ends of the forward
capsule support housing. Heat is radiated
to the dome, conducted to the housing
ring, and then to the graphite shield.

At the aft end, the fuel capsule backplate
titanium fitting provides a similar heat
rejection path.

The combination of rings, backplate,
secondary thermal shield, and forward
capsule support provides an independent
internal structure designed to maintain
safety integrity during postulated
Saturn V pad aborts.

The GLFC has been successfully static
and dynamically tested to the Saturn V
qualification environments.

D. Ground Support Equiphent

1. Ground Shipping Cask: The Fuel
Capsule Assembly is stored, while on earth,
in a specialized container designed to
offer complete protection to the capsule
during long-term containment, ground
handling and transportation loads. This
container is referred to as the SNAP-27
Ground Shipping Cask and is shown in
Figure 22. Dimensions of the cask,
including skids, are 3 feet by 4 feet by
4 feet high.

The cask accepts the coated capsule
assembly in a center cavity.

Small diameter nickel shot is poured
and packed between the outer capsule wall
and the cask inner cavity. This shot pro-
vides a ready heat transport media for
the capsule and serves to keep the capsule
wall temperature at less than 500°F for
maximum ambient conditions. Prior to cap-
sule removal, the shot is drained from the
cask bottom and stored for future use.
Between the structural cavity and the
outer stainless steel cylinder to which
cooling fins are welded is a water tight
1lid fitted with ethelyene glycol and a
radial array of copper fins. The purpose
of these features is to provide a smooth
heat path to the cask outer surfaces for
heat rejection and also provide sufficient
liquid volume to obtain effective gamma
and neutron shielding.

By actual measurement during storage
of fueled capsule, the measured radiation
is less than 10 milliroentgens (mr) per
hour at 1 meter from the cask, compared
with 100 from a bare capsule, and the cask
surface temperature did not exceed 145°F.

2. SNAP-27 Ground Handling Tool: The
SNAP-27 Ground Handling Tool, shown in

Figure 23, is a device which permits
handling of the SNAP-27 fuel capsule in
and out of the Ground Shipping Cask,
Generator, and/or GLFC. The tool is
approximately 2-1/2 feet in length and has
a melamine handle and a titanium jaw
assembly. Sliding/rotating parts of the
jaw assembly are coated with molybdenum
disulfite for lubrication.

The tool is activated by rotating a
knurled knob at the end opposite the end
engaging the heat source. This knob con-
nected to the jaw assembly by metal tubing
causes a metal plate (with machined
helical groove) in the jaw to rotate. The
jaw assembly also has three movable fingers
which slide in and out and are moved
through the action of a projection (from
the finger) riding in the rotating helical





groove. When engaging a capsule, the 4. Generator Shipping Container: The

knob is turned clockwise, causing the SNAP-27 Generator Shipping Container, shown
fingers to slide inward. The fingers in Figure 25, is a reusable device designed
slide into special recesses in the cap- to protect the inert generator assembly dur-
sule backplate and are guided into place ing transportation, handling, long-term
by dowel pins mounted on the finger pro- storage. The container is a hermetic enclo-
jections. A knurled ring located direct- sure fabricated of 6061-T6 aluminum alloy
ly under the activating knob is turned structure comprised of upper and lower sec-
clockwise and the heat source is locked tions and in integral handling skid. A
securely to the handling tool. The re- shock-isolated mounting baseplate in in-
verse of the foregoing disengages the corporated in the lower section. The gen-
tool from the heat source. erator bolts directly to this baseplate,

and the cable is wrapped around the genera-

For ground handling operations, the tor and secured by Velcro hook-type fasteners.
tool handle remains sufficiently cool Three axis shock indicators are mounted on
for comfortable operation without the the baseplate to ensure that excessive hand-
need of protective gloves. ling load environments are detected.

3. Test Consoles: The test con- Prior to generator storage, the con-
soles, Figure 24, were designed to be tainer is energized with dry gas comprosed
versatile and accurate, having the capa- of pure argon and one percent helium.
bility to operate and check out the Pressure during storage is kept at 17 psia
generator with and without the heat minimum.
source, The performance map panel
consisting of a resistance thermometer V. SAFETY
readout section provides the means for
manual selection and analog display of The Safety Program for the SNAP-27
three hot junction (Ty) and three GA System encompassed four major areas:
cold junction (Tg) temperature sensors
in degrees Fahrenheit. These sensors 1. Design - Design the systems, (FCA
have a Ty range of 600 to 1200°F and a and GLFC), to have the maximum
Tc range of 0 to 600°F. The performance possible margins. Contain fuel
map section provides the means for moni- in the event of postulated extreme
toring and visually displaying the po- environments.
tential in volts dc, current in amperes,
power in watts, and variable load re- 2. Assessment - Evaluate the response
sistance in ohms and also measures the of the fuel capsule and GLFC.
elapsed time of the monitored functions.

The voltage monitor and display will 3. Test - Conduct tests to verify de-

monitor dc voltage over the range of sign margins and/or substantiate

0 to 40 vdc in two ranges and will pro- the analytical assessment.

vide analog display of the voltage to an

accuracy of + 2 watts. A load resistor 4. Reports - Provide reports through-

with a variable resistance between 0 to out the program summarizing the

20 ohms with a step to open circuit is work. These reports provided the

provided. The elapsed time indicator input data to the various appointed

and display will measure elapsed time of safety subpanel organizations.

monitored functions and will provide a

digital display of elapsed time in hours The overall safety program was conducted

and tenths of hours. with the assistance of two organizations -
Sandia Corporation and Mound Laboratory.

The Electric Fuel Capsule Simulator Sandia provided rechnical assistance in the
(EFCS) power control panel provides the definition of postulated environments such
means for controlling, monitoring, and as explosion yields; fireball characteristics
visually displaying the EFCS output. The and fragmentation distribution typical of
power controller utilizes power sensing the Saturn V. Additionally, key testing
techniques; it is adjustable from 1200 to utilized the special Sandia facilities.

1700 watts and maintains a particular power Mound Laboratory conducted tests assessing
setting in this range to an accuracy of + 1 the behaviour of fuel in contact with vari-
percent in the 25 to 115 volt range. The ous materials and media under conditions re- ‘ﬂ%
safety monitor monitors one selected Ty sulting from potential environments.

sensor and de-energizes the EFCS power

source when a predetermined Ty level is

exceeded. The level set is variable from

1100°F to 1175°F .





VI. SUMMARY

The SNAP-27 Program is being brought
to a successful conclusion. The program,
in total, has accomplished the following:

a. Produced highly reliable and fully
predictable RTG for a primary space
power application.

b. Made all User deliveries on
schedule.

c¢. Provided a technology base for
future RTG applications.

d. Illustrated that nuclear safety
can be readily incorporated into
an RTG system for use with very
complex launch vehicle with little
or no performance penalties.
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PERTINENT FEATURES

QUANITY FABRICATED

FLIGHT HARDWARE

GENERATOR ASSEMBLY
(1Y)

BERYLLIUM STRUCTURE WITH HIGH EMISSIVE

RADIFRAX COATING

IN—1P LEAD TEI.I.U!ICIE ELEMENTS CONVERSICH

WELDED HERMETIC SEA

ARGON COVER GAS + 25 Psm

442 COUPLES — zal:l!; PARALLEL STRINGS

TH = H00°F/TC = §

POWER AT EOM w:m' 6,5 WATTS FOR 1415
WATTS THERMAL INPUT

WEIGHT: 28 LB WITH 10—FT CABLE AND CONNECTOR

TESTED TO SATURN V LAUNCH VEHICLE LOADS
MAGNETIC FIELD FUELED 1y 8 1 METERS
RELIABILITY 0,995

STORES WITHOUT CAPSULE

UNLIMITED THERMAL CYCLES

ON LUMAR SURFACE

GRAPHITE LM FUEL CASK
(GLFa)

GRAPHITE STRUCTURE: PYRO CARS 406
BERYLLIUM HEAT SINK COATED WITH RHODIUM AND

HIGH EMISSIVE RADIFRAX COATING
ADJUSTABLE CAPSULE SUPPORT

DESIGNED FOR EARTH ORBITAL SUPERORBITAL RE ENTRY
ABCATS

NO FUEL RELEASE OURING RE - ENTRY
NO RELEASE MECHANISM REQUIRED
TESTED TO SATURN V LAUNCH LOADS
HIGH IMPACT CAPABILITY

PREVENTS CAPSULE OR FUEL MELT
WEIGHT: 26L8

SUPPORTS HEAT SOURCE DURING EARTH TO
LUNAR TRANSIT
RE “ENTRY HEAT SHIELD

FUEL CAPSULE ASSEMBLY
(Fea)

PU =238 MICROSPHERES (1480 # 30 WA’

TTS)
SHPEE‘:I;.W STRUCTURE (HAYNES) WITH HIGH EMISSIVE

AX GUTER COATING
HELIUM VENT PROVIDED
FUEL CONTAINMENT CAPABILITY=AT IMPACT
LAUNCH TEMPERATURE! 1400°F
RE ~ENTRY TEMP, MAX, AVG: 2300°F
TESTED TO SATURN V LAUNCH VEHICLE LOADS
2~ YEAR EARTH STORAGE CAPABILITY
WEIGHT: 147 L8

HEAT SOURCE TO GENERATOR ~ LUNAR SURFACE

FLIGHT HANDLING TOOL

LIGHTWEIGHT DESIGN (0.4 L)

TITANIUM

GOLD ~PLATED SURFACE TO REFLECT CAPSULE
T

< 101N ~L8 OPERATING TORCUE

MOUNTS ONTO THE ALSEP FUEL TRANSFER
ASSEMOLY TOOL USED BY ASTRONAUT TO
REMOVE CAPSULE FROM GLFC FOR INSERTION

SUPPORT HARDWARE

GENERATOR ASSEMBLY
SHIPPING CONTAINER

PROVIDE GAS STORAGE ENVIROHMENT
SHOCK ATTENUATED MOUNTINGS ( <15G)
PROVIDES UNLIMITED EARTH STORAGE OF GA
REUSABLE

EARTH STORAGE CONTAINER FOR GENERATOR
ASSEMBLY

FUEL CAPSULE
GROUND SHIPPING CASK

STAINLESS STEEL CONSTRUCTION

WATER SHIELDED = 10 MREM, HR

SURFACE TEMP < 1803 F

CAPSULE TEMP < 400° F

COMPLIANCE TO AEC AND ICC REGULATIONS
SHIPPING FIRE CAPABILITY

GUALIFIED TO MIL STD 8104 SPECIFICATIONS

STORES HEAT SOURCE ON EARTH

TEST CONSOLE

ELECTRIC HEATER POWER SUPPLY: 0- 1800 WATTS
GENERATOR LOAD RESISTANCE: 0=20(
TEMPERATURE READ OUTS

GENERATOR VOLTAGE, CURRENT, POWER READOUTS

OPERATES AND CHECKS OUT GENERATORS
ENERGIZED EITHER WITH NUCLEAR HEAT SOURCE
OR ELECTRIC MEAT SOURCE

ELECTARIC FUEL CAPSULE
SIMULATOR

SIMULATES HEAT SOURCE 1800 WATT CAPACITY
DYHAMIC CAPABILITY (SATURN ¥ ENVIRONMENT)
AR/ VACUUM OP ERATION

WEIGHT/ STIFFNESS SIMULATION

PERMITS TESTING OF GENCRATORS AND GLFC'S

GROUND HANDLING TOOL

TITANIUM, MELAMINE CONSTRUCTION
LOCK DEVICE TO SECURE CAPSULE
MAX GRIP TEMP < 125°F

HANDLES HEAT SOURCE ON EARTH

CAPSULE BACK PLATE
LOCK CHECK TOOL

STEEL
FITS CAPSULE BACK

LATE LATCH PLATES

ASSURES HEAT SOURCE 1S PROPERLY LOADED
INTO GLFC PRICR TO LIFT=OFF

SLA HANDLING TOOL

TITANIUM /MELAMINE
SAFETY LOCK MECHANISM FOR CAPSULE

USED FOR LOADING OF LOAD SOURCE INTD GLFC
O LAUNCH PAD PRICR TO LIFT—OFF

PORT ENTRY TROUGH

ALUMINUM CONSTRUCTION
FITS IN 10 IN, DIA, HOLE OF SATURN ¥ ADAPTER
WEIGHT < 20L8B

HANDLE TEMPERATURELS < 160°F

PERMITS HEAT SOURCE TO BE INSERTED THROUGH
SATURN LM ADAPTER (SLA)

SLA TRANSFER CASK

MAX SURFACE TEMP <30 °F
SCREENED FOR HANOLING PROTECTION
WEIGHT < 19 L8

PORTABLE SUPPORT STRUCTURE FOR CAPSULE
AT LAUNCH SITE

Figure 2
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TABLE 1 GENERATOR TEST PERFORMANCE SUMMARY

GENERATOR | TOTAL ACCUM. | POWER OUTPUT BOL REAT INPUT | POWER OUTPUT EOL
TEST TIME LUNAR DAY |LUNAR NIGHT |  WATTS TUNAR DAY | LUNAR NIGHT
(HRS)
Mod 5(1) 12,165 70.8 73.0 1500 66.6 68.7

after 10,000
hr reduced

to 1485
watts
3
Mod 8BV 8,341 65.03) | 66.0 14153 62.0 62.9
Mod 10(2) 7,697 71.2 73.3 1505 71.5 73.1

(1) Generators engineering models
(2) Generator flight quality - identical to five delivered flight units

(3) Mod 8B operating at reduced Q to simulate low-end tolerance on fuel capsule

TABLE 2,
MOD 13 MOD 19 MOD 21 MOD 22 MOD 23
POWER EQV. SINK o GA GA GA GA GA
INPUT LOAD TEMP (TF) S/N 6320006 S/N 6320009 S/N 6320011 S/N 6320012 S/N 6320013
1505W 16 V +170°F 69, 8W 69, IW 68.2W 68, 3W 70.7TW
1455W 16 V +170°F 67. 1W 67.5W 66. OW 66.2W 67. SW
1415W 16 vV +170°F 64, 3W 64.7W 63.2W 63.2W 65, 0OW
1505W 6V -280°F 72,5W 72, 9W 71.3W 71.3W 72.9W
1455W 16 V —2800F 68, 8W 68.8W 66.TW 67.3W 68. W
1415W 16 vV -280°F 65.3W 65. 3W 64. OW 64.1W 65, 1W
1450w 4.7 Ambient 69, 6W 69.TW 67. 9W 69. 1W 70, 2W
ohms
‘Total Accumulated Operational
Time (Air & Vacuum) (Hours) 550 593 581 640 571
Operational Time in a Vacuum 240 264 256 303 233
Final GA leak rate in STD " -7 - -
CC/SEC of argon while oper- 2, 50x10 4.36x10 1. 09x10 3.7x10 Less than
ating in a +170°F sink at 4.7 3.92x10-7
ohms load
Storage Container Serial No. 6287007 6287004 6287006 6287005 6287003
‘Total Weight . Pounds, (Less 27.83 27.77 27.96 27.86 27,80
protective cable sleeving).






TABLE 3.
ROT JUNC COLD JUNC GAS PRES, SPRING PRES,
MODULE TEST DESCRIPTION TEMP-Ty TEMP-Te P P, " TOTAL TIME ON TEST AT 9/5/69
{°F) ©r) (PSTA) (Pgl)
Bl Short Torm Stabill ty 1100 525 25 150 Torminated at 2206 hr.
):13 Short Tero Stability 1100 525 25 150 28,584 hr.
Q Short Term Stability 1100 525 , 25 150 Terminated at 1832 hr.
c4 Short Toro Stability 1100 525 25 150 28,259 hr.
c5 Off Design Hot Junctian 1130 525 25 150 26,678 hr.
c6 Off Design Hot Junction 1130 525 25 150 26,395 hr.
c? Off Design Hot Junction 1050 528 25 150 25,901 br.
c8 Off Design Hot Junction 1050 525 25 . 150 25,684 hr.
c9 Off Design Rot Junction 1200 525 25 150 26,363 hr
C10 Off Design Hot Jumction 1200 528 25 150 Tarwminated at 23,997 hr (7/19/69)
c11 Lower Gas Pressure 1100 525 25 150 24,397 hr
c12 Lower Gas Pressure 1100 525 2.5 * 150 Terminated at = 6000 hr.
c13 Lunar Cycle 1100/ 5257 25 150 14,767 hr - toroinated 9/12/68
1050 460 after 36 cycles
Ccl4 Increased Spring Pressure 1100 525 25 250 22,413 he
15 Increased Spring Prassure 1100 525 28 250 23,099 hr
Cl6 Lower Gas Pressurce 1100 525 7 v 150 17,785 hr
cL7 Lunar Cycle 1100/ 525/ 23 150 23,197 hr-cycling terminated
1050 460 4/19/67 afrer 29 cycles
18 Off Design Cold Junction 1100 575 25 150 23,363 hr
C19 Off Design Cold Junction 1100 625 25 150 22,868 hr

TEN COUPLE TEST MATRIX
# Module was originally sct ac 9.5 psia; outgassing of the {nsulation increased pressure to 2.5 psia

#* Module was originally sec at 5.0 psia; oucgassing of the insulacion increased prossure to 7.0 psia

TABLE 4,
HOT JUNC COLD JUNC TOTAL TIME ON
MODULE TEST DESCRIPTION TEMP-Ty TEMP-T¢ TEST AT 9/5/69
(°F) (°F)
104-B1 Off design hot junction 1030 525 7,810 hr
104-B2 Efficiency testing with 4-zone heater 1070 525 18,227 hr
104-B3 In storage - test start postponed
104-B4 In storage - test start postponed
104-B5 In storage - test start postponed
104-B6 Shock and Vibration 1100 525 Terminated 8/4/67 at
2,413 hr
104-B7 On-off cycle performance - 1100 525 Terminated 10/19/67 at
Cycling terminated after 17 cycles 5,839 hr.
104-88 Lunar cycle performance - 1100/ 525/ Terminated 5/8/58 ac
Cycling terminated after 20 cycles 1045 460 9,451 hr
104-B9 Long term stability with Xenon gas 1100 525 21,890 hr
104-310 . Efficiency 1100 525 22,229 hr
104-811 Off design hot junction 1130 525 20,757 hr
104-B12 Long term stabilfcy 1100 525 21,512 hr
104-813 On-off cycle performance - 1100 525 21,585 hr
Cycling cerminated after 10 cycles.
Ty reduced after 2700 hr. to 1050°F.
104-B14 Reduced hot junction 1050 525 21,318 hr
104-B15 Reduced hot junction, pring 1050 525 18,859 hr )
pressure 250 psi

104-COUPLE TEST MATRIX
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The SNAP-27 radioisotope fueled thermoelectric power system is described in this document. Its
application as the power supply of the Apollo Lunar Surface Experiment Package (ALSEP) is depicted
in Part I by a series of artists renderings which trace the deployment sequence following SNAP-27’s
arrival on the lunar surface. Part Il is a more detailed description of the power supply pointing out

the major features of design and performance.

SNAP-27 is being developed by the General Electric Company under the direction of the U.S. Atomic
Energy Commission. Major subcontractors are the 3M Company and the Solar Division of Interational

Harvester Corporation.

Flight qualified power supplies for incorporation into the Apollo mission will be delivered to the

National Aeronautics and Space Administration beginning in July 1967.

Thomas F. Widmer
SNAP-27 Program Manager,

General Electric Missile and Space Division
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A cutaway view of the ALSEP compartment shows: the top of the SNAP-27 generator (finned cylindrical
body) in the right rear area of the equipment bay. The fuel storage cask and its mounting structure can be
seen at the left. The cask is a small self contained atmospheric re-entry vehicle designed to return the
fuel capsule intact to the earth in the event of a mission abort. In the case of this unlikely occurrence,
the heat of re-entry melts the small bands which secure the cask to the LEM. The cask is freed from the
LEM and allowed to re-enter as a stable aerodynamic vehicle. The heat shield on the cask insures
against burnup of the fuel capsule and subsequent dispersion of the radioisotope fuel onto the earth.

The fuel cask constitutes an important safety feature in the SNAP-27 system.
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The LEM fuel cask, shown in cutaway, consists of beryllium and titanium structure fitted with
ablative heat shield material on the forward and aft ends. Total weight of the cask, without fuel
capsule in place, is 7.5 pounds. Shape of the cask is determined by the requirement that it function
as a stable aerodynamic re-entry vehicle in the event of mission abort. The central cylinder of the
cask provides a free radiation surface for rejection of fuel capsule heat during all operating phases.
Elastomeric heat shields on the nose and tail cone are isolated from the fuel capsule by thermal

radiation barriers coated with low emissivity gold plating.
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ABSTRACT

The ablation and thermal response of the Apollo Lunar Radicisotopic
Heater (ALRH) is determined for orbital decay atmospheric reentry, lunar
return prompt reentries, and multiple orbit reentries from near lunar
apogees. The temperature response of the ALRH is also determined for
operational and other steady state conditions.

The cutoff date for information in this report, with the
exception of the "exact" trajectory multiple orbit reentry
ablation analysis and the ALRH operstional environment
analysis, is March 15, 1969. The cutoff date for informa-
tion on the above exceptions is May 15, 1969.
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SUMMARY

In the Aerospace Nuclear Safety Program, Sandia Laboratories is
responsible for performing analyses of space nuclear power systems to
determine the behavior of the nuclear sgstem during all phases of its
mission, including any mission aborts which might occur.

As part of the Aerospace Nuclear Safety Program, the Reentry and
Space Sciences Division of Sandia Laboratories' Aerospace Nuclear Safety
Department conducted certain aerodynamic and thermodynamic analyses of
the Apollo Lunar Radioisotopic Heater (ALRH). This report summarizes
the analyses that were conducted to determine the ablation that would
accur on the ALRH during orbital decay atmospheric reentry, prompt
supercircular velocity reentries, and multiple orbit supercircular
velocity reentries. It also includes the three-dimensional thermal
analysis that was conducted to determine the temperature response of
the ALRH during the above mentioned reentry trajectories. Tgis report
also contains the results of two steady state thermal analyses and an
operational environment thermal analysis of the ALRH.

The results of the studies are shown as .plots of ablation versus
time, and of temperature distribution in the ALRH versus time for each
of the atmospheric reenttz trajectories considered. The results of the
operational environment thermal analysis are shown as a plot of tempera-
ture versus time for the ALRH during the lunar day/night cycle. The r
temperature distribution through the ALRH is shown at lunar noon.
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ABLATION AND THERMAL ANALYSIS OF THE
APOLLO LUNAR RADIOISOTOPIC HEATER

Introduction

As part of the NASA Apollo program, the Apollo Lunar Surface
Experiment Package (ALSEP) will gather data on the characteristics and
environment of the lunar surface and subsurface. References 1 and 2
describe the various experiments which are gart of the original ALSEP
array. This original ALSEP with the SNAP-27 radioisotope thermoelectric
generator as a power source will be used on later Apollo missions. How-
ever, for the first manned lunar landing Apollo mission, a lighter weight
ALSEP package, defined as the Early Agollo Scientific Experiment Package
(EASEPg was developed. One part of the EASEP consists of an Early Apollo
Scientific Experiment - Pagsive Seismic Experiment Package (EASE-PSEP).
Figure 1 shows the EASE-PSEP in its deployed configuration.

The EASE-PSEP electronic package must be maintained within
specified temperature limits (+140°F to -65°F)3 during the lunar day/
night cycle in order to remain operational. To prevent the temperature
of the electronics from dropping below the lower temperature limit
during the lunar night, 30 watts of thermal energy must be supplied to
the central station electronics package. This thermal energy is sup-
plied for the duration of the EASE-PSEP mission by two 15-watt Apollo
Lunar Radioisotopic Heaters (ALRH's). These heaters use thermal energy
from the radiocactive decay of plutonium dioxide microspheres.

The development of the ALRH was under the direction of the Atomic
Energy Commission's Space Electric Power Office (AEC/SEPO). Mound
Laboratory was given design responsibility, and Sandia Laboratories
provided the aerothermodynamic analyses and safety test programs to
evaluate the design and to provide input data for the Safety Assessment
Report which was written by AEC Headquarters personnel. 4As the Sandia
analyses, test programs, and evaluation progressed, design changes
were recommended to Mound Laboratory in order to improve the capabilities
of the ALRH from a safety standpoint. The final ALRH design, incorpo-
racin§ the recommended changes, is showm in Figure 2. The ALRH consists

of 23 Pu02 microspheres contained in two 20-mil tantalum-10 tungsten
liners for high temperature protection. These liners are enclosed in a
10-mil platinum-10 rhodium cladding which prevents oxidation of the
tantalum-10 tungsten liners. The heater is then encapsulated in a
0.25-inch titanium fragment and impact shield. The titanium is wrapped
with 0.15-inch of fibrous graphite insulstion to provide protection
from the high heatinﬁ rates experienced in a reentry environment. Abla-
tion protection is then provided by enclosing all of the above in 0.6-inch
of Poco (AXF-5Q) graphite. ~ The heater is then enclosed in a 30-mil
stainless steel can, which provides additional protection from fragments
durin§ a launch pad abort, and is fastened to an aluminum base plate.
This s the basic ALRH which is then mounted on the EASE-PSEP mounting
plate.
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Figure 2. Apollo Lunar Radioisotopic Heater





An aerothermodynamic analysis of the ALRH was conducted by the
Reentry and Space Sciences Division of Sandia Laboratories' Aerospace
Nuclear Safety department between December 15, 1968, and March 1, 1969.%
The analysis was used to determine the ability of the source to contain
the radioactive fuel inventory during launch and reentry envirounments
resulting from possible mission aborts. This report documents the
ablation analysis and the two- and three-dimensional thermal studies
which were performed as part of the entire aerothermodynamic analysis.

Ablation Model

The sblation model of the ALRH was constrgcted for use on the
Charring Material Ablation (CMA) computer code.”? This code is opera-
tional on Sandia's CDC 3600 and CDC 6600 computers. The CMA code uses

an implicit, finite-difference computational procedure for computing

the one-dimensional transient transport of thermal energy in a three-
dimensional isotropic material whicﬁ can ablate from the front surface -
and decompose (char) in depth. The finite-difference equations in the -
code are obtained from the laws of conservation of mass and energy. A
mass and energy balance is maintained internally in the ablating material
and also at the material surface. The output from the code prints such
information as total ablation, current ablation rates, nodal temperatures

-and densities, and surface heat transfer rates (convective, radiative,

and conductive).
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The nodal construction used for the ALRH ablation model is shown
in Figure 3. As shown, the ablation model consists of only the graphite
portion of the ALRH because this is the ablating portion of the heater.
The rear wall is assumed to be adiabatic. This closely approximates
the actual boundary conditions due to the £ibrous graphite insulation
internal to the graphite., It will be noted in Figure 3 that the graphite
thickness shown is 0.75 inch, while the final ALRH design has only 0.6
inch of this graphite. An earlier ALRH design had the thicker graphite
wall, and the ablation model was so constructed. The thickness was
changed sufficiently late in the time schedule to prohibit changing the
ablation model and rerunning all the reentry trajectories. However,
since the additional thickness is on the internal radius, it will have
very little effect upon the ablation response of the ALRH. Therefore,
the ablation results given in this report are valid for the 0.6-inch
graphite wall. :

In the CMA code, the aerodynamic heating experienced by the ALRH
during reentry is input to the external node as a function of time. The
code corrects this cold wall heating rate to account for the hot wall,
mass injection into the boundary layer, and surface oxidation. An
surface recession causes the last (deepest) node of the ablating material
to shrink. As the ablating surface recedes, it is the last ablation
material node that is consumed., When the ablating surface recedes far
enough, this node (deepest) is dropped from the rear surface of the
ablating material, the remaining mass is added to the next node, and the
number of nodes is reduced by one.

The material properties of the graphite are input as functions of
temperature and are given in Appendix A. Other required input paramet
and a typical CMA output are shown in Appendix B.
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Figure 3. One-dimensional CMA ablation model

Thermal Models

The_thermal models of the ALRH were constructed for use on the
Chrysler Improved Numgrical Differencing Analyzer for third Generation
computers (CINDA-3G).® CINDA is a multi-options systems compiler com-
puter code, which is operational on Sandia's Univac 1108 computer. It
analyzes a mathematical model of any arbitrary one-, two-, or three-
dimensional lumped parameter representation of a physical system gov-
erned by a set of diffusion equations. (A sample CINDA computer run
1s given in Appendix C.) To utilize the code, a thermal analog net-
work representing the physical system must be constructed. Nonlinear
material properties and boundary conditions may be input as functions
of one or more independent variables.
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The three-dimensional thermal model of the ALRH was constructed
to determine the thermal response of the ALRH for side-on-stable veentry
orlentations. The nodal construction of the three-dimensional thermal
model is shown in two planes in Figure 4, The model consists of 426
nodes, as indicated in Table I. The stainless steel container was not
included in the thermal model since it will have little effect on the
thermal response of the system during reentry.
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Figure 4. ALRH three-dimensional thermal model

TABL), 1

ALRH Three~Dimexsional Thermal
Model Node Materials

Material No. of Nodes

Poco graphite (AXF-5Q; 300
Fibrous carbon insula—:ion 36
Titanium 30
Platinum-107% rhodium 12
Tantalum-107 tungster 24
Fuel (238Pu02 micros heres) _24

Total 426






The model allows for heat transfer by both conduction and radia-
tion between the appropriate nodes. All radiating surfaces are assumed
to be grey with temperature varying emissivities. All other material
properties are also allowed to vary with temperature. The internal
. energy generation in the ALRH is included in the fuel nodes. The
reentry aerodynamic heating is accounted for by applying a time-varying
heat generation to the nodes on the external surface. Each surface
node can have a different aerodynamic heating rate applied to it in
order to account for the heating distribution which occurs over the
ALRH as it reenters the atmosphere in a side-on-stable orientation.
Radiant cooling 1s accounted for by allowing each external node to
radiate to space.

The two-dimensional thermal model was constructed to determine
the thermal response of the ALRH under operational conditions on the
lunar surface. The nodal construction of the two-dimensional thermal
model is shown in Figure 5. The model consists of 99 nodes, as indi-
cated in Table 1I.,
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TABLE 11

ALRH Two-Dimensional Thermal
Model Node Materials

Material No. of Nodes
Poco graphite (AXF-5Q) 45
Fibrous carbon insulation 18
Titanium 16

Platinum~-107 rhodium
Tantalum-107% tungsten
Fuel (238Pu02 microspheres)
Stainless steel
(Boundary node)

Total

Slk'(»-b o >

The two-dimensional thermal model allows the material properties
to vary as a function of temperature. The surface nodes are assumed
to be insulated, since the ALRH has an insulation covering under ovpera-
tional conditions. The internal heat generation is included in the
fuel nodes. The boundarg node temperature is input as a function of
time to account for the base plate temperature fluctuation during the
lunar day/night cycle.

Aerodynamic Heating

During reentry into the atmosphere, the ALRH is subjected to high
heating rates. The convective heating occurs in both the free-molecular
and the continuum flow regimes. Radiant heating from the high tempera-
ture gas c%g formed in front of the reentering ALRH must also be con-
sidered. is section of the report indicates how the aerodynamic heat
input to the ALRH is determined.

The convective reference heat rate to the ALRH in the free-~
molecular flow regime is determined by

3
a eV,

9FM = “S0083 (Reference 7)
where

free-molecular flow stagnation point
heating rate (Btu/ftZ-sec)

a = thermal accommodation coefficient
» = free stream density (1bs/ft3)

V_ = free stream velocity (ft/sec).
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In the continuum flow regime, the convective reference heating
rate to a one-foot radius sphere is determined by

. s \0.5/y \3.15
q 17600 (-2) == (Reference 8)
c Pg Ve

where

q. = continuum convective stagnation point
heating rate (Btu/ft2-sec)

P, = local air density
= sea level air density
= free stream velocity

V. = circular orbital velocity.

The convective heating which occurs in the transition flow regime
is obtained by extending the free molecular and continuum heating curves
to their intersection and using which ever heat rate is lower., An
example is shown for one particular pass through the atmosphere in a
multiple-orbit reentry in Figure 6 (The time in Figure 6 is referenced
to perigee). This method gives results close to the variou; theories
of transition flow heating as well as experimental results.

The heating rates which are determined from the above equations
are calculated during the multiple-orbit reentry trajectory by computer
code HRS017-3.9 For the orbital decay and supercircular velocity prompt
reentries, Sandia's Theoretical Trajectory Program A (TTA)10 is used to
determine the trajectory and to calculate the ﬁeating. The TTA code
calculates oan the continuum convective heating. The heating rate to
the ALRH for the prompt reentries is considered to be continuum for the
entire trajectory since the ALRH is considered to be protected by the
Lunar Module (LM) down to 300,000 feet altitude. At that altitude, when
the ALRH is assumed to be free and unencumbered, the ALRH is already
well into the transition flow regime. During the multiple-orbit re-
entry, both free molecular and continuum heating must be determined
since the LM disassembles on the first pass through the atmosphere,
and on each subsequent pass the ALRH is a free-body and thus encounters
the high altitude free molecular heating as well as the lower altitude
continuum heating.

The continuum heating rate determined by the previously mentioned
equation is a reference value equivalent to the rate experienced by a
one-foot radius sphere following the same trajectory. To obtain the
actual rates, the reference heating rates determined for the sphere must
be scaled for the size, configurat on, and reentry orientation of the
ALRH. The size effect is 1/VR where R is the AIRH radius. The heating
ratio scale factors, Fq, for the ALRH configuration and orientation
were based upon wind tunnel tests conducted on cylinders at Cornell
Aeronautical Laboratory and Rhodes and Bloxsom by Sandia Laboratories.ll
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e 7 shows the heating ratio to a cylinder, referenced to a one-foot
E:ﬁgis sphere, as a funct%on of the circumferential angle at various
axial locations along the cylinder. The heating ratlio distribution in
the axial direction at various circumferential angles is shown in Fig-
ure 8. The heating ratio distribution over the end of a cylinder in a
side-on-stable orientation is shown in Figure 9. The heating ratio for
a random-tumble and spin orientation was determined by properly aver-
aging the heating ratios to the cylinder in various stable orientations.
Using the techniques of Reference 7, the heating ratio for a random-
tumble and spin orientation was determined ro be 0.601. .

The radiant heating to the ALRH during superorbital velocity
reentry was determined by

G = (3.78 x 1076)p_1-16 0% 0.3 (07204 - 3.25)1-337
(Reference 21)

where

= radiative stagnation point heating (Btu/ftz-sec)

qR =

P, = free-stream density (lbs/ftz)
ry = nose radius (£e)

U, = Eree-stream velocity (ft/sec).

This equation correlates well with available experimental data.12 A
computer code (RADHTG) was written to evaluate the above radiant heat-
ing equation and the continuum convective heating equation. The code
was written for use on the Sandia QUIKTRAN remote terminal computer in
connection with an IBM 7040/44 computer in Los Angeles. Using RADHTG,
the radiant heating to the ALRH was determined for the steep reentry
angle lunar return trajectories. Due to the small size of the ALRH,
the radiant heating rate was always less than 5 percent of the con-
tinuum convective heating. (See Appendix D for the output of RADHTG
for -38° and -90° lunar return reentries.) Therefore, it was decided
to ignore the radiant heating to the ALRH,

The aerodynamic heating rates discussed thus far in this section
are cold wall heating rates. These cold wall rates are used as input
to the CMA computer code. The CMA code calculates a corrected heating
rate based upon the more realistic conditions of a hot wall, with mass
injection into the boundary layer and oxidation of the graphite surface.
The cold wall heating rates and the CMA corrected rates are compared in
Figures 10 through 18. Figures 10 through 14 show a comparison of the
heating rates for a random-tumble and spin reentry of the ALRH, and
Figures 15 through 18 compare the heating rates along the ALRY
stagnation line for a side-on stable reentry orientation.

1Q
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Results

Ablation Analysis

The results of the ablation analysis are summarized in Figures 19
through 28. Figures 19 through 23 show the cumulative ablation of the
ALRH during orbital decay and -6.25°, -20°, -38.05°, and -90° lunar
return reentries for both a random-tumble and spin and a side-on-stable
orientation. The cumulative ablation shown for the random-tumble
reentry is the average ablation over the entire surface of the ALRH,
while the material removal shown for the side-an-stable reentry is that
which occurs along the stagnation line. (A side-on-stable -20" lunar
return reentry is not shown since this reentry trajectory was never
run.) The 300,000 feer altitude level is shown in each of the figures
since this is where the ALRH is assumed to be first exposed to the
flow. The time of earth impact is also shown. Figure 24 shows the
total ALRH ablation for a random-tumble and spin reentry as a function
of reentry angle. As shown, maximum ablation for this reentry orienta-
tion occcurs during orbital éecay. Figure 25 shows the same information
for a side-on-stable orientation. In this case, maximum ablation occur:
during the -6.25° lunar return reentry. It should be noted that, in
Figures 24 and 25, extrapolation to reemtry angles smaller than -6.25°
1s invalid since reentry angles of approximately -5° or less do not
result in a prompt reentry situation.
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Figure 19. ALRH cumulative ablation for
orbital decay reentry
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Figure 25. ALRH total ablation vs. reentry angle
for side-on-stable reentry

Figure 26 indicates the ablation on the ALRH during a multiple-
orbit reentry. This occurs if there is a mission abort following
translunar injection and the resulting atmosphere reentry angle is t»n
shallow to cause a prompt reentry. The amount of graphite removed f
the stagnation line of the ALRH for a side-on-stable orientation is
shown as a function of the number of orbits prior to a final reentry.
The dotted lines show the cumulative ablation that would occur for a
reentry of a particular number of orbits. The so0lid line is the env-
lope of the curves, showing maximum expected stagnation line ablatic
As shown, the maximum ablation would occur if the ALRH experienced
approximately 25 orbits before final reen&ry. This corresponds to au.
initial perigee altitude of 280,000 feet.? Increasing the initcial
perigee beyond 280,000 feet results in more orbits but less total abl
tion since the ablation per orbit drops off sharply at higher peri~e
altitudes.
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Two multiple orbit reentry trajectories (260,000 feet and 280,000
feet initial perigees) were run on the TTA computer code to determine
how these trajectories compared to those calculated by the HRSO017
computer code which uses an approximate method. The TTA code was not
used for all multiple orbit trajectories since it integrates the dif-
ferential equations of motion and therefore requires relatively large
amounts of computer time for multiple orbit reentry trajectories. The
ITA output also is not compatible with CMa input, as is the HRSO1l7 code,
The results of the comparison are shown in Figures 27 and 28. The dif-
ference in the number of orbits to earth impact, as well as the differ-
ence in total ablation to earth impact, is shown. The ablation occurring
during the TTA computed trajectory was 13 to 35 percent lower than that
occurring during che HRSO17 computed trajectory.
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The ablation results indicate that the 0.6 inch of graphite on
the ALRH provides sufficient ablation protection for all mission abort
conditions examined, with the possible exception of a side-on-stable
miltiple orbit reentry (with the same side of the ALRH exposed to the
Stagnation line for each pass through the atmosphere) of 25 to 39
orbits (280,000 feet to 290,000 feet initial perigees, respectively)
followed by a near orbital decay final reentry, again with the same side
of the ALRH exposed to the stagnation line flow., This exception, based
°n the approximate trajectory code, leads to a total ablation on the
ALRH stagnation line greater than the 0.6 inch of graphite thickness.
It should be noted that the lack of three-dimensional heat transfer
in the ablation model maximizes the ablation along the stagnation line
for a side-on-stable reentry.
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The ablation results indicate that the 0.6 inch of graphite on
the ALRH provides sufficient ablation protection for all mission abort
conditions examined, with the possible exception of a side-on-stable
mltiple orbit reentry (with tge same side of the ALRH exposed to the
Stagnation line for each pass through the atmosphere) of 25 to 39
orbits (280,000 feet to 290,000 feet initial perigees, respectively)
followed by a near orbital decay final reentry, again with the same side
of the ALRH exposed to the stagnation line flow. This exception, based
on the approximate trajectory code, leads to a total ablation on the
ALRH stagnation line greater than the 0.6 inch of graphite thickness.
It should be noted that the lack of three-dimensional heat transfer
in the ablation model maximizes the ablation along the stagnation line
for a side-on-stable reentry.
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Reentry Thermal Analysis

The results of the three-dimensional thermal analysis are avai
able for reference as computer output, where the temperature as a
function of time is printed for each node for the following side-or-
stable reentry trajectories:

1. Orbital decay reentry (cold wall heating rates),
2, -6.25° lunar return reentry (cold wall heating rates),

3. -38.05° lunar return reentry

a, Cold wall heating rates
b. CMA corrected heating rates,

4, -90° lunar return reentry

a. Cold wall heating rates
b. CMA corrected heating rates, and

5. Multiple orbit reentry - orbit 1 of 25
(cold wall heating rates).

As shown, the ablation effects (obtained from the CMA computer code)
are considered for the three-dimensional thermal analysis for the s*
lunar return reentries. However, for orbital decay and -6.25° lunz
return, the ablation effects on the heating are not accounted for.
During the orbital decay reentry and the -6.25° lunar return reentry
the hot wall correction factor and the boundary layer blowing ef -t
reduce the heating to the ALRH by approximately the same amount t
oxidation of the graphite wall increases it. However, during steepe
lunar return reentries the hot wall effect and the blowing effect
dominate, and therefore they must be accounted for in the thermal
analysis of these steep reentries.

Due to the bulk of the computer printouts, they are not includ
in this report; however, representative samples of the results are
shown in Figures 29 through 40. Figures 29 and 30 show the temperz“
distribution in the radial and circumferential directions, respecti-
near the center plane of the ALRH, as a function of time for orbic: .
decay. The node locations are as shown in Figure 4. The maximum &-t
temperature, the maximum circumferential temperature gradient, and t
maximum radial remperature gradient can be obtained from these figur
Figures 31 through 36 show the same information for -6.25°, -38,05°,
<90° lunar return reentries. The internal temperatures of the ALRH d
not become significantly high for any of the above side-on-stable
reentries during the portion of the trajectorz that was analyzed. <
verify that the internal components remained below their melt temper
tures during the entire reentry, the three-dimensional thermal analy
of the -6.25"° lunar return reentry was carried out to earth impact.
The instantaneous maximm titanium temperature and instantaneous ma:x
num fuel temperature are shown as a function of time to earth impact
in Figure 37. Earth impact temperatures of the internal components
the other side-on-stable reentries will be lower than that shown fc
the -6.25° lunar return, The time in Figures 29 through 37 is refe.
to 400,000 feet altitude,
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A thermal analysis was also conducted to determine the tempera-
ture response of the ALRH during a side-on-stable multiple orbit reentry.
Figures 38 and 39 show the radial and circumferential temperature gradi-
ents, respectively, during the first atmospheric pass of a 25 orbit
(280,000 feet initial per%gee) reentry. Figure 40 shows the instantan-
eous maximm titanium and fuel temperatures, The time is referenced to
perigee altitude, TIn Figure 40 the fuel temperature is shown to be
still increasing at 300 seconds. The computer run was stopped at 300
seconds, and therefore the peak fuel temperature was not reached. How-
ever, by examining the temperature response of the titanium it can be
seen that the titanium temperature has peaked and will begin to cool;
therefore the fuel temperature will peak shortly and will thus still
be well below any critical temperature.

Operational Thermal Analysis

The two-dimensional thermal model was used to predict the tempers-
tures of the ALRHM during the lunar day/night cycle. The ALRH mounting
plate temperature was the externally prescribed boundary condition.
Figure 41 shows the average temperature of the lunar surface and the
ALRH mounting plate durin§ the 28 day lunar cycle. Figure 42 shows
the maximm graphite and fuel temperature during the lunar cycle.
Figure 43 shows the temperature distribution through the ALRH at
maximum operational temperatures. :

Steady State Thermal Analyses

The results of two steady state thermal analyses are summafized
briefly in this section of the report.

The first steady state analysis determined the steady state
temperature of the titanjum cladding of the ALRH following its con-
struction and prior to its being placed in the ALRH graphite and stain-
less steel container. Based on free convection and radiative heat
losses, the external surface temperature of the titanium was initially
370°F; it dropped slowly to 340°F as the titanium surface oxidized.

The second steady state analysis determined the long-term tempera-
ture change of the ALRH resulting from the radioisotope gradually losing
izs radioactivity when the ALRH was buried in soil (presumably followin.
earth impact due to a mission abort). With soil conditions such that
the initial titanium clad steady state temperature was S00°F, the clad
temperature would change with time as shown in Figure 44.
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Figure 42, ALRH thermal response during lunar
day/night cycle ‘
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Conclusions

The basic conclusions which c¢an be drawn from the analyses con-
tained in this report are as follows:

1. The ALRH has adequate graphite thickness to prevent
complete graphite removal by ablation for all prompt
reentries considered.

2. The ALRH graphite msy ablate through at the stagnation
line if a mission abort results in a side-on-stable
multiple orbit reentry of 25 to 39 orbits followed by
a near orbital decay side-on-stable final reentry.

3. The temperatures reached by all components of the
AIRH remain well below melt temperatures for all
prompt and multiple-orbit reentries considered, as
long as the graphite heat shield remains intact,
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APPENDIX A

Material Properties Used in the Thermal
and Ablation Models
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APPENDIX A
Material Properties Used in the Thermal
and Ablation Models
Poco (AXF-5Q) Graphite
Density = 113.5 1b/fc3

Emissivity, ¢

Temperature
nF €
0 0.70
400 0.73
800 0.78
1200 0.81
2000 0.86
3200 0.90
4000 0.93
8000 0.96
Specific Hear, Cp
c
Temperature P
emp“F (Btu/1b-°F)
0 0.15
500 0.29
1000 0.37
2000 0.45
3000 0.50
4000 0.55
5000 0.59
Thermal Conductivity, K
Temperature K
(°F) (Btu/hr-£t-°F)
0 72.0
500 51.0
1000 37.0
1500 27.0
2000 21.0
3000 17.0
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Fibrous Carbon Insulation (¥-12)

Density = 7.0 1b/ftd
Specific Heat, C

P
Temperature Cp
°F (Btu/1b-°F)
0 0.15
500 0.29
1000 0.37
2000 0.45
3000 0.50
4000 0.55
5000 0.59

Thermal Conductivity, K

Temperature K

(°F (Btu/hr-ft-°F)
40 0.0280
540 0.0388

1040 0.0540

1540 0.0740

2040 0.1060

2540 0.1440

3040 0.2320

Titanium

Density = 287 1b/£e3
Emissivity, ¢

Temperature € €
(°F) (unoxidized) (oxidized)
0 0.30 0.76
1500 0.34 0.60
2000 0.40 0.55
2500 0.40 0.50
3500 0.40 0.36
Specific Heat, Cp
Temperature cp

° (Btu/1b-‘F)

0 0.120

400 0.138

800 0.148

1500 0.165

2000 0.150

2600 0.180

3600 0.270
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Thermal Conductivity, K

Temperature
°F

0
170
600

1000
1500

Platinum - 10% Rhodium

Density = 0.775 1b/in.3
Emissivity, €
Tempg;atume
40
1740
3334
Specific Heat, Cp
Temperature
°F
0
1500
3000
Thermal Conductivity, K

Temperature
°F

0
500
2000
3000

K
(Btu/hr-ft-°F)

13.6
12.0
10.8
10.0

9.6

0.02
0.17
3

CP*
(Btu/1b-°F)

0.0310
0.0365
0.0420

K*
(Btu/hr-££-°F)

41.2
40.4
38.4
36.9

*Ihese material property values are for platinum since data

for platinum - 107 rhodium were unavallable.
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Tantalum - 10% Tungsten
Density = 0.607 1b/in.3

Emissivity, € = 0.333 (at all temperatures)
Specific Heat, C

P o *
Temperature p
(°F) (Btu/1b-"F)
0 0.035
3000 0.040
5000 0.050
Thermal Conductivity, K
Temperature K
e (Btu/hr-ft-°F)
0 18 .0
800 24.0
2400 32.0
4000 37.0
4800 39.0

Fuel (238Pu02 Microspheres)

Density = 0.383 1b/in.3
Specific Heat, CP = 0.063 Btu/lb-°F (at all temps.)
Thermal Conductivity, K

Temperature K

(°F) (Btu/hr-ft-°F)
O 0.46

1000 0.46

1200 0.52

1400 0.58

1600 0.68

1700 0.75

* .
These material property values are for tantalum since dat.
for tantalum - 10% tungsten were not availabie.





Argon

Thermal Conductivity, K

Tempg;ature

0
530
800

1340
3140
6740

K
(Btu/hr-£ft-°F)

0.0088
0.0164
0.0194
0.0246
0.0400
0.0680

Pom =





APPENDIX B

Sample CMA Computer Run

(ALRH -20° 1lunar return reentry, random-tumble
and spin orientation)
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..... 13 O RN 5.1 )8 00....9 5000-001.-.0,20000 .. 0+550000———....0.000000A0 ...
14 1 r730.%0 8,3000-00L 0,10000 0.650000 0.000ne0ND
15 750,00, 7,7502-008__0,05008 .. _.0.725000. . 0.2000e00N...--..
omum. ExtenmL RADIUS §,300 ARZA PROP.TD RADIUSseq, 00
. ____ MINIMUK THJCKXNESS OF LASY_ASLATOR_ “ooe_lmcnesminn
THERE ARE 10 NODELETS ASSIGNED TO EACH Aaufmn NODE
RACK waALL CONVECTION BACK WALL RESERVG (A
..— COEF BTU/FTSO-HR=DEG. L...._.-..smsslvxtr_-.._.__.tnuvsan::ns-_._.....
-0.0000 -0,000 -Q,00
---usu OF FORMNATION DF MATER]IAL CONST)TUENTS=w-
e e ee e eemee . SOV 4: 3 {174 - | YO, coomnn ceemeecencase—
* FLAstlc csaR RAS
PRI Y S . SO .«0.00 0,00

——ENTHALPY_DATUN_TEHPERATURE = 936,900 0EG RANKINE

""""""" l--méh 1AL THERMAL PROPERTY DATA-w=
NATERTAL WO, 1 HATERIAL NO, 2 ATERIsL NOS. 3 THRougW2f
— = - VIREIN .PLASTIC— —CHAR ——SACKaUS

14 cte mrevermm sscsebmttctrremasEna, .
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cewess s an—eee. SANDIA_ABLATION .PROGRAM.(VERSION (TWOY . — ..ol ool . ..

PAQE 4
——__ALRM HEATER -20 DEGREE_REFNIRY RANDOMTUMILE SPIN
‘--YIME DEPENDENT BOUNDARY CONDXTIONS---
Jua_JLILE_aE.Inls_ELLE_ls_____nuonnonnnnncaoioaonnnnun
TIME RECOVERY RADIATION HEAT PRESSURE!
R T . eemememe e ENTHALPY. . . REAT RATE . e L COETF. ..ot .
tSEC) (8BTU/L9) 18TU/S0 FT1=-SEC) tLR/SQ FT=SEC) tATHS)
IR T  Svsmmmmny 2. 4 L 5 T OSSN Y T AU 0 1. Y PO . 0,000¢7
?.00 . 23729.3¢ g.0n 00,0024 0.00090
10.00 23731.,%6 0..00 0.00364 0.00182.
11.00 23720.29 8.00 ¢G.009% 0.00352
e 32400 23888, 32 e D00 0.0068 - ceeeeee—..... .. 0,006¢4
13.00 23636,79 0,00 0.0089 0.,01092
— . 14,00 . ......23494,50 .. ......... DOl 0, DL ... 0,00811
18,90 22949,25 0,00 0.0178 0.04439
- 14.00 21699%,19 0,00 0,.0263 0,09798.
19,00 20625,85 0,00 0.0313 0,L3992
2%.00. .....__._19150,0%........ ~0.90 o e 040368 e elee.. 0,59683
. 21,00 17197,.58 000 0.0427 Q.269019
22,00 e 14750,27 i e 0400 e eaee — 0,0680 e o.sdvrs
23.00 11968,43 0.00 0.038¢ 0,616355
—_— 24,00 9142,74 0,00 0.05264 0.45658.
26,00 46:0.01 0.00 0.0463 0.,40652
e e e 28000l 2165,19 ~0,00 S 1% 5 1 . POt -0,28391
A3,00 1086,40 0,00 0,025% 0.18125
et veme rereeeoee 39400 e, 303,89 8,00 0,018 . __.0,0R648
40,00 185,73 000 0.0034 0.0484¢
r——— 182,00 _312,78—————— 0,00 0.0509 D.12914-
362.00 154,72 0.00 0.0000 0. 935‘6
Cﬂlcﬂo . Pull(EthPHl)'So) WHERE PM{ w 2,eBaP»X DOT/CHMO. BRO :s 8.4 FOR SY&BNL710N
.-« AND TURBULENT. FLOM,. AND 0,.3.FOR.LAMINAR. FLON, — een e ame— e

?ATIO OF MASS TO HEAT 1RAN37ER COE'?ICIGN?S ® 0.930

"UNEQUAL DIFFUSION EXPONENT 2 0,333
NOMIYAL SURFAGE VIEW FACTOR 2. 14000 COPTION L) cmmmooommmecomceee o 0 eoaevemamcee s cmeoee some maes
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Jmeceeses o oo . SANDIA_AILATION PROBRAY..(VERSTON THO). ...ococeeeeee.. v

PAGE 8
ALRH HEATER -20 DEGREE_REENTRY RANDOMYUMBLE 5PN :
U datdod 1 § o T R £ 2R 2 ——- e eemeetam o mmmnam e e e e e s .
.- .'. "..'-. ;'; ¢ o - "'--‘"" "9‘;0.00_0-3'50"—9‘3" & v & 5 4w o000 ;—-—.-"":-...o .'..; ; ..Q *® o ® & e o =
-TIME _SURE__PROB__SURFACE______ M WALL.— M EQBE . —  MEAT “DERF. LHIGHY— PRESSURE—— — SURFACE -
STEP ITER OPTN RAD (IN)  (OTU/LB) (BTVU/LSY  (LB/S3 STeSEC) (ATH)
, Vo0 1.2.5000..—~....0.00 23720,38...... 0.0026-....—-...0,00000--~ ---- - 0,00090. . LTSN
e e camed Mttt met treeetw tmmmeetmas t et en o - [} teome——de tmmae cmeneam s . -- . eee
. -o-laL]ftox R‘fES..-
—B .PﬂIHE_LBRJHE_G._H..DEL:HAR—\_Dot-GLL_H_anR_;__u_ats -
fL3/S0 FPTSECY (L379R10 SQ FY)
9.00000 ...0,00000 .. —.0.000000 —-...0,000000.—<---0-p000000-----4.04000000-ccccuuece... . s e e
- " ee<RECESSTONS/RECESSION RATESaae 7777 TTITTTmmemimmmmoessescensees s e
_ tANY 2. LINZSEC)
SURFACE CRAR (0.02) OYROLYSIS (0,989
o.oouonowo.oooooon___..--n.nooooon/.a.onnnono_.......u.nonoaon/a.oonoooo_..._h-.._.-..-............

P r———- S m Pt e em s et e TP A es sttt et s e vt ma o

LISURFIGE ENEanY FUUK TERNS<ce

—— CURRENT_RATSS_(aTU/5Q_F.T_SUREACE=SEL) —_—
AND INTEQRATED VaLUES (BTU/0RII SQ FT)
-CONVECTED ___.. RADIATED ....__9A0IATED ... CHEXIZAL____CONDUCTION e e o am—aa e e oana s e
IN . IN our GENERATION AwAy
ATE 0,0000000___. ..0,0004000...__.0.,000-000....—.0,0000000 ___ B.,000a006. o oooooe oo .
ToTAyL n,000000 0,000+000 0,0004000 0.000000 8.000.000
cie sseermieimabaiece-e "= INFER]OR _ENEQGY. TERNS e e e eotesnee e cm e o ot o -
: . CURRENT RATZS (9TU/50 FT SUSFACE<SEC)
© - - .m.- . --AND .INTEGRATZD..VALUES (BTU/0ALL.SO.FTY. ... . et tceecmevaaame  cemmnen
PYROL GaS DECOMP CONVECTION STORAGS LOSS ar
—— PICK..UP. Aascapmov__u:.m_sot.xns__w_so;,4.u_ae.q..“c;
UATE 0,000«000 0,000<000 0.000000 0,000+800 0.000.00n
TOYAL  0,000a000 . ...0,000¢000.....0,000e000 - .0,00060800 e .0,000eB0 M weoemoenen e oo aeen.

NODE NAT TEMP ~ DENSITY  § P DENSITY  ENTRALS

ENTUALBY WODE NAT  TEMP  DENSITY  ENTRALOY
~—————(CEG_R)—tLB/CUFT)(BTU/LG—  (BER_RI—(LB/CUFTI—LBTU/LR)

1 4 730,00 186.000 94,09 e 'y 730.00 1p8.00O ¢4 A9

. 0 1...730,00....208,000._.... 94,00.... 00t __..730.00_...1n8,000——..94 a9 e e emea e e cseaann e aamne
3 1 730,00 108.000 74,00 11 A 730,00 106,000 e, .n9

- % 1..730,00,...108,000.._94,00_...02 1 _ ..730,00___.108,000...._.. 08 0 e e e
9 1 730,00 108.03% 34,89 13 % 73In,00 1n8,00D 94, A0

—_—t 3 _730,00___288.000 94,09___1¢ 1. 730,00 108,000 0d _ne
7 % 730,00 108,000 94,09 1% L 730,00 §n8.000 94,n9
A . 4...730,00.....108,000...... 94,00 .ooeomeeeennen-.

S em et tmmmn ceMamce st tee el bt m et cmmcmrcem et mc o mene e rc ceens
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Wt~y vl

v eieen cae .. ..SANDIA ASLATION._PROGRAY (VERSION_TRO).. oovoee.. ..

PAQE ¢
— ALRH HEATER -20 DEGREE_REENTRY AANDOMTUMALE SPIN
e e e e e =aad e 18 oogo TEECONDS o - = = m mm e e T e Y e e e e e e e e
TINE SURF  PROB SURFACE M WALL ... W EDOE_____._ WEAT _COEFF__ ___ CW/CHG..........PRESSURZ . . _._ SURFacE
STEP ITER OPTN' RAD ¢INY (STusLah  toTu/sLB)  (LB/S3 CT-GEC) (ATH)
9 3 1 1,5000___1pi96.27 23731.,96  0,0036  y.sp008 0,00182 Le..
! SCABLATION RATESe=ee
. 9 PRIME____8_PRIME Q___N_DOT CHAR ._N.ROT. GRS . M CHAR...oo M BAS o oooeeecaie e e, e eees
(L8750 F1e8EC) (L3I/0R10 SO FT)
——0.00000_—0.000008 ___0.000000—__0..000000 - 06.000008 0+000900— —
PO [ e mme—— e memmimts e catrtan ettt —ee s b tobetmm s tome et T io e co b e o v s m . ie-emee - --
---nscesswnsrqscssswu RATESe==
............ N § ) Ny UV § 1 771 -(-F DO e eem e toas cae s et naiamn s
SURFAGCE CHAR (0,02) 3YROLYSIS (0,98)
D oonooowo*ouocunn.___uuoonu/o-aoooaoo___uauou/n.oono--n
et e eeemtememeeeemmee = mos mmeeemeem—a— .o ——— o am s memma U S
~-eSURFAGE ENERGY FLUX TEQMS--=
eee .eeee.-- CURRENT RATES. (ATU/SO. FT SUAFACE~SEL) e aecen e e emia mmmaene e a
AND INTEORATSD VALUES t8TU/Q313 50 FT)
__CONVECYNO___ RADIATED_ _ RADJATED_____GHEMIZAL ___ CONDyCr1nw
IN IN ouY GENERAT L ON Ayay
LRATE . 4,013e001.. ___0,009000 1,807.001 PR R R T TR B 1S DY 7. S
TONL & 1660001 7,000000 1,545001 J.772+001 7,963400¢
_ nes JNTERIQA ENFIOY_TERS 2 nn
CURRENT RATES (9TU/SQ FY SURFACE-S2C)
—- -—:AND..INTEGRATED..VALUES -1§TU/OR].2_S0..FT). [ U UUU [
"“PYROL GaS . DECOMP CONVECTION STIRABE LOSS At
. PlCk.up _.._.-.Ausonpno\l....uxm SOLIDS e [ N.-SOL 1D - —e e - REAQ. PAGE—— e ceme— coenes e e m
IATE 0,000-000 000000 0.006e000 9,007¢00% 2.842.005
—rora,—-o, uao«uuo——a.ooaoooo—o.oou.coa——r-rvwooaz——-’.asz-ao- v

ODE WAT ~TEWP  DENSITY ENTHALPY NODE HAT  TEAP  DENSITY  ENTUALPY
.- -« (DEG R) ..(LI/CUFT). (BYU/LB) - cecereeacecaa (DEA-RY - (LY ZCUFTY - BTY LR Y — - rmcoma comeanae senms ceemmcen o oo

1 2 956,25 108,000 155,32 o 2 719,13 108,000 117,02

2 —2—— 049,17 108, 000——131 yAP—18 02— 76048 1£58+000—1 1 319> —
3 2 Naz, 31 108,000 148,55 11 2 757,81 108,000 107,48

6 .2....033,70-...300,000..—. 144,39 .42 .20 747,86 108,000 02,74 —an-rmemerimmerrienecam e caeoans

5 2 025,45 108,900 140,43 13 2 742,12 408,000 99,97

0 .2 . B16,22. 108,000 . 135,08, %42 739,18 .. 108, OR0-rrer 0N, Glernncrmrnn s mermen amene o oea e oo

7 2 A04,32  103.000  130.14 15 2 738.53  1n0.000 08,23

—_—f e 3—.793,22.._108,000—123,73

- .——teame asa
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ceeremmeansioen... SAND LA ABLATLON PROGRAM _(VSRSION..THDY. ...... ... .. ... Cheme eee e eeen

sAQE 7
—— ALAM_YEATER -20 DEGREE REENTRY RANDOMTUMALE SPIN -
o mew e e e ST L T 0000 SECONDE = e e e m oo e m e e Y e e s e e e .
TIME SURF ._PROB __SURFACE__ ___H MALL....—M EDGE._...— MEAT..COEFF.....ccc.CM/CHO--.. ... .PRESSURE: .. SURFaCE
STEP ITER OPTN RAD ¢IN) taTu/sLsY  (9TU/LB) tLB/S3 FT-SEC) tATM)
12 Y A 1.50D0 904,58 23720.29— — 0006344 580000 0.00357 — ___Co
1 TTTTo TTeemee seemcstoees - “:_“':;;';;'éﬁe's';—_;——“‘“‘""'—" TReSTEStTImSTITTsmsseroessis s sen :
.. B PRIME. ... B.PRINE G H_DOT _CHAR .. . M DOT BAS: .o e Mo BMAR eeeanes MeBAS eem omnmamn ot emes e oo e o
. (LR/SO FTe8EC) tL3s0Ri0 SQ FT)

.—0.00000__0.00000  0,.000000 —__0.000000_ 0600080 8.000000

cae - ceae -es o ema P — Lo mmi ce s ccosasnscelas i - cieo s mmeicerreanimr e c e ma . B e e e BT

~=<RECESSIONS/RECESSJON RATZSe=e
- TSR AR R L. P I SO 8 1 741 -3 O PO
SURFAGE CHaAR 10,02) BYGOLYSIS (0,90
—~—0.0090000/0,0000000—_0,0080000/0.0000000 . 0.0000800/8,9000000—

© e es-eeee 4 e e e—— P

~==5YRFACE ENEQGY FLUX TEAMS=e=
vemeecmee - — CURRENT RATES (BTU/SO 5T SURFACE®SEC e oo oemeomeooeeeeeeeeee oo o
AND [NTEGRATZD VALUES (8TU/QRI3 SO FT)

——  CaNvVECTED RADIATED RADLATED ___ CHEMISAL  CONDYCY.IOx

IN 1N our GENEJATION AMAY
SATE ... _7,473001__ .. .0,0000000. 3,.¢45004 8,13%.001 102570003 carmemee it i eee e eaee
TOTAL 1.0768002 0,000000 4,384-001 8,595+001 1:,933.002

ron~ | NTERION_ENERGY—TERMSA
CURRENT RAYSS (97U/ST FT SURFACE=SEC)
me e evne eeiiimeae e tAND INTEGRATED--VALUES - tBTU/ZOR LG - 80P e e e e oo e e eeim e cm—ameee e e e e e e

_"PYROL GAS R DECaMP CONVECTION STORAQE LOSS Ay
e --PICK_UP... L __ABSORPTION....K| TH.SQLIDS.....1N .SOL|D REAR.EACE e meomame e e e
RATE  £,0004000 0,0006970 0,000000 1,2574002 2,948.005
0TAL__0.80De000 00009000 0.000e020 —  3.933a002——3,732-005

NODE HAY  TEMP  DENSITY  ENTHALPY NODE MAT TEMP  DENSITY  ENTHALPY

: -, (DEO R)...(ILB/CUFT) . ABTUALB Y e o DED- R ) (LB/CUF T) - BT/ bmrommmmr s mmomvcmceamaa—s avrereen. s
4 2 089,77 138,000 191,33 9 2 867,96 108,000 159,25

—2 2 079,35 ——308,900——188,77—L0— 2 8406 2——1 PBONC 152,414

S 2  %69,20 108,000 164,08 11 2 425,73 108,000 140,51

Pmeemmes vt T mA et e RO cte (4B ate can Aot G -~ . et 8 e ae e an

4 .. 2...936,32_...106,000 - —-182,68---12.-0c2.-0. 903451108, 0002 —-=-129, T rermmsesommm s oo e e em e maen oo
s H 944,22 108.000 179,46 13 2 789,19 108,000 122.79

- 6.2 . 929,78....108,000.. 179 ,63--..0€.2... 781,300 808,000 0 oee 198,07 oo et e vaien eamaee.
7 2 011,02 106,000 170,68 15 <2 179,52 108,000 118,11

—B8 .2 ___6889,20—108,000 164 .88 — -
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_ e e ._"_,SAND!A"AELRTXDN.ERDORAﬂ"(NEﬂSJDN-tHDL.N_".".u6‘°E o
ALAH_HEATER +20 DEOREE_REENTRY RANDOMTUMBLE SPIN : —_
—-.-..----.--- xzoanosecoﬂos ..----...-...--.-------o..-..
TIHE SURF PROB SUARFACE ___ M WALL _ W EDGE._._..._HEAT..COEFF..._.._EN/CRO.......... PRESSURE: . .. SURFACE
STEP |TER OPTN RAD (IN) tQTWUn " {9Ty/L8) (LB/SO $1-SEC) (ATK}
36 3 1 1.3000 7994 .42__23685.32 _____0.00%8  1.00080 5.00644 Ce
' -quBLIonM “QATES--
.. 9 PRIME _ .8 vame Q.. .M.DOX_SHAR__ M_ Dur GASY oo e MoBHAR e e M BAS . o e e e
(L3759 l'T-S tL3/0R10 SQ FT)
—0.00000___ Lnuun_n.nﬂnnnn_n,nunnn_n.unun—n. ooagde -
eewe s smememtes Wemmsemarsee. cmvasmwaaa eecesvmcte smecccramasr remasrmrma—esdecl | lecic e mmet e Besrrnc e cmmicee cn emis cersoee smmmaeme
---aecesstous:usc=sslou RATEQewe
NI § § P .. CIN/ZSECY . ecsectaseiemmmeermama e o e eman
SURFACE cum 10.02) oYI0LYSIS (9. 98)
___--o.1onﬂannzn.onnenna_____n‘nnnooonzn‘nonnnna____.n‘unannnn/u.nnauouﬂ
---SURFlcE ENEan'f FLUX TERHS---
eme - o= CURRENT RATES (BYU/80 FT SUSFACESEC). oo one o et e cmeaciimcneens comeeees e
AND INTEGRATZD Va_UES (9TY/0R}3 S0 FT) )
CONVECIED RADIATED ___ RADIATED CHEY] SAL CANBUCTION
IN Iy our GENERATION ANAY
L AATE . 1,070002. _._..0,000000 ...__6,754«001 ... 8,136000% —ee.-. FRLY & 29 1 7 SR
10TAL  2,020e002 0,000e000 9,721-001 1,4570002 3,455.002
—_— - ==eINPERIOR-_ENFRGYTERMS 2an
CURRENT RATSS (BTU/SD F1 SURFACE=SEC)
ceee o tAND INTEGRATED - VALUES (BTU/ZOAL 3. 80, P ) et e e s
"PYAOL 0AS DECOMP CONVECTION STORAGE LASS At
- PICR.UP ... ASSORPTION.H1TH SOLIUS —cc—IN SOLTD ccecene- AEAR PACE oot e eaae -
IATE D,00De0Q0 0,000e300 0,000e%00 1,6276092 3,272«00%

- T0TAL . 0,0000000——0,000a000——1N,0000000—_3.4554007——B8-343-005 ; —-

e s et et e e e memm S A eRmAMm e mMetss et S—egematfoc. e = — 4 ecemmimemamnct_ab e amaterss saces . . -

NODE HAT  TENP DENSITY  ENTHAL®y NODE HAT  TEWP DENSITY  ENTuAysBY
. (DEG R} .(LB/ZGUFT) CATU/ZLBYcemeer comeensd {0EQ R) -ctLR/CUFT - {QTUILAN = ceoomrmmme cmes s = o cve o o ee

1 2 1163,27 108,000 237,54 9 2 993,80 1md,000 102,54
e 2. 21148,13_106,000——233 49— 10— 2 369,19—_.4N8.,000-——1R6,08
32 1133,49 108,000 229,67 14 2 937,34 106,000 177,43

4 2..23195,14...106,000 ..---224,78....32.....2....9 us,u.-._ma,nuu.... 209,92 cneees . eeeiceciecreianran e o
9 2 4097,72 108,000 ?20.10 1) 2 886,09 108,000 164,09
.6 .2 3877 ,A6.. 100,090 —.-2164,02 . 14— 2....574.15 < ABB.ON0- - 160,89 --— o . e eem o o e

7 ? 1051.69 1¢8,000 207.94 35 2 871,4 108,000 160,16
—8..2..2022,01_106,000 200,07 —_——
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..... © emeccescecncc—.-.. SANDIA, ABLATSON_PROGRAN_(VERSION.THO). R Ty e
——ALRH_HEATER =20 DEGREE REENTRY RANAOMYUMBLE SPIN

- . emteamen son R et tereescar s st n s sresecescatmaran

-.-.‘.-o-.o--;‘“Q.is-;i‘aé.o.?é.c-o‘ﬂé.s ..-.o-.'--c-...----..-.”-‘.».-..-.

TIME SURF.. PROB.. SURFACE..... ) H.WALL -..—H EDGE._____ MEAT..COEFF-........ CH/CHD-. - -....PRESSURE. . - SURFACE
STEP ITER OPTYN RAD (IN)  (3TusB} (BTU/LE)  (LB/SI FT-SEC) (ATH)

—...21 2 I - 1.4979 . 7121.38. 23634,78 00088 — _0.9%7230— — 0,01092— —Ce.— —
-'>a * e .- . — Pty . - — - MABsman eviBeSremvesccseTmacteis o ~4e s epac:am - .-

=a<ABLAT[ON QATES=ee

.-~ B.PRIME .._B.PRINE.G.._H.DOT CHAR.. 4_DOT_ BASI—eeee M CHARcenenee M @A e ce e eaeneceecee —aomeme s aean e e
tL3/8Q rr-8EC) (L3/73R10 SO F7)

—0,13547__p.0a000 0.004070 __0.000000———0.000492—0.000000

cheeemamet it tue mmmemmcies . cie bmmmm . ——

remesenen comeoe “oomnaes soae wreccacs vmcmrece - imacane sen

===RECESSJONS/RECESSION RATES=--
v e BFURRIOON £ £, 2 IS oy 3 ¥ 7P/2. -1 -3 I v U P

SURFACE CHAR (0,02} PYROLYSIS {0,98)
——0,000054020,0001489 D _0000544/0.,0002068 __0.088005456.0,5001068

. D b PRI

~e=SURFACLE ENEROCY FLUX TEAMS---
. eeecceecmee-—. CURRENT LRATZS._{8TU/SO..FI_SURF.ACE=SEC). - ce—e- e man e
AND INTEGRATED VALUES (8TU/QRIB $O FT)
- _.WM.?:.‘LED_._RAD % ATED _ __qanl ATED ___ CHMEMICAL ___ SONDYCTION
N

ourt GENERATION ANAY
LRATE | 1,401e002 .. .. 0.,000000.____ 1,32¢¢000 ______4.722+001. 200650002 e ... cereeiemmmeman sses
TOTAL 3,299«002 04000000 2,008+000 2.097e002 $.3754002
ro= INTERIOR_ENERGY—TERNS can
* CURRENT RATES (BTU/SO FT SUIFACE~SEC)
cemcemesnerecmeoms e ANDINTEGRATED_VALUYES (¢BTU/OR]0..S0-FT)... m ettt e e arerae e s
.'PYROL GaAS DECOHP CONVEGTJON STORAGE LBSS At
- - ePICK UP o ASSORPTION. . M) TH..SOLIDS.-—-a—§N--SOL [ D- REAR-FACG-- - . e e
IATE 0,000e¢000 0,000+900 8,413~002 2,054.002 3,75%.009
—T0TAL___0,000e000 0,000e000— — 4,024-002—5,375002 1-4242-00¢

¢ miecemeemcsrcemce swe [ ——

TNODE MAY  TEMP  DENSITY ENTRALPY NODE NAT  TEAP  DENSLTY  ENTHALPY
- -+« (DEQ R)....(LB/CUFTI—tBTU/LDY—com——cceoa{ DEG- A Yee (LB/CUFTY - (GTU/ LR Y s s caomm et s merae aen s eomaamnmmnne s

1 2 1366,28 108,000 2vv.28 9 2 1141,34 108,000 231,70
—2 2 1345,43 108.000—292526—30—2—3150+43——108 000——253 ,50
3 2 1325,74 108,000 285,49 11 2 107a0.70 108,000 21’.?7 .
-6 2 3300,93...308,000...—.277,06—-—12--.2.-1033,51.....108,000 203§ 2ot et temcan e eae .
5 2 41277,78  408.000 209,19 13 2 1009.,26 1nA.00¢ 196,69
6 .2...1250,77 __.108,000—-.260,80_.. 4.2 995,79 ..108,0008.ccc 103,92 -crocc—mm e ememncnmans cme —neenen.
? 2 1216,52 108,000 251,62 15 2 992,74. 108,000 192,32
—6__2__1172.,84__ 108,000 243 .37
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e afemmeme ecceiee.. SANDLA. ASLATION. PROGRAN..(VERS JON-TMIh e cceeoce —mos emiemieei e ceen el
PAQE 190

__JL‘.‘."_ﬂ.e.k.f.s.ﬂ_;ao_o.ﬁ.oﬁE.E_&E&\quuopﬁwiuﬁ_srlN . — —_

‘s e e e e s e T TG, 0000 SECONDS = - = e e e o e e m e e s e mae . e eaa
TINE SU3F__PROB SURFACE _ 4 MALL, __ M EDGE___ .. _MEAT COEFF _____ . CH/CHO.... ... PRESSURS . . SURFACE
STEP ITSR OPTN RAD {IN)  (3TU/LRY (BTU/LBY  (LB/SJ CT<SEC) tATM)

—26 2 1__ 21,4998 6433.61 R3491,30  0,0108  5.9e224 _ _ 8,0100%  Ce_ -

cees  e- cimeececceamaencmsicssacammames —eme sessiee s sommensoe cmen e omccercemeooms o .08 - . e mee msese -

eeedBLATION QATES-em

.. B PRIMNZ B PRIME Q... M.DOT CHAR... X.DDY. GASe _____ M CMAR ... M OAS. coeieeocnicccaaneciareans -
(L8750 FT=SEC) {L370R10 SO FT)

.17990_0..Donoo___o...nmnn__n..omu__n.uma_a.nnum

et trceee cesmmme ates o en e D

TCCURECESSTONS/RECESSION AATES-o~

T ST ¥ 17 DO Y 17 -1 1 TSRO UU RPN
SURFACE CHAR (0,02} PYROLYSIS (0.08)

——0,0002066/0.,0202000 0,8002066/.0+0004869— 0.0082066/0000486%

e emtmt-mctes - sesvecse-emarecva L L O A

=«=SURFACE ENERSY FLUX YERHS---

............... CURRENT RATES. (8TU/SD FT _SURFACE=SEC) — e e emmeaeescmeesmemeceatans mmnyonm—. aman o
AND INTEGRATED VALUES (BTU/ORIS SO FT)
conv&crsn _RADIAZED RADRIATED CHEN1SAL . CONBUCTION
IN our GENERATION AVAY
UTE ..__1, 8550002 ...... 0, ooowom-_,..z.seeoaoo__..__y 8790008 e 2087000 e emeeee oo oc e e e ememeame o
TOTAL ‘.9600002 0,000000 4,038000 2,823.002 7.74%.002

eciie cieeamta.tes  eewmces ——- —— comm ve - —— cemesmsecaamaas -

— ==« [NTERIOR.ENFRGY_TERMS rm
CURRENT RATES (27U/S0 FT SURFACESEC)
eoevemee-¢AND..JNTEGRATED.VALUES (BIU/OR}3. SQ. 1)

“PyRoL GaS DECONP CONVECTION STORAGE  LOSS AT T
- .BICK.UP __ . ..ARSORPTION. _uiTH SOLIDS — . tN. SOLID-—.—-2EAR. P ACE — e mmaee
RATE 0.000e000 0,0004000 2,157.00% 2,5650992 €,228<-00%

~TOTAL—0,0004000—0,0004000—1,9310 00821, 7434002 +-rAdé-004

YODE MAT TEMP  DENSITY =nmun NODE MAT  TENP  JZNSITY ENTRALDY
.- (DES R) ..(LB/CUFT). (QTU/LAY. - cocaaceecaea (OER R) - (LB/CUFTH-{ITUYZLRY <o cvovmmmmerromomes een o0

1 2 1606 16 108,000 380,84 9 2 1304,33 108,000 278,24

e 2-2..1577,62— 108,000 371, 13— 1021264432~ 100,000——284-4x
3 2 155¢,35 308,000 364,88 14 2 1213,66 106,000 250,06
4 2 .1516.58....008.000 - 350, SAcae3200ee2em1266,99 108, 000 cce 238489 cxmecee wmemmmemnnrnennenns o
2 1485,29  106.000 330.7¢ 13 2 1136.91 108,000 230,92
[ z. 2432,99 . .198,000 .— 327,40 — 14—..2..1120,31 — £0B,000 .. 296,{2 cceecriann ieiiiie o ceeme L
7
8—

1403, 27 108.000 314.8% 19 2 1116,57 108,000 229,12
2—1352,11-—1!!8&00 294,44 —
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ceeeeireen o0 e m e SANDYA ASUAT{ ON. PROBRANAVERS 10N THO . cocomammevrss o = oococeeeee .

PABE i1 .

—_ _ALRM_HEATER =20 DEGREE_REENTAY_RANDOMTUMALE SP1Y : e
C e e T IR beg BERONBE T T T I T T S e e e e e e e
TIME SUGF PROB. SURFACE ... _M WALL,.. M EDGE —._...HEAT. COEFF.........CM/CHD.. . .. PRESSURZ SURFACE
STEP ITSR OPTN RAD (IN)  (3TU/LS)  (3YU/LB) (L8752 FT-SEC) tATH)

— 3. 21 31,4994 5848,48._23220,34 90132 0493783 0.02835 Se —ie —

Cemetmn s e cmmat e e m—————e st s t00E 4 ecmceassme .

=~e<ABLATION RATES~ea
. B PRINE __ 9 PRIHE. G..._.M_DOT_.CMAR.. 4 DOT GAS: M_.C4AR 0 T 7S O
(L3275 FT=-SECY {L373810 Sa Fty
__0.18553¢ 0.00000Q 0.002364  p.000000  0.00394% ___0.000000

U T U U U
===RECESSIONS/QECESS10N RATESeee

[P ORIE 1 L 2 POy JOURY 3 § 72117 IR

SURFACE CHAR ¢D,02) 3YA0LYSIS (0.93)

—--0,0004347/0.,0002627 .. 0.0004347/0.0002528 0. 0004342/0,5002578

etesiice 4. estmeireccencoemanaae e-evr . . cm— et ——— et s s b b am e

+-=SYRFACE ENERGY FLUX TEQHS---
veeeem ain eee CURRENT RATES (BTU/SD FT SURFACE®SEC) ceer erenmsemmecen eommeemmancos e o s om o eoaem e oo
AND [NTEGRATED VALUES tBTU/QRIS SO £ 1)

«oo..—.CONVECTED_____ RADIATED______RADIATED CHEMIZAL CINDUCT.IIN ———
IN IN ouY GEVERATION Addy .

AATE . 2,3B20002__.._.0,0000000 S.152+000 857570008 _3,2060009 cccommeee ... et e —————
ToTAL 7,1084002 0,000+000D 7,93148080 3,6524002 1.068.003 :

— r=rINTERIOR_ENFRCY—TERMS e -

CURRENY RATSS (BTU/SQ FT SURFACE-SEC)
.. o oo e..--tAND. INTEGRATED..VALUES (BTU/ORIS S3.TT} .- et me e cmees e ameeman e s
'PYROL GaS DECOHP CONVELTION SToRaGe . LOSS AT

] DICK UP ... ABSOROTION ... WITH SOLIDS oo.coa M. SOLID..—  AEA R B ACE o i iiiciicee eeeees e anins
ATE £,0004000 0,0004000 4,453-001 3,201+092 4,779-00S

LTOTAL 0,0004000 0,0009000 ___5,378-000—  1.,0684003 2.000.0p4

- - e emeiet meme s et el ts 10 e e e imme A sA ca e e s mea cseemem s & eeeen.

NODE WAT  TENP ~ DENSITY ENTHALPy NODE MAT  TENP  DENSITY  ENTNALSF
.- {DEG R)... 4LB/CUFTL-ABTUZLBYcc oo - ool DEG-RY . (LB/CURTY A3 U/ LAY n commememecems eaaeme mee e
12 1909,42 108,000 492,99 9 2 1686,23 108,000  34n.n4

—2.-2 1859,67___108,000—A77,0¢_ 102 1634.,24 128,000 332433 —
3 2 1820,98 108,000 461,92 11 2 1368,89 108,000 3nn,.dis8
4.. 2 1773,68....108,0N0 - . 443,60 ... 22-....2...1309,21.—-1 08,000 -oe--- A 2 1 VU
5 2 1729,84 108,000 425,38 13 2 171,07 108,000 266,09

w6 T 16T9,63. . 108,000 . 406,R0 —16.....2...1250,22..-.106,000-ceen P80, 58S it i aiie e el
7 2 4617,3? 108,900 384,6¢ 13 2 124%.55 108,000 2%9.x1

—-8

—2_.15¢9,02___103,000____3631,44.






- . SANDIA A3LATION _PROGRAM. _(VERSION.TNO) ...........

DAGE i2 o |
BLRM_MEATER =20 DEGAEE REENTRY RANDOMTUMILE SPI%
e e w mmm e weae - ..- 16 °°°° s:co‘us -~ e & = = - - 0.:.;..:.':-....:......A.“‘.;..'-' ;”4 ‘e ® ® .- 0.'
TIWE SUeT PROB SURFACE ___ . 4 WALL, .._% EDGE, .. HSAL.SOEFF......_. C4/CHE ... —PRESSURZ..... . . SURFaCE
STEP  }TEA  OPTN “RAD (1IN} (3Tu/L3d  (BTU/LB) (La/s? H‘ =-SEC) ATV
.40 __ 2 b 1.,4903 IR15.86__22949,2% D.D14 0.93828 0.,04437 Ce

1 ar . sreves = aiemcweemsmnmaeae -eme Gemcdomeeas . om . DT o iirae -

c==ABLATION RATESees
.3 PRINE __B PRINE.O. .M DOT SHAR.... M.DOT. GAS: . M CHAR..ceooo M BAS coomecicicccamas ...
(LR/SQ FT.SEC) tL3s0a1a S¢ FTy

V. xo&«s___n.anoal_____n.aazaaa____n.cnnona_____n.nostak 0.30000¢ -
ee- w- ee  seemnm cames cn S teccmercmaBeme cesamas svneemetmds comtas et Teanseem— A ces te ©6 08 Saee s coaman St e e = et e s
---RECESS!OVSIQECESSION RATES-==
veee- - LIRY L 7 [ B 74313 o OO
SURFACE CHAR (0,02} 2Y30LYSIS (a,0R)

~0,0007222/0,3003206______0,0007222/0. DMM&__J.JWZZZIR,‘QURJI.:’

.
D T T TR L P S iy

<<<SURFACE ENEROY FLUX TEaMSees
o ee cee -...CURRENT RATES. (BTU/S3 FT¥ SURFACE®SEC ) oo e e omacercecoecemocaeaceme e e e
AND INTEGRATSD Va_UES t9TU/0R1G s FY) -

... —_CONVECTED RADIATEl_____ﬁADlAIF&______CME. AL _CONOUCHLION
IN our SENERATION ANAY
RATE ....2,955.002 _.... 0. 0000000_—_..’..015-001 ...... LU D.1-TY: {) | UESEUENE. P TR DY, ¥ i S
ToTAL  9,B16e002 0.,000e090 1.967<001 4.5B82+002 1.,4244003
—_— ~~=JNYERI0N. ENERGY_TERNS s n—
CURRENT AATES (8TU/ST FT SURFACE-SEC)
- < AND. INTEGRATED. VAL UES - (ATU/0AL 5 .80, P T ) ccmsoomr e cesimamame e comenncmancnmen ot come suere ..
Pvnm. 6AS . pECOM? CONVECTION STORAGE LOSS AT
SICK UP _ . ARSORPTIOY...WITH .SOLIDS —ceIN .$0. 10— — _ REUA. PALPmeanrerroeoma et ecemsrmmes cmee e e
ATE 0,000000 B,000+000 ?,768-001 3.810+002 5,2%0.000

T0TAL,— _£,000%000-——0,030000 1-,-165-000—-3-423‘903——!'603-003

asmicm e weii s . . eevememsw = o+ ~ cieem t a6 smei ctwnwssncorsesnanar oo

NODE AT  YEWP DENSITv  ENTHALPY NODE MAT TEVP  DENSITY  RuTuALoy
. - (DEG R) (LB/CUFTL.1OTU/LE) ... cco.ccCDEC R) . (LB/CURTY_3TYI0A) cormrmememmeecan s een -

1 2 236,82 108,000 $30.29 2 1%89,74 106,000 410,74

~- 7 _2_.21062,12.—108,000——507,A0—30——2-3522,93 198,088 356,40
3 2 2130,27 308.000 585.00 AL 2 1530,34 108.000 384,32
4 2 .2066,62 _ 308,000 --—558,.08. —-12-..2...100¢420...- 198,000 - 3D BT oo caniiiiieeaea ceaees maes
S 2 2008,93 103,000 535.22 13 2 1415,53 136,000 316,36
[ e 494,87 . 108.000..—-.- 509,48 -..%4..._. 2. 1390,48 . . 108,000 - 307,80 e recerereniiomiin vemraneon o aee
7 2 1741,20 108,000 477,815 19 2 1384,6% 108.000 3n3,s3

~ B F..1771,60—_103,000__442_7p
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e SANDIA.ABLAT)DNHPRDBRAantVERSION.IHD).v!iuu-a;iéé“::---" e e e -
. 1
— _ALRM_HEATER -20 DEOREE_REEYTRY RANDOMTUM3LE SELN :
e e e e T TR B0 BEEONDS T T T T T U L a e S e e e e
TIME SURF  PROB  SURFAGE ___ M WALL .. 4 ZDSE.._____| HEAT_COEFF.. ... CH/CMO.... .. PRESSURE. ... SURFACE
STEP ITSR OPTN AAD (IN)  (3TU/LS) (BTU/LB)  (LB/SI FT-SEC) (ATH)
57 T2 A 31,4995 4325.51  21635.10 90244 B.05486 2.09798 Ce.

. te smeeme  cpececanan mes memeerene0s cmmmncsean e smamnae
1

*e~ABLAT[ON RATES-«-

. .9 PRIME .. B PRIME_G.__ M _DOT _CHAR.._ M OBT OAS:._ M. CHAR .o M BAS o iicriine ceceimneaeean. .
. tL3/S0 FTeSEC) tL3/3R1G SO FT)

—.0.19587___0.00000 0.004472 8.000000 ____0.013788 0..000000

===RECESSIONS/RECESSION RATES-~--
.. SIRPYUUSRPRR § ¢ b SIS SR § § 741 -1 -5 E O
SURFACE Cuanr t0.02) PYRDLYSIS (0,98)

—~ —0,0015328/0.90047972_____ 0.00159328/0,0004884 _ 0,0015328/0,0004884

T T T UL ISURFACE ENERGY FLUX TERNS--- o o T o
-+ + ... CURRENT RATES (BTU/SO FT_SURFACE=SEC)...........
AND INTEGRATED VaLUZS (BTU/QRIG SQ FT) -

e emmcmementemcomenca oot st ets ssmcar mo=u. ..

e .—__CONVECTED RADIALED RAOIATSD __ CHEMLISAL_____ CONAUCTIDN

IN 5 our GENERATION AMAY
ATE  4,2710002 . .0,0000000.___ 3,5%57¢008 ... 1, 1360002. . . 3. 0580005 oooeemniinnn e
TOTAL 1,712003 0,008000002 3,8630014 6.,718+002 2.325+003

v~ INTERIOR_ENERGY-.T.EANSran
CURRENT RATES (BTU/S0 FT SYRFACE=SEC)
~'AND. INTEGRATZD . .VALUES (BTU/ORTI. SO F T e ctireer e siee e o

“PYROL GAS DECOHP CoNvECTION STORAGE LNSS AT :
.. .BICK UP _ ____AYSORPTION-——W]TH SQLIDS coeeeee IN-SOLID- e REAR-FALEcccoee e ceeeaen, [
2ATE 0,000e000 0.3004000 2,2004000 5.0310002 $,475.00%

~TOTAL——0.0004000—0,0000000——4,0750000———2+3210003———J.784-004

‘ae emscasnana - meseccscasss mosm— tePemmTL +.e0. 06 & ceceelEELIs ieormcmmmmeanmcrea oo

YODE HAT YEMP  DENS|TY  ENTHALPY NODE MAT  TEMP  DENSITY  ENTHALGY
(DEG R) ._(LAR/QUFT). (BTU/LR) ormeeeie — ADER.RY... (LBZCUFTY - (BTYLLRY s cmvmme  —eoommrmmamnns somn

s 2 3030,7% 108,000 086,25 [] 2 2153,42 108,000 509,89

— 2. 2. 2945,26_108,000 945,65—10—2—2050455——1082000——551, a4 -
3 2 2083,10 108,000 906,63 1 2 1922,60 1n8.0n0 501.5%
4 2 2761,53....209,000......860,96.--.12..._. 2..2808478.... 188,000« 857 §@ oeamminransoconmeeio e aaas e ..
S 2 266B,59 108,000 919,00 13 2 1737,40 106,000 429,33

—. 8 .. 2..25614,12.._108,000......770,64 —-.14....2._£598,78 .- 1NB,000 .. 414 D7 cormmmiiniiiiiiann criaiae el
? S 2428,26 118,000 741,65 15 2 1%9¢.35 1ne,0a00 440,98

— A 2 __2284,67___100.000.___.550,42 —_—
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PAGE 19

— ALRH_MEATER <20 DEGREE_REENIRY RANAOMTUMBLE SPIN _
s e el 4T e o TTTAED000 SECOWDS = = s s = mie e e e o can v s et iece e
TIME 5URF _PRDB __SURFACE _..__M WALL,..-.M.SDGE .._.._HEAT COEFF...._.... CH/CMHO.... .....PRESSURS .. ...SUAFaACE
STEP [TER OPYN RAD (IN) (3ty/181  (BTU/LB)  (LB/ST FT=SEC) (ATH)
—_08 2 1 1,4929. 4216.88__20A25,.84 . 0.0292 0.9344% 0.43992 Ce
] Trt T tmrosmmmssscertoennonees :.;;‘BL&."lUN ‘“TES‘~' * cose SUTESTstessmeeses ey et

..B PRINE __ 8. PRIHE.O .B_DOL CHAR... X.00Y.GAS: M_CHAR. el B A et ccerreer e crmnme e teemae eean e nteoanan

(L‘-‘/so F1-5EC) (LI/0RIO SO Ty

0.49509__0.90000___L 322 __p,.,000000 8.039A34— 0..000500

meessss s eccsea— arcmstcasmcotcvacrnason e sassssmeasnnsdowa it ——— e ot tm e Sr e cae. ts Fe e s mee e e ey o=

'--RECESSID’JSH!"CESSXON RATES-=
I SO, (4.2 IROW ORI ¥ 1741 -3 S OO
SURFACE cHAQ 10,02) 2vaoLvSIS (0,081

——0,002071940,0003944 —__0.0020719/0.0005809— __0,0020719/0.0005809

S emmeeccesiesema coemue

---SUR?AC- ENEQQRY FLUX TERMSe-=»
e = -e-- ...CURRENT RATZS. (BTU/S2..FT_SURFACE-SEC)... .
AND INTEGRATZD VALUES (8YU/0R13 S3 FT)

- CONVECIED. RARIATED — RADIATED  CMEMISAL — CONDUCTION—
IN IN our GENERATION AWAY
RATE _ _4,799e002. ___ 0.0000000...__.5,95900008. . 1,237¢002.—_.5.2024005.... et tmemn e e ome e mamm e nneoe
YOTAL z.:ovooos 0,000+030 1,0684002 7,933002 2. oss.oos
—_— +*=INTEZRIOR _GNERGY_TERNSARA
CURRENT RaYES (BTU/SO FT SURFACE=-SEC)
eeieeee o . —*AND. .INTEGRATED.-VALUZS ¢BTU/ORIB.SO..FT3.-. PP PUR
PvRoL GAS . DECOMP CONVECTION STORAQE LOSS AY
wee-PICK. UP veeeeesABSORPTION ..M TN SOLIOS . . 1N..SNLID. cABAR PACP-—eemec st emiccenrs ccocarromacemscarne
QATE n,0004000 0,000e000 3,2094000 3,4594002 7.117a00%
-TOTAL—0,0000000 0.0000000 6 8364000 —2,8404003——A,466-004

e m et ad e tamnc te et et w e 4m ctr e e et i  CEEE e EEAete- shew:  P0cAmmmeemc @b e - tmaese s - S-w- 4 o  me-e

NODE HAY  TEMP  DENSITY ENTHALPY NODE MAT TEMP  DENSITY  EnTHALRY

-. .. . (DEG B) ..(LB/GUFTY. (3TU/L DY ADEB. R)-. .(LB/CUFT Y {BTU/ LR ) —omrt e eecmeceem s cemesmaman ce e o
1 2 3633,¢2 108,000 1177,5% 9 2 2413%,8¢0 108,000 706,33

~—2_.2..3338,30_—108, ooo——-usz.ca—xo—z—?zoa.er-—u&,ooo——ssz,4-
3 3246,43 108,000 1083,7p 41 2 2134,28 {08,808 586,70

.. 3132,02._.108,000—-4034,35....02---.2...1997 ,64.....108,000--o-c 5IP Ao oecore——cee i remeea e mene e
3025,36 106,000 983,60 {3 2 1912.90 108,000 497,77

..2700,85 ....108.000. ... 928,54 34— ...2...1867,36.....408,0600 —--. ARQ, fleemcmmmeoomiercaiiaaccn renanneae -
2244,03 108.000 853,31 15 2 1857,58 108,000 476,15

—.2_2372,64-.1£6,000 775,83

NNNNN

4
5
.6
7
~—8
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cercecemmareaeee-an. ~SANDIA. ABLATION. PROGRAYM CYERSION_THOY ... . ... e temearieiae e e e s

PAGE {8

— AL WEATER 20 DEGREE REENIRY_RAVDONTUNILE SPIN —

e e TSNS T L T g BEENEE T T T L T L S e e e e e
'l"\E _SUF _PROB. SURFACE _ __ M MALL M EDGE,._....-."SAT.-COEF'.-_.-_..CHICHD--.....--,PRESSUR' . .. .- SURFacE
STEP ITER OPTN RAD (IN) €3TU/L8)  (9TUZLA) (LB/S3 FT-SEC) tATH)
14 2 L 2.4973 4127.25__19130.81 - D.0344 0.93488 5,19681 Ce —
e Tromremm mEmEeTeteemes .-:-:::el"loq h‘fEs.-. e T e e T

. B PRIME __B_ PRINE_G_..M.DOT.CHAR _ M. DOT GAS: . . M.CHAAR........ M OAS e L

(L3/50 FToSEC) (L3/0R1Q 5@ FT)
-0, 1959‘_0.0900!__£J3627§_4.ﬂmﬂ.0__n42 A3} 1.0000600

....... . eceewem rren-smemamesassrmmvermrobeme—te i riamicccecetemmme e e eiae: cmcemrmeme samee

---RECESSNNS/RECESSIDN RATES=-<~

IR PUPTORDPRPIE & 1. RPN SR J § 7411 -5 1 A PN

SURFACE CHar (0.02) PYROLYSIS (n 981

— 0.0027095/0.0006872____ 0.0027093/0,0006030 ___0.0027095/0,8004838

cmiee  ce e memeacarsm= B e P T oY ceeme e meccceccrmemae s e

<<=SURFACE ENERQY FLUX TERMS==e.

=+  +e. ..-. CURRENTY RATES (DTU/SO.FT..SURFACE-SEC).. e meatmecsemcamneneieaens ae. e
AND INTEGRATZD VatUESs ¢BTU/ORI3 SQ TT)

couvttsctsn____nuu TED ___ RADIATED _ CHEMISAL____CONDyCrioe

I8 vy GENEIATION AMAY
RATE . $,173002_...__.06,000+000. 9..480a008.. 1, 4470002..c_5,708000Pccccacaccccunrnienancreoeaeans
TOTAL 2,571.003 0.000e000 1,8364002 9.310+002 3,48194003
-—— meoe [NTERLOR-ENFRGY~TERNSan.
CURRENT RATES (BTU/SD FT SURFACE-SEL)
ciceiee—'AND . INTEGRATED..YALUES . ¢BIU/QR]IG.-80 F 1) - . e mamaee e .
‘PYROL 0AS |, DECOMP . CONVECTION STIRAGE LOSS Ar
. . PICK.UP e ABSOAPTIOV ... W) TH. SALIDS caaeeaciN. SOLID --cacREAR FACR-ca-eemmmmeeeecccomunn cammemm o
RATE 0,0000000 0,0004000 4,3664000 8,064e002 7.783.00%

—10TAL— _0,030e000———0,0002000 1.¢0650008u-_3,4086003——5,213-004

VODE HIT TEn" nENSIT'f ENTHALOY NODE NAT TENP BENSITY E\"HALDY

.IDEG R} . (LB/RUFT).{STU/LB)-ccrcccacan «4DEG. R) - LLA/ZCUFTY.- (9TU/LPY ... eriea teeecemmseses s
v 2 3607,0% 108,000 1337,.93 9 2 257%0.09 106,000 828,66
—_ L:!?oﬁ.19_108.o00—130&.01——10—2—25‘1«45—1087000—761-.79
3 2 3608,19 108,000 1260.,53 11 2 2358,87 108.000 662,148 .
.8, 2 _3485,42....1008.000.—-.1202,2¢ - 12 . 2...2207,82...-408.000-cea B{3, T ommmrcr ottt ir cme e tamcee e s eee
g 2 33570,34 108,000 1147,55 13 2 2097.95 in&.000 571,27
6
7
—8

.2...3235,30 ....108,000.... 1083, 49 --c.88.o. 2...2048,52.... $PB. 000  SaD g0 carmmrrr o coreemaeie e e
? 3063,43 106,000 1001,77 15 2 2033,21 108,000 544,89
—2..2369,706—108,000— 909,79 _—
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R——— 1 1 1) LR (WS 40T T T T T 11T 1T SO

PAQE 17
—ALRM HEATER =20 DEGREE REENTAY RANDOMIVMSLE SPIN v —
e e ae e ae e e e e TZ0000 SECONDS @ o o = - v w mm e ne e e N e e e e
TIHE SUQF PROB SURFACE. . __. 4 WALL ... W EDGE. - HEAT. .COEFF. .. _....CR/CMO--....--.. PRESSURE .- SYRFaCE
STEP ITER OPTN RAD (IN} (3Ty/7Le)  tarusLa) (LB/S2 TT-SEC) (ATY)
) S 3 1 1,4965 $033.45_17197.58 __ 0.0398 0..933A1 0.,2691% Ce

R PN et cermme cem immeanae e A e et am e 0 a0 St 4 S s A e me . cmAGcmememmcsedteme - mers e seeas sas e

~=cABLATION RATESeee
B PRIME ....8 PRIHE G....M_DOT CMAR_. M.DOT OGAS . M CMAR o oM BhGecneeenee o nnnserraens eemaeen -

: (LA/S0 FT=SEC) (L3/73R10 SC FTy
—-0,19923___0,00000___0.0D7363 _  2.300006 ___0.031082%— . 8.000000

“es mas - eeee-sev. B e L i e T T P . a2 D I I

==-RECESSIONS/RECESSION RATES-=-

.- - PRI § § b R SURE § 1174 -1 -3 RO
SURFAGE CHaR (0.02) PYROLYSIS (0,93}
——0.,0034562/0.0008203____ 0,003458220.,0008022 5 _n0p345A2/0. 0008027

===~SURFACS SNERGY FLUX TERMSeee
veri v eee o --..CURRENT RATSS (BTU/SO. FT_SURFACE«SEC)
ANO [NTEGRATED VALUES (8TU/Q913 SO FT) .
—_ CONVECTYED _____ RaDIATEN.~  AADIATED ____ CHEMICAL ____ CONAUCTiON

F L

N IN our QENEIATION AKAY

IATE | %,2454002.......0,0004000 1,264002 15890002 o Be575080D it oo
ToTAL 3,1934003 0,000e000 2,9484002 1,0840003 3.982.008

e — =*~|NTZRI1DR_ENERGY_TEAMSan«
CURRENT RATZS (8TU/SQ FT SUIFACE=SEC)

e e eeieiees coe oo oo tAND. INTEGRATED..VALYES . tBTU/0RIS..SO..FT) - e e comcomme e —aan
"PYROL GAS DECOHP COVVECTION STORAGE LOSS ar

... .PICK.UP ....__..ABSORPTION__3]TH_SoLLIDS IN..50.10 REAR. FACE ceeeseeaaeenean
IATE 0,0000000 0,000+000 5,802¢000 5,518¢002 8,477.008

-TOTAL_—0,000¢000 ____0,0004000 1 570a001 . 3,966e003 . 4.,.020.004

ce meem e e e B e LT S P, reececcarmeremrrnet et eesban o

NOOE MAT TEnP DENSITY ENTHALPY NODE MNAY TEMP DENSITY Bs?uAQDY
...... (DEG R) . (LB/CUFT). ABTU/LAY o-vmenee. o BEGRYeee LB /CUF T o BTULLR Jomm oo oot e ammem comee s 2 eeen

1 2 4314,03 208,000 1309.M8 9 2 2981.62 108,000 953 a1
—22_4013,00—208,000—2460,87—15——2 _2798,03—108,000—877,25
X 2 3917,904 106,000 1412,32 } ¥ 2 2391,84 108,000 784,47

4 2 3794,60...108.000-._.1354,76..-12..2.2...2408,465.....108, 000 702,47 . e ceceaeeeeeemeinns
5 2 3677,34 108,000 1293,72 13 2 2291,60 106.1000 653,680

. 6 2..3938,481....108,000.....1227,38....08 ... 22230 ,29cece 188 ,0000uc827, Gger o ceeeoreerem oot o eeas e
72 3I59,76 108,000 1142,%2 §15 2 2217,48 108,000 622,07

—-8

— 2..3455,58_...100,000___4045,S4
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ceemm e carememacee s SANDIA ABLATION  PROBRAM. LCVERSION. TUOY oot ee et e eeee e e

PADE 37
——_ALRM_HEATER =28 DEOREE REENTRY RANOOWIUMSLE SPIN
e s e e e = s ee e e T2 0000 SECONDS = = = = v v o = = o S T e e e e
TIME SURF PROB SURFACE.__.. .M WALYL .... W EDOE. ... MEAT_COEFF......... CH/CHO....... . PRESSURE . . SURFace
STEP ITER OPTN RAD {IN) (3TU/LBY (5TU/LB} - (LB/ST FT=SEC) Ty
— Ry _ 3 by 14969 4033.45 _17192.58 0 _0398 0,933 0.2091v_ Coon

P L L L T e - aeaes

1 . e ceee— teeten . mmemee s seea -

==eABLAYI0N RATES<ee
B PRIME ... B PRINE G._..M.DOT CHMAR.. M.DOT_GASt..... M. CHRAQ. .o M GAGcueeennooee. ..

. (L3/SQ rFt-SEC) (L3/0RIG SO FTy
_o.xvvza_hnonao___n.nnuas__n.aonuo_..n.uu.u_.o,oooooe

- ——— PR  cescseeiacies sicee

I DROUIOveN § § '3 SN SRR 3 . 71-1-1 3 SO SN S SO
SURFACE CHal ¢0,02) PYROLYSIS (0.99)
—0.0034582/0,0006203 ___ 0.0034582,0,0008027 0 _n034542,.0.0006022

c4e a4 eee-ceemias st it cmee teead—ce:tewraewrsmrvisas

~<~SURFACE ENEASY FLUX TERWS=<e
e em —--..CURRENT RATSS (ATU/SQ. FT _SURFACESSEC) . ooeeoonaeeeaoeme .
AND |NTSGRATED VALUES (8TU/09(3 s@ FT) -

CONVECTED ___ RADIATED RADLAZER CHENISAL ____ CONAUCTION
1N IN out GENEIATION AWAY
IATE | 5,2450002 . 0.0C0e000.__._.1,2644002.  _ £,5896002 _..5.575a00% . cmmam e,
TOTAL 3,1934003 0,000¢000 2,9484002 1,0840003 3.9824003
.. ~<+INTERIDR.ENEAGY TERYS=~.

CURRENT RATZS (BTU/SD FT SURAFACE=SEC)
e e ANDL INTEGRATE D VALUES (BTU/ORYS 80 T ) e ceeoemememne o oes e oo e s e e s e me o

‘PYROL G4S | DECOMP CONVECTION SToRAGE LOSS AT

.- PICK.UP L ABSORPTION._N]TH SOLIDS .. IN.SO_10———..REAR.SACC. . Cermsmaaiacean
ATE 0,000¢600 0,000+000 5,8024000 5,5184002 8,877.00%
-TQTAL—0,000e000 040006000 1. 5708005 3 9664003 5,570.004

c—oaan

VODE HAT  TEne  OENSITY  ENTHALPY NODE MAT  TEMP  DENSITY  ENTHAUPY
.. . {OEC P) — tLB/CUFTY. (QTUILAY - o eeaee e C 0BG R Y- e (LB ACUFT oo A BTULLR Y e cmme me e emme e eemenas camee
1 2 4119,03 106.000 1309.R8 9 2 29s81,62 106,000 983,44
—2_..2_4015,00.108,000—3460,87—10—22793,03—108.000——877,35
3 2 3917,94 160,000 1412,82 11 2 2391,84 108,000 784,47
-3794,60 _..1£8.000_...1351,76....42...-.2...2406,69.....108,000---— 702, 47— —ccemmermeurer... ..
77,34 106.000 1293,72 13 2 22v1,09 108,000 653,60
.3530,41 ... 108,000 _. 1227,34._.14....2...2239,29-.. 188 ,000-..- 627 (% eerrimmrernntiiaanarnnn
3359,76 168.900 1142,92 15 2 2217.48 108,000 622,07
2..3455,58___108.000—1045.,94

NN AN

4
5
.6
7
—8 _
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PAGE 18
_ALAN_MEATER_ -20 nsenguqe,wq! RANDOMTUNBLE SPIN

Teve e a e e e TS Y T TR T H000 SEEONDS e e e e s a e m e e e w e m e me s
TINE SURF _PROB SURFACE 4 WALL _.. M EOOE______WEAY_COEFF ___..._. CN/CHO. . _PRESSURSE. | SURFACE
STEP [TER  OPTN RAD (IN) (3TU/L9) “{aTU/LE) (LB/S9 FT-SEC) . T3L3)

87 2 1 1,4952 3937.48__14750,47 0. 0448 £.93358 0.34973 Co.
L e e G RRFRE LT e .. -

..B aRIME___ B PRINE.O ..M DOV CHAR. M 00T.GAS/ .. .. M CHAR _... ... M.O8S_. ..o -

(L3/S0 PT-3SEC) tL3ZJR10 SO FT)

—__0.19934  p.DQOPO____0,008301 __ pn.nptpon 0. O0SAIX _ 8.500500

cecesascos e eor miers e am ewe==a L .. . amssisamicemvsecesecsmeeromedootamancicerer et tamcctias cemansneast et T et - e e e

~~~RECESSIONS/RECESSJON RATESe~~
. . e sCINY . 2 BINZSEG ... e cceteementaaencamassrm. be cmmmssacaamamaesossasserass —memen e mmeee s

SURFACE CHar (0.02) Sva0LYSIS (A, sm
_____o¢0003z1x/u.oon!zzs_____n.unsazxazoannnnn51_____n.naaszxaan,nuosoki

cesse  e= oo e eeten co semm—csecmcstM e ceaas m—— - cosoctetenans o s . eessmamm-ams  + - -

~-=SURFACZ ENERGY VLU! 'ERHS“-
wtiecermwaa GURRENT RATES (RTU/SQ ST SURFACE =SB oo ccciccctac e aesecceceencanoe s ammmnnmn e ameer n
AND INTEGRATED VaLUES (BTU/ORIG SO FT)

. _CONVECTED RADIATED ___ RADIAIED_ . CHEVISAL ____ CANDyCTLION
14 In our GENESAT]ON AMAY
RATE .. 4.841e002_.. ...0,0%0e090...___ 1,%486002....__.1.,718092.......5,016a00%..ccc—_._.. meeeaee— s R
TOTAL 3.694.003 0.,000+000 4,388002 1.2500003 4 Sov.ooa
—— *o= INTERLIOR_FYFARY_TERNS nmn
CURRENT RaYvZS (oyysSQ FT SURFACE-SEC)
cie eeieee o *AND..INTEGRATED .vaLUZS (BTU/DRIS.SO ©I) .. r———e- reeameatimmceemamaeneme s aasaanais b
PVROL GAS . DECOMP COVYVELTIDN STORAGE LOSS AT
. PICK UP. .......ADSORPTION .. WITK SOLIDS e IN..5AL10. . REAR PACE oo ermcae et cen e e o
IATE 0,0004000 0,000¢009 A, 472008 4,951+002 9.,497-09%
~TOTAL—.0,0000000———0,000000 2,187¢003——4,4850003—5,915-00¢
VODE MAT TENP QENSITY Eu'l'muv uotje mr 19‘1? DENSITY ENTHALPY
(DEG R).. (LB/CUFT). (3TUADY.ccee.  —cnee (DEG R).-- (LB/CUFTY-- (STU/LBY-ercecmrmernee coee seoee caeee = -

1 2 437,78 108,000 1510,7«¢ ¢ 2 3200,76 108.000 107%,27
e 2---2-.4228,00—108,000—1566,30—10—2—3040+69—108,000 990,97
3 2 4139,39 108,000 1322,44 1% 2 283272.,16 108,000 ARS8, {3
4 2 4025,726 ...168,000 .. 1463,94....42. --.2..-2420n,05-..- 108,002 E L X DY & U
5 2 J715,20 186,000 1411,%2 13 2 2491,44 108,090 739,29
6. 2 3782,00 ..10B.000 . $£343,0%... 14....2...2422,40.--. 108,000 . .TAQ THhoemn o cceie il o e
7 2 3J60b,79 106,000 1200,82 15 2 2408,¢3 108.000 M3.16
— - h..2-3406,03—108,000—1164,33 —
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PAGE §9

——— ALAH_HEATER =20 DEGREE_REENTRY RANDIMTUMSLE SPIN _

e e e e e e e TR D008 SEEONDS e < - = v = = = e o e s e e e e e e ey .
TIME SURF . PROD SURFACE. ... H WALL,.....N EDGE .___.. HEAT..COEFF.........CH/CHO.—.... ..PRESSURE . . . SURFacE
STEP ITER OPTN RAD (IN)  ¢3Ty/Lg) taru/L8)  (LB/S2 FY-3EC) (aTH)

—9 2 1 1.4947 __3852,32 11986, 48 0 DABD— — .03404 0,41633 o -
) oo TTreees ""‘"""“";'-'_“a”.‘“{i"oq AATES=ee e T s e oot

@ PRIME ....B.PRIME.G.___ M. DOT SHAR... ¥ 00T.GAS . _#. CHAR. ... B 7 Y
(L3/5n FT-SEC) (L3/0Rla S0 FT)

—-0.19933 __0.04000 0.008706____ 0.500080 .D.042304___ 0.008000

L eemme e e cmm e cmatmoccemmedias cicsattscitvenTe s emnscssenmas

~=~RECESS[ONS/RECESSION RATES=ea

.- ST PR § 1. D B TOT 31 V21 3 - T VNS
SURFACE CHaR (0,02 OYROLYSIS (a.98)

——0,0052654/3,0009895—_ 0.005265420..0009845 Q0052654 /0.0009545%

D R et D S A oo el ciesmeeameccammantt i . e

~«=SURFACS ENERGY FLUX TEANS—-~
cieereoreceaae-m CURRENT. RATES (4TU/SQ. FT.SURFACE=SEC). . eeaveeees
AND INTEGRATED V4L UES ¢RTU/ORIS S0 FT)
v — —CONVECIED ____ RADIATED _____ RADIATED __ _ CHEMISAL _ CONODUCYION

IN IN our GENFAATION Away
IATE . _3,898.002_ _... 0,000ep00...__ . 1,8904002 .. 1.793e002 . 4,043,005 — 8 s
TOTAL  6,115<003 0.,000000 6,0034002 1,4260003 4,942,003
_ ~== | NTERIOR.ENERGY_TERNS mas—
CURRENT RATES (BTU/SO FT SURFACE=SEC)

cegmocess e eee oo tAND INTEGRATED-VALUES (BTU/ZOR]G B9 F T oo meeeine e e e
"PYROL Ga$S , DECOMP CONVECTION STORAGE LOSS AT

v e oo L PICK UP o ABSORPT[ON .. WETH .SOLIDS i 19 SOLI0ee e~ REAR. FALE coeme e veeee e m o m e e oo e
RATE 0,0002000 0.000a000 8,.685.000 3.979002 ?.794-00%

~TOTAL —_0,.0004000—_0,0000000—— _2,843400% _____4,9134003—— 7.860-00¢

S e e e e e e 0 ST 4 0 0t et it e s s EE St et eres T e tree e et SEe et e em e e st e emes. s eeame

NODE Wa3  TEMP  DENSITY  ENTMALPY NODE MAT  TEMP  DENSITY  ENTWALPY

. v «.(DETG R) . (LA/CUF T (9TU/LB Y e em ceeeee e ( DENL RY. A LA/BUSTY 0B PP LR Y e cmmeeomeemeemmmm meeemen -
1 2 43585,69 10R,000 1544,3¢ 9 2 J4p9,92 106,000 1186,38

—2.—24322,53—108.000—1508,14—10—2—3247,27—_ 108,00 0——1.0A90 &

3 2 4239,58 108,000 31572,03 11 2 3031.87 108,000 ©86,78 .
a 2. 4343,02...106,000.....1524,63 ..32.....2...2925 ,R9....108, 000 ----- LYY B L U N
5 2 4949,95 108,000 14768,16 13 2 2591,B4 so0B,000 A%, 47
f. 2. 3934,99 ... 808.000....1421,26.-.14....2...2518,57_ ... 108,000---. 708 G cccmeoeemmmes et ean s rmmean s
7 2 3780,27 408,000 1344.87 15 2 2603,74 100,000 789,42

— B2, 3594,63.—1068,000—2254,0¢ .
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e iee e ... SANDIA, aaunon.Mnukm..wsnswx.r.am-.-.....-...ﬂﬂe..n...-...
—— ALRM _MEATER -20 DEOREE REENTRY RANDOMTUMBLE S?IN )

tieeecve am @t e ccemop o mt e b eReeOmee S e Pmaus Scmmceste. toa tea o

e ® & ®»w - -- - ® o o a ® ;’“‘2%‘.‘°°6b~h‘ecoﬂbs.-—: > ® » ® 5 ® ® W e e s e ™ a e = a ..o

TINE SURF _PROB  SURFACE ___ _ N MWa{L, W EDGE..__ . HEAT. .COEFF._._____.CHM/CMO........_.PRESSURE SURF ACE
STEP ITER OQPTN RAD (IN)  (8TY/L8) (aTUZLRY  (LB/S? FT<SEC) (ATH)
—9 2 A 1.4937____3723.68__9142.74 De089% 0+93376 0.4565)3 Ce
' ~==ABLAT{ON RATES-e~
P PRIME __.B.PRIME.G . _M_DOT._CHAR . M. DOT.GAS . . M CAAR . o RoBAS oo ecemer e e e e e
. {L3/SQ rY-SEC) tL3/0R16 SO FT)y
—0,19935__0.00000____ 0,009099 ___ _05.000080  6.056172  8.000000
[
— ie aee cmereena . F et e cmetrmccanase coascmccrrose na s vevareroanwediotmer cainomanan . . ae et iee—- . -
==<*RECESSIONS/RECESSION RATES~=~
TS persrvvenel § 1. b RN SR § § 17211 -5 P N
SURFACE CHAR (0.02) PYROLYSIS (0.98)
— . 1.0062550/0.004D880 ____0.0062550/0..000989% ___ 0.0062550/0..00058085
==~SURFACE ENERGY FLUX TERMS=u=
-« --.GURRENT RATES. (BTU/SQ FT..SURFACE=SEC).o e, L emeememmianan
AND INYEORATVED VaLUES (BTU/ORI3 sD FT) .
—— .___CONVECTED RADIATER RADIAYED CHEMICAL _____CONDUCTION
IN IN Qur QENEIATION ANAY
2ATE .. 2,635e902_...... 0,000¢000.——..4.542¢002....... 1.8040002 ... 2,89Ba00P o cmeeee i eceeee s -
TOTAL  4,377003 0,009+000 7.538.002 1,80600) 5,231.08)
- —n=*|NTER | OR-ENEICY—LERMSRmn
CURRENT RATES (5TU/SO FT SURFACE=SEC)
s geeeessceea. . "AND INTEQRATEQ..VALUES (BTY/ORIT .SO -FT)—- R B RIE T TS R
PYROL BAS . peECOMP CONVECTION STORAQS LOSS at

. .- PICX.UP. ... ABSCKPTIOV—-u|TH SOLIDS— V. SOLID
RATE 0,000e000 9,0004000 6,9587080 2,8¢2+002
_f0TAL__.D,0004000 0.,000000———3,4904001 5. 192003

PR |- ¢ B J 1, OO U
1,008-00¢
8:824-004

ormcacomescron o

e - e cmessstitrmtetmc st e e emre—s = semmean

NOUE MAT  TEMR  DENSITY  ENTHALPY NODE MAT  TEMP  DSNSITY  ENTRALPY
(DEG R) ..(LB/ZCUFT). (CRTU/LEY .cm oo ceoeee e e ABER R ILRZCUFTY (BTU/LQYcr covneane o+ oen e
4 2 4314,19 108.p00 15%086,97 9 2 JI33IJ4L 108,000 1295 5%
—2...2..4260,97—_208.000—13682.57—20 .2 3309.87—_108..000——1156,43
3

—— e

2 €207.19 103.000 15%6,00 11 2 3195,72 (08,000 1946,ay
c- & 2 4134,36....108,000....1520,20-—.12.._ 2._3003,42..— 106,000~ 973,96 cecm—eeeme-. - .
5 2 4062,41 108,000 1484,33 13 2 2975,34 108,000 912,43
- 8. 2 3971,96...108,00) .. 1439,58 . 14 .. 2 .2904,73 .. 108,000 - 8B0,28 --ecev oo o - al . -
7 3 3R47,03 108.000 3377,72 1S 2 279p,67 108,000 873,94
— 8 2..3692,35—10A.000——1301.,15
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PAQE 231
— _ALRH _HEATER =20 OEGREE REENTARY RANDOMYUMBLE SPIN
P e e e 8w e e e " ew . 29.90005580”03 0.-...-.'......-.c.-.c.-...'.--.
TINE _SURF  _PROB  SUPFACE _____M WALL.._ .. H_EDCE_._._.._HSAT JO0EFF.. _..... CH/CNHO.... .. .PRESSURS . .. _SURFaCE .
STEP JTER OPTN RAD (IN) t{8TU/LBY (RTU/LE) tL8/S0 FT-SEC) taTHY
__ 94 2 1 1,4926____3769.32 _ABZ8.32 0,046 p.031%0 0.43082 Lo
! ~=ABLATION RATES-em
. B PRIME . B PRINE.Q __ M. DOT CHAR.. M.00T GASto oo Mo CMAT cmenec Mo GRS e o oeommet e e emm ce oo eme = e e
(L2/50 FTaSEC) tL3/s9218 SO Fr)
_OA”SL_L.OMM__.LM5$L_nmunM___ﬂJﬂMJ_AJUMGH
~ semssmmiis - e mEcemmmemcece cece't et @Gcadscrm ceome Gremvawee tocracmescvtesfata i menerttcect et v e tmas s amcccs atem e e e oo —m —n = amama
*-=RECESSIONS/QECESSION RATES~=~
. Ce meeeneenes CINY L2 L LINZSECY i, rmamm— e e eoan -
SURFACE CHaR (0.02) PVQOLVS!S IO 00)
0, W72462M.00n9503_& 0072‘62/0.a00964.9___n.50.7-2l621-ﬁ.806964°
-<~SURFACS ENERGY FLUX TERNSeon.
. S ———1 L TN XN YA I G IV L T T o R
AND INTEGRATED VALUES (BTUZORIS SO 1)
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APPENDIX C

Sample CINDA Computer Run

1. Sample CINDA Input
2, Sample CINDA Output
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APPENDIX C-2
Sample CINDA Output
Loopet is the number of iterations required to relax
the nodal network for the previous timestep.

Time is the time in seconds.

Nodal numbers are the two columns of numbers on the
left of the page.

Nodal temperatures, in degrees Fahrenheit, are the
columns of numbers immediately following the nodal
numbers.
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APPENDIX D

Results from Computer Code RADHTG

1:

2.

Results from RADHTG for the ALRH
during -38° lunar return reentry

Results from RADHTG for the ALRH
during -90° lupar return reentry





APPENDIX D-1

Results from RADHTG for the ALRH
during -38° lunar return reentry

QUIKTRAN AT YOUR SERVICE

LNO3 READY

101, -READY LOAN[RADHTG)

131, +READY START (0)

132. =0 10 PROGRAM FOR CALCULATING CONVECTIVE AND RADIATIVE STAGHATION HFATING TO A REEMTERING SPHERE

102, = 2

10{. = 3 (RASED ON EQUATIONS PROVIDFTI RY GENERAL ELECTRIC, PHILADELPHIA)

102, = k

102, = 5

103, =0 15 WRITTEN RY [} W LARSON, 9513

103, = 2

103, = 3 SANDIA LABORATORY

103, = 4y

103, = 5 ALRUQUERQUF, NDW MEXICD

1035, = 13

103, = 7

103, = 8

106, =0 2D RADIUS ALTITUDE VELOCITY RADIANT CONVECTIVE TOTAL

106, = 2 HEATING HEAT | NG HEATING

{02. L] 303 {FEET) (FEET) (FT/SEC) (BTU/ SQ~FT-SEC) (BTU/SQ~FT-SEC) (BTU/5Q~FT=-SEC)

o1, =1

109, =1 &0

1g. =0 sg 0,125 300000, 0 36us0,0 0,223 112,27 172,498

109, =1 & .

126. =0 50 0,125 299307,0 - 36451,0 0,23 . 175,84 176,076

109, =1 &0

;%g: =0 50 0.125 288129,0 56457,0 0,49% 242,71 243,205
. =1 &0

126, =0 50 0,125 276955.0 16u61,0 1.02u 332,00 335,023

109, =) 40

126, =0 50 0,125 265785,0 36761,0 2,412 467,30 L69,709

109. =1 40

126, =0 50 0,125 25h621,0 3665k, 0 4,106 604, 56 608,460

109, =1 ud

126, =0 50 0.125 2L3466,0 36636,0 7,311 776,85 788,179

109, =1 &0

126. =0 50 0,125 2323230 16401,0 12.578 94,51 957,087

109, =1 &0

126, =0 50 0,125 221199,0 36341,.0 20,556 1223,90 1264,452

109, =1 L

126, =0 50 0,125 210105,0 36244,0 32,352 1503.10 1535,454

109, =} ub

126, =0 50 0,12% 179057.0 36093.0 LB kS 131817 1866,.616

109, =1 W0

126, =0 50 0.125 188062,0 35864,0 70,073 2189,.1% 2159,21)

109, =1 L0

126, =0 50 0,125 177163,0 §5521.0 33,758 2595,51 2689,355

109, =1 0

126, =0 50 0.125 16£395.0 35020,0 111,080 022,28 3133,361

109, =1 W0

126, =D 50 0,125 155818,0 34295.0 105,526 Su62.64 3568,165

109, =1 0

125: =0 50 0,125 1u5511.0 33250.0 49,221 3859, 86 5949,07%

109, =1 &0

126, <0 50 0,125 135591.0 51762.0 0. L19u,71 t194,711

109, =1 W0

126, 50 0,125 126207,0 29725.0 Q. 209,06 4209,058

109, =1 &0

126, =0 50 0,125 117535.0 271020 0. 3870.99 3870,995

109, =1 uC

126, =0 59 0,125 1097%1,0 23995.0 0, 3189,35 3189, 546

109, =1 ud .

126, =0 50 0,125 1027337.0 20631.0 0. 236,33 1364,351

109, =1 &0

126, =0 50 0,125 071630 174020 0. 1598 68 1538.1,79

109, =1 LD

126, =0 50 0,125 92292.0 1t 0 G. 1017,4l 1017614

109, =1 W0

126, =0 50 0,125 88262,0 12002.0 Q. 629,65 629,651

109, =1 w0

126, =0 SC 0,125 84916.0 75710 a, 383,92 183,917

109, =1 w0

109, =BREAK 109,

131, +READY

1292 192






APPENDIX D-2

Results from RADHTG for the ALRH
during -90° lunar return reentry

START(0)

PROGRAM FOR CALCULATING CONVECTIVE AND RANIATIVE STAGNATION HEATING 70 A REENTER NG SPHERE

(RASED ON EQUAT)ONS PROYIDED gY GENERAL ELECTRIC, PHILADELPHIA )

WRITTEN RY D W LARSON, 4513
SAMIIA LARORATORY
ALRUQUERQIE, NRw MEXIND

RADINS ALTITNE VELOCI 7Y BARIANT CONVEET I VF
HFATING HFAT I NG

(FEET) (FEET) (FT/5EC) (R 5Q-FT-5€¢C) (RTU/SR-FT-SEC)
0,125 3000u0,0 36451,0 0,223 172,29
0,125 210862,0 3Au57.0 0,418 225,65
0.125 2728L17,0 l&8un7.0 1,574 376,91
D128 25u429,0 35L65,0 4,161 805.50
n.125 23R215,0 36us1.0 10,55 309,87
0,125 218017,0 36176,0 2u,374 1310, 00
0,125 199864,0 36271,0 $0.691 1819,00
0,125 181803,0 36016,0 7,178 2675,498
0,125 183215,0 35517,0 183, B1g 330%,95
n.125 14639, 0 ‘ 3u871,0 205, 309 309,43
0,125 129532,0 32153,n 24,655 5274,06
0,125 113907,0 9521.0 0, Shh, 58
0,125 100305,0 24R85, 0 o, 4368,16
0,125 E73LE, 0 1315%,0 0, 2581, 89
0,125 81051,0 16164,n 0, 124,83
0.12% 74993, 0 10373.0 0, = $51,55
0,125 705140 7720,0 0. Wy,

TOTAL
HEAT | NG
(BTU/SQ-FT-5EC)
172,513
226,074
318,284
610,038
929,470
1334, %78
1869, 695
2573.176
3n67,878
4514,.7%9
5298, 7us
Sh76_ 559
4368,160
2581, 532
12un B9
551,561

247,739

UES

IWEDQRANARE FTAILIEADAMIA
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SC-RR-69-353

ABLATION AND THERMAL RESPONSE
OF THE SNAP-27 GRAPHITE LM FUEL CASK
DURING MULTIPLE ORBIT REENTRY

D. W. Larson, 9513
Sandia Laboratories, Albuquerque

November 1969
Weremored: T TRV T2

ABSTRACT

The ablative response of the SNAP-27 Graphite LM Fuel Cask (GLFC)
is presented for each pass through the atmosphere in a multiple orbit
atmospheric reentry for several initial perigee altitudes. The thermal
response of the GLFC is presented for one pass through the atmosphere
during a multiple orbit reentry.

The cutoff date for information in this report,
with the exception of the "exact'" trajectory
multiple orbit reentry ablation analysis, is
October 28, 1968. The cutoff date for the exact
trajectory ablation analysis is May 15, 1969.

j 1-2





SUMMARY

As part of the Aerospace Nuclear Safety Program, Sandia Labora-
tories' Aerospace Nuclear Safety Department conducted a number of
aerothermodynamic analyses of the SNAP-27 Graphite Lunar Module Fuel
Cask (GLFC). The analyses included orbital decay atmospheric reentries
and prompt supercircular velocity reentries from translunar aborts.

In addition to the above mentioned atmospheric reentries, the
SNAP-27 GLFC and the Lunar Module (LM) can reenter the atmosphere at
angles shallower than the nominal reentry angles. This possibility
exists if an Apollo mission abort should occur during or after trans-
lunar injection. For these shallow reentry angles, the GLFC would
undergo a multiple orbit reentry, passing through the atmosphere sev-
eral times before final reentry, as the highly elliptical orbit (with
initial apogee near the moon) decayed.

This report summarizes the thermal response of the GLFC on one

of these passes through the atmosphere, and the ablation which occurs
on the GLFC each time it passes through the atmosphere.
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ABLATION AND THERMAL RESPONSE
OF THE SNAP-27 GRAPHITE LM FUEL CASK
DURING MULTIPLE ORBIT REENTRY

Introduction

As part of the NASA Apollo program, the Apollo Lunar Surface
Experiment Package (ALSEP) (Figure 1) will gather data on the charac-
teristics and environment of the lunar surface and subsurface. Refer-
ences 1 and 2 describe the various experiments that are part of the
ALSEP array. ‘

The AEC developed the éNAP-Z? radioisotope thermoelectric. gener-
ator (RIG) to provide electrical power for the ALSEP. The General
Electric Company (GE) designed and fabricated the SNAP-27 generator,
fuel capsule, and Graphite Lunar Module Fuel Cask (GLFC) under AEC
contract. The SNAP-27 fuel capsule'(Figure 2) is contained in the
GLFC (Figure 3) during transport to the lunar surface. The GLFC is
designed to provide protection to the fuel capsule during possible
mission aborts and thus prevent the release of radioactive fuel to the

atmosphere.

As part of the Aerospace Nuclear Safety Program, the Aerospace
Nuclear Safety Department of Sandia Laboratories conducted several
aerothermodynamic analyses of the GLFC to determine its capability to
protect adequately the fuel capsule assembly. (Previous analyses of
earlier protection systems showed that fuel capsule protection for
some mission aborts was inadequate.3’a These analysess’6 included
orbital decay atmospheric reentry and supercircular velocity lunar

return reentries.
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In addition to the above abort reentry conditions, it is possible,
after an abort following translunar injection, for the LM and the GLFC
to reenter the Earth's atmosphere at an angle too shallow to cause
prompt reentry to Earth impact. For these shallow reentry angles, the
GLFC and LM will experience a multiple revolution orbital decay from a
highly elliptical orbit with initial apogee near the moon.

At the request of the Reentry Working Group of the SNAP-27/ALSEP
Interagency Review Panel, the Aerospace Nuclear Safety Department of
Sandia Laboratories conducted an aerothermodynamic analysis to deter-
mine: (1) the temperature response of the GLFC during multiple orbit
reentry, (2) the ablation of the GLFC during a multiple orbit reentry,
and (3) the reentry angle which separates prompt lunar return reentries
from the lunar return multiple orbit reentry. At the suggestion of
NASA/Ames, the ablation and thermal analyses were conducted for a side-
on-stable orientation during the multiple orbit reentry. This assump-
tion results in maximum mass removal by ablation along the stagnation
line. These analyses were conducted from September 23, 1968, to
October 28, 1968, and tne results were presented at the Reentry Working
Group meeting at King of Prussia, Pennsylvania, on October 29 through
31, 1968.

This report documents the ablation and thermal analyses that were
conducted to determine the thermal and ablative responses of the GLFC
during a multiple orbit reentry. The environment experienced by the
GLFC during a multiple orbit reentry is documented in Reference 7.

Ablation Model

The ablation model of the GLFC was constructed for use with the
Charring Material Ablation (CMA) computer code.8 This code is opera-~
tional on the Sandia CDC 3600 and CDC 6600 computers. The CMA code
uses an implicit, finite-difference computational procedure for comput-
ing the one-dimensional transient transport of thermal energy in a
three-dimensional isotropic material which can ablate from the front
surface and decompose (char) in depth. The finite-difference equations
in the code are obtained from the laws of conservation of mass and
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energy. A mass and energy balance is maintained internally in the
ablating material and also at the material surface. The printout from
the code includes such information as total ablation, current ablation
rates, nodal temperatures and densities, and convective, radiative,
and conductive heat transfer rates.

The nodal construction used for the GLFC ablation model is shown
in Figure 4. The ablation model coasists of only the graphite portion
of the GLFC since this is the ablating portion of the cask. The rear
wall is assumed to be adiabatic.

Flow|Direction

1

s | 3¢ | ¢ | > b
CAER KA S

o

—

Taphjte ‘Jl/

A

X 9 E
x N 7
Adiabatic Walls

X -Node Location and Number

Figure 4. One-dimensional CMA ablation model
of GLFC graphite wall

In the CMA code, the aerodynamic heating experienced by the GLFC
during passage through cthe atmosphere is input as a function of time
to the external node. The code corrects this cold wall heating rate
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to account for the hot wall, mass injection into the boundary layer
(blowing effect), and surface oxidation. Any surface recession causes
the last (deepest) node of the ablating material to shrink. When the
surface recedes far enough, this node is dropped from the rear surface
of the ablating material, the remaining mass is added to the next node,
and the number of nodes is reduced by one.

The material properties of the graphite are input as a function
of temperature and are given in Appendix A. Other required input
parameters and a typical CMA output are given in Appendix B.

Thermal Model

The thermal model of the GLFC was constructed for use with the
Chrysler Improved Numerlcal Differencing Analyzer for Third Generation
computers (CINDA- 3G) CINDA is a multioption systems compiler com-
puter code and is operational on the Sandia Univac 1108 computer. The
code analyzes a mathematical model of any arbitrary one-, two-, or
three-dimensional lumped parameter representation of a physical system
governed by a set of diffusion equations. To utilize the code, a
thermal analog network representative of the physical system must be
constructed. Nonlinear material properties and boundary conditions
can be input as functions of one or more independent variables.

The nodal construction of the two-dimensional thermal model of
the GLFC is shown in Figure 5. The model consists of 112 nodes, as
shown in Table I. The model allows for heat transfer by both conduc-
tion and radiation between the appropriate nodes. All radiating sur-
faces are assumed to be gray with temperature varying emissivities.

All other thermal properties are also allowed to vary with temperature.
The internal energy generation in the GLFC is included in the fuel
nodes. The reentry aerodynamic heating is accounted for by applying a
time-varying heat generation to the nodes on the external surface.

Each surface node can have a different aerodynamic heating rate applied
to it to account for the heating distribution which occurs over the
GLFC as it reenters the Earth's atmosphere in a side-on-stable orienta-
tion. Radiant cooling is accounted for by allowing each external node
to radiate to space.

13





&

Figure 5
Two-dimensional GLFC
thermal model

—LL.MS , \ —
___:, #,_

Fuel Capsule
Beryllium
Graphite

14





TABLE I

GLFC Two-Dimensional
Thermal Model Node Materials

Number

Material of Nodes
Graphite (Pyrocarb 406) 28
Beryllium 49
Haynes 25 21
Fuel (238Pu02 microspheres) 14
Total 112

The radiation view factors across the radiation gaps internal to
the GLFC were determined with computer code CONFAC 11.10 CONFAC II is
a digital computer program which uses a numerical method to determine
the geometric radiant-interchange factor used in radiant heac transfer.
The source of flux may be any general plane polygon, and the receiver
may be any general plane or nonplanar polygon, the surface of any arbi-
trary polyhedron, or an arbitrary combination of such surfaces.

Aerodynamic Heating

During reentry into the atmosphere, the GLFC is subjected to
high heating rates. The convective heating occurs in both the free-
molecular and continuum flow regimes. Radiant heating from the high
temperature gas cap formed in front of the reentering GLFC must also
be considered. This section of the report describes how the aerody-
namic heat input to the GLFC was determined.

The convective heat input to the cagk in the free-molecular flow
regime is determined by the equation

: as.v,>
%M = 30,063 (Reference 11)
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éFM = free~molecular flow, stagnation point heating
rate (Btu/ft2-sec)

thermal accommodation coefficient

)
L]

free stream density (lb/ft3)

free stream velocity (ft/sec)

<
h

In the continuum flow regime, the convective reference heating
rate to a l-foot radius sphere ig determined by the equation

0.5 3.15
\'A
q, 865(pSL) (10,000) (Reference 12)

where

qc = continuum cogvective staghation point heating
rate (Btu/fté-sec)

p, = local air density
pgy, = Sea level air density
V = free stream velocity (ft/sec)

The convective heating which occurs in the transition flow regime
is obtained by extending the free-molecular and continuum heating
curves to their intersection. The free-molecular heating rate is used
until it intersects the continuum heating rate; then the continuum rate
is used at all altitudes below the intersection of the two curves. An
example for one pass through the atmosphere of a multiple orbit reentry
is shown in Figure 6. The heating rate used for this particular pass
can be obtained from Figure 6'by staying on the lower of the two curves.
This method gives results which are close to the results obtained from
various theories of transition flow heating as well as experimental

results.l1
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Figure 6. Transition-flow heating to the GLFC

The heating rates determined from the previously mentioned equa-
tions are calculated during the multiple orbit reentry trajectory by -
computer code HRS017-3.13 This code determines the multiple orbit
trajectory by an approximate closed-form solution. In order to deter-
mine how this closed-form solution trajectory compares to a more exact
trajectory code, two multiple orbit reentry conditions (260,000 and
300,000 feet initial perigees) were run on the TTA computer code, which
integrates the equations of motion. The heating rates to the GLFC,
however, were still determined by the equations which were described
previously. This was done by inputing the time-velocity-altitude his-
tory determined from the TTA computer code into computer code HRSO0l7-4,
which subsequently calculated the heating rates without going through
a trajectory calculation. Code HRSO0l7-4 also provides punched card
output in a format compatible with punched card input for the CMA com-
puter code.
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The heating rates determined by the equations given previously
are reference values equivalent to the rate experienced by the stagna-
tion point of a l-foot radius sphere flying the same trajectory. To
obtain the actual rates, these reference heating rates must be scaled
for the size, configuration, and reentry orientation of the GLFC. The
size effect is IA/E, where R is the GLFC cylindrical radius. The heat-
ing ratio scale factor, Fq, which accounts for the GLFC configuration
and reentry orientation, was based upon wind tunnel tests conducted on
cylinders at Cornell Aeronautical Laboratory and at Rhodes and Bloxom
by Sandia Laboratories.l%»15 Figure 7 shows the heating ratio to a
cylinder, referenced to a l-foot radius sphere, as a function of the
circumferential angle. The heating ratios shown occur near the center-
plane of the GLFC; since the thermal model was two-dimensional only,
the axial variations (end effects) were not considered. For the multi-
ple orbit reentry problem, maximum ablation and maximum local tempera-
tures were of interest. Therefore, the heating rates applied to the
ablation and thermal models were for the GLFC passing through the
atmosphere in a side-on-stable orientation.

0.8}
0.7 Fq = Heat Rate To 1' Radius Cylinder
Heat Rale To 1' Radjus Sphere Stagnation Point
0.6
o
kﬂ 0.5 b
g
8 0.4}
. Flow Direction
= o
7 '\
= A
0.2}
oir
0.0 . : .
o 30 60 90 120 150 180

6 (Degrees)

Figure 7. Heating ratio to a cylinder
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The radiant heating to the GLFC during a multiple orbit reentry
was determined by

6 U 1.337
4 = (3.748 x 1076),_1-16 R O"> uj(z(% - 3.25)
where
dR = radiative heating to stagnation point (Btu/ftz-sec)
Py = free-stream density (1b/ft3)
Ry = nose radius (ft)
U_ = free-stream velocity (ft/sec)

This equation correlates well with available experimental data.l® com-
puter code RADHTG was written to evaluate the above radiant heating
equation and the continuum convective heating equation. The code was
written for use on the Sandia QUIKTRAN remote terminal, in connection
with an IBM 7040-44 computer in Los Angeles. The radiant heating to
the GLFC was determined by computer code RADHTG for several passes
through the atmosphere during a multiple orbit reentry. Due to the
relatively small size of the GLFC, the radiant heating rate for each
pass through the atmosphere was less than 2 percent of the continuum
convective heating (see Appendix D for the output of computer code
RADHTG). Therefore, the radiant heating to the GLFC was ignored.

The aerodynamic heating rates discussed thus far in this section
of the report are cold wall heating rates. These cold wall rates are
input to the CMA computer code. The CMA code calculates a corrected
heat flux based upon the more realistic conditions of a hot wall, with
mass injection into the boundary layer and oxidation of the graphite
surface. A comparison of the cold wall heating rate and the CMA cor-
rected rate along the GLFC stagnation line for one pass through the
atmosphere in a side-on-stable orientation is shown in Figure 8.
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Figure 8. Comparison of cold wall heating and
CMA corrected heating to the GLFC
stagnation line for one pass through
the atmosphere

Results

Ablation Analysis

The results of the ablation analysis are shown in Figures 9, 10,
and 11. Figure 9 shows the cumulative ablation which would occur on
the GLFC stagnation line for a side-on-stable reentry for eight differ-
ent initial perigee altitudes. The number of orbits shown on the
abscissa is the number of passes through the atmosphere, excluding the
final atmospheric reentry which terminates at Earth impact. The rela-
tionship between the number of orbits prior to final reentry and the
initial perigee altitude is shown in Table II. The relationship shown
here between the number of orbits required for the trajectory to decay
and the corresponding perigee altitude is based on results obtained with
the HRSO17 computer code. The dotted line in Figure 9 is the envelope
of the curves and shows the maximum expected stagnation line ablation.
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Figure 9. GLFC stagnation line ablation
for multiple orbit reentry
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TABLE II

Number of Orbits to Decay
and Corresponding Perigee Altitudes

Initial
Orbits to Perigee Altitude
Final Reentry (fc)

5 260,000

10 265,000

14 270,000

18 275,000

30 285,000

39 290,000

50 295,000

65 300,000

70





Two multiple orbit reeantry trajectories (260,000 and 300,000 feet
initial perigee altitudes) were run on the TTA computer code at a later
date to determine how these trajectories compared to those calculated
by the HRSO1l7 computer code and to determine how much ablation would
occur during these reentry trajectories. The TTA code was not used
for calculating all the multiple orbit trajectories since it requires
relatively large amounts of computer time. Another factor preventing
the use of the TTA computer code is that the output is not compatible
with the CMA code input, as is the HRSOl7 computer code output. This
incompatibility created a time delay which could not have been toler-
ated in the time schedule allowed for the multiple orbit reentry analy-
sis. The results of the comparison are shown in Figures 10 and 11.

The difference in the total number of orbits to Earth impact and the
difference in total stagnation line ablation obtained from the two

" methods can be seen in the figures. The total ablation occurring dur-
ing the TTA computed trajectory was 10 to 40 percent lower than that
occurring during the HRSOL7 computed trajectory.

The ablation results indicate that based on the trajectory deter-
mined by the HRSOl7 code, the 0.35 inch of Pyrocarb graphite can ablate
through along the stagnation line of the GLFC if a multiple orbit re-
entry occurs which has approximately 20 or more passes through the
atmosphere (280,000 feet perigee or higher) in a side-on-stable orien-
tation followed by a near orbital decay final reentry. (The near
orbital decay final reentry must have the same stagnation line forward,
and this results in approximately 0.1 inch of ablation.) It should be
noted that the lack of three-dimensional heat transfer in the ablation
model maximizes the ablation along the GLFC stagnation line.

Reentry Thermal Analysis

The complete results of the multiple orbit reentry two-dimensional
thermal analysis are contained in Appendix C, where the temperature as
a function of time is printed for each node for the first atmospheric
pass of the five orbit reentry (260,000 feet initial perigee).” Fig-
ure 12 shows the maximum temperature which ocecurs along the stagnation
line for the outer graphite surface, the beryllium secondary heat shield,
and the outer surface of the fuel capsule. As shown, the beryllium
secondary heat shield and the Haynes 25 capsule cladding remain well
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below the melt temperatures of these materials (see Appendix A for melct
temperatures). It can also be seen that the GLFC returns to steady-
state temperature approximately 3500 seconds after passing through the
atmosphere. This prevents the GLFC internal components from building
up to a higher temperature on each sequential pass of a multiple orbit
reentry. Figures 13 and 14 show the radial and circumferential tempera-
ture distribution as a function of time in the graphite portion of the
GLFC for the first atmospheric pass of the five orbit reentry case.
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Figure 12. Temperature response of GLFC
during one orbit of multiple
orbit reentry
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The final atmospheric reentry of the various multiple orbit
reentries is closely approximated by an orbital decay reentry. The
thermal response of the GLFC during cthis final reentry in a side-on-
stable orientation is shown in Figures 15, 16, and 17. Figure 15 shows
the maximum temperatures along the stagnation line for the cask sur-
face, the beryllium secondary heat shield, and the fuel capsule outer
surface. The beryllium heat shield and Haynes 25 cladding still remain
below the melt temperatures of the materials although they reach a
higher temperature than for the earlier atmospheric passes. Figures 16
and 17 show the radial and circumferential temperature distributions in
the graphite for this final atmospheric reentry environment. The time
in Figures 15, 16, and 17 is referenced from an altitude of 400,000 feet.
Figure 18 shows the temperature distribution throughout the GLFC during
the final reentry when the outer graphite surface is at peak temperature.
The thermal results indicate that the GLFC provides adequate thermal
protection of the SNAP-27 fuel capsule as long as the graphite cask re-
mains intact.
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Figure 15. Maximum temperature of GLFC along
stagnation line during final reentry
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Conclusions

Based on the analyses and results documented in this report, the
following conclusions are drawn.

1‘

For a side-on-stable orientation and using the ap-
proximate trajectory technique, the GLFC graphite
heat shield is predicted to lose all material along
the stagnation line by ablation, as the result of
20 or more passes through the atmosphere prior to
final reentry.

The GLFC cask surface reaches a maximum temperature
of 4213°F during a multiple orbit reentry.

The capsule cladding reaches a2 maximum temperature
of 1848°F before the final reentry on a multiple
orbit reentry, and it reaches a maximum temperature
of 2365°F during the final reentry.

The GLFC returns to steady-state temperature prior to
each pass through the atmosphere for a multiple orbit
reentry.

The GLFC provides adequate thermal protection of the
SNAP-27 fuel capsule provided the graphite heat shield
remains intact.
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APPENDIX A

Material Properties Used in
the Thermal and Ablation Models
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Pyrocarb 406 Graphite

Density = 88 1b/£e3

Emissivity, €

Temperature

£°F2 e

0 0.70
400 0.73
800 0.78
1200 0.81
2000 0.86
3200 0.90
4000 0.93
8000 0.96

Specific Heat, Cp

Temperature Cp
°F (Btu/1b~°F)

70 0.22

1000 0.39

4000 0.53

8000 0.53

Thermal Conductivity, K

Temperature K
(°F) (Btu/hr-££-°F)
0 4.50
165 4.85
565 5.22
965 5.50
1365 5.76
1965 . 6.04
2365 6.15
2965 6.30
4165 6.66
5665 6.92
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Beryllium

Density = 114 1b/ft3
Emissivity (coated), € = 0.85

Specific Heat, Cp

Temperature Cp
CF) (Btu/1b-°F)
150 ' 0.20
200 0.55
1000 -0.70
2600 0.90
5000 0.90

Thermal Conductivity, K

Temperature K
6 5 I (Btu/hr-£ft-°F)

0 110.0

800 70.0

1600 43.0

2400 30.0

5000 30.0

Melting Point = 2345°F

Plutonium Dioxide (238Pu02) Microspheres

Density = 662 1b/fr
Specific Heat, Cp = 0.0633 (Btu/1lb-°F)

’
1

Thermal Conductivity, K

Temperature K
N G ) (Btu/hr-£ft-°F)
1000 0.46
1200 0.52
1400 0.58
1600 0.68
1700 0.75
8000 0.75
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Haynes 25
Density = 570 lb/ft>
Emissivity (coated), € = 0.85
Specific Heat, Cp

Temperature Cp
SoF! SBtu/lb'on
500 0.080
1000 0.090
1500 0.105
2000 0.115
2425 0.120

Thermal Conductivity, K

Temperature K
°F (Btu/hr-££-°F)
500 8.1
1000 11.5
1500 14.6
2100 19.5
3000 27.7

Melting Range = 2425° to 2570°F
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APPENDIX C

Sample CINDA Computer Runs

CINDA Input for Two-Dimensional
GLFC Thermal Model

CINDA Printout for Orbit One of
Five Orbit Reentry
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1. CINDA Input for Two-Dimensional
GLFC Thermal Model
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2.

CINDA printout for Orbit One of
Five Orbit Reentry

TIME is the time in seconds.

Nodal numbexrs are the two columns
of numbers on the left of the page.

Nodal temperatures, in degrees
Fahrenheit, are the columns of num-

bers immediately following the nodal.

numbers.
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ABSTRACT

This report presents a theoretical analysis which defines the
increased aerodynamic heating rates resulting from the SNAP-27 GLFC
titanium mounting structure. Local and "average" aerodynamic heating
rate distributions in front of a protuberance are presented for six
flight conditions. The "average'' aerodynamic heating rates
immediately in front of a protuberance are approximately ten times
the stagnation line aerodynamic heating rate to a GLFC reentering
crosswise.
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SUMMARY

In the Aerospace Nuclear Safety Program, aerothermodynamic anal-
yses are made to determine the behavior of nuclear systems during launch
aborts and reentry after use in space. These analyses define the aero-
thermodynamic history of the reentering nuclear system and attached
hardware.

Such an analysis, conducted for the SNAP-27 graphite lunar module
fuel cask (GLFC), showed that the titanium mounting struts can remain
with the GLFC during a significant portion of the reentry. This analysis
assumed that the heating rates to the titanium bands and GLFC were the
rates that would exist on a crosswise spinning GLFC without the support
structure. )

Since there is no active effort to modify the mounting hardware
to insure that it separates from the GLFC at relatively high altitudes,
a more refined aerothermodynamic analysis was made. This aerothermo-
dynamic analysis required that an aerodynamic analysis be performed to
define the "average' aerodynamic heating rates to the GLFC in front of
a protuberance on the titanium mounting structure. These "average"
aerodynamic heating rates were calculated for six flight conditionms,
and are up to approximately 10 times the stagnation line aerodynamic
heating rate to a GLFC reentering crosswise.
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AN ANALYSIS OF THE INCREASED AERODYNAMIC HEATING
TO THE SNAP-27 GRAPHITE LUNAR MODULE FUEL CASK (GLFC)
RESULTING FROM THE TITANIUM MOUNTING STRUCTURE

Introduction

As part of the NASA APOLLO program, the APOLLO Lunar Surface
Experiment Package (ALSEP)(Figure 1) will gather data regarding the
characteristics and environment of the lunar surface and subsurface.
References 1 and 2 descr1be, in some detail, the different experiments
which are part of this package.

The ALSEP package gathers and .transmits data for a one year
period. The AEC is developing the SNAP-27 radioisotope thermoelectric
generator to supply electrical power for the ALSEP package. General
Electric Co. (GE) is designing and fabricating the SNAP-27 generator,
fuel capsule, .and graphite lunar module fuel cask (GLFC) under AEC
contract.

The SNAP-27 fuel capsule (Figure 2) is contained in the: GLFC.
(Figure 3) during tramsport to the lunar surface. Titanium struts
and bands attach the GLFC to the lunar module.

As is done for all SNAP systems, the Reentry and Space Sciences
Division of the Sandia Corporation Aerospace Nuclear Safety Department
conducted a number of aerothermodynamic analyses of the SNAP-27 GLFC
and attached hardware. One of these analyses showed that the titanium
structure would remain with the GLFC throughout an appreciable portion
of the reentry. This analysis assumed that the heating rates to the
titanium bands and GLFC were the rates that would exist on. a crosswise
spinning GLFC without the titanjum structure and that the titanium band
temperature was the same as the GLFC surface temperature.

Since there is no active effort to modify the mounting hardware
to insure that it separates from the GLFC at relatively high altitudes,
a more refined aerothermodynamic analysis was made. This aerothermo-
dynamic analysis required the definition of "average" aerodynamic
heating rates to the GLFC in front of a protuberance on the titanium
mounting structure.
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Since the Reentry and Space Sciences Division had been asked to
make a presentation at a meeting to discuss potential problem areas on
the SNAP-27 GLFC at NASA/MSC in Houston on November 7, 1967, the com-
Plete aerothermodynamic analysis had to be completed by November 6,
1967. The time required for the remaining parts of this complete
analysis limited the time available for the definition of the increased
heating rates to approximately two days.

The following sectioms of this report document the theoretical
aerodynamic analysis which defined the "average" aerodynamic heating
rates to the GLFC in front of a protuberance on the titanium mounting
structure,

Flight Conditions Investigated

In aerothermodynamic analyses of the GLFC, three reentries are
typically investigated. The orbital decay reentry trajectory uses
lunar module drag data (Reference 3) for the crosswise reentry mode
of the lunar module descent stage (with 80 percent full fuel tanks)
down to an altitude of 300,000 feet where the descent stage is assumed
to disassemble. Previous work showed that 300,000 feet is the lowest
altitude at which lunar module disassembly is expected. The drag data
for the GLFC in crossflow are then used down to impact. Initial con-
ditions for the orbital decay at 400,000 feet altitude are obtained
using the HRS004 (References 4 and 5) computer code. Sandia's latest
GLFC orbital decay trajectory, number 17703, was used.

The second trajectory typically investigated is the smallest
possible reentry angle supercircular velocity reentry. This is a
-6.25 degree inertial geodetic reentry angle at 400,000 feet altitude
at an inertial velocity of 36,333 feet per second. The lunar module
configuration for this reentry is the ascent and descent stages together,
crosswise, with full fuel tanks on both stages. Based on previous
work, this lunar module configuration is assumed to disassemble at
330,000 feet. GLFC characteristics are then used to impact. Sandia's
latest GLFC smallest possible reentry angle supercircular velocity
reentry trajectory, number 17704, was used.

The third trajectory typically inVestigated is the largest
"probable' reentry angle supercircular velocity reentry. This is a
-38.05 degree inertial geodetic reentry angle at 400,000 feet altitude
at an inertial velocity of 36,333 feet per second. The lunar module





configuration for this reentry is the ascent and descent stages together,
crosswise, with full fuel tanks on both stages. Based on previous work,
this lunar module configuration is assumed to disassemble at 330,000
feet. GLFC characteristics are then used to impact. Sandia's latest
GLFC largest ''probable" reentry angle supercircular velocity reentry
trajectory, number 17705, was used.

Ideally, one would like to calculate the increased aerodynamic
heating rate in front of the protuberance for a large number of points
for each of the three trajectories. Time limitations made this impos-
sible. Therefore, the flight conditions near maximum convective aero-
dynamic heating and near maximum deceleration were selected as points
of special interest for each of the three trajectories. (Maximum
convective aerodynamic heating is selected because maximum radiative
aerodynamic heating is less than about 10 percent of the total aero-
dynamic heating for all three trajectories.) These flight conditions
are in or near the contimuum flow regime where the increased heating
rate due to the protuberance is most important. These six flight
conditions are:

A. Orbital decay, maximumm convective aerodynamic heating

V, = air relative velocity
= 20,000 feet per second
h = altitude above mean sea level

210,000 feet

B. Orbital decay;, maximum deceleration
V, = 10,000 feet per second
h = 150,000 feet

C. Shallow supercircular reentry, maximum convective
aerodynamic heating
V, = 31,000 feet per second
h = 200,000 feet

D. Shallow supercircular reentry, maximum deceleration
V, = 23,000 feet per second
h = 170,000 feet

E. Steep supercircular reentry, maximum convective
aerodynamic heating
Vo = 31,000 feet per second
h = 140,000 feet





F. Steep supercircular reentry, maximum deceleration
V, = 20,000 feet per second
h = 100,000 feet

The Configuration Analyzed

The GLFC with the titanium mounting structure is shown in Bendix
drawing BSX-5595 (Reference 6). This drawing shows a number of pro-
tuberances of various shapes and sizes. The protuberances selected
for the analysis are the four "protuberances" at the intersections of

the radial and longitudinal bands. These protuberances are approximated

by a 1-1/2 inch diameter cylinder 1-1/4 inch long whose axis is normal
to the cask surface.

The titanium struts, bands, and other hardware tend to stabilize
the cask in roll, pitch, and yaw. Thus, it is assumed that the cask
and hardware reenter with the cask axis of symmetry normal to the free
stream velocity vector. The free stream velocity vector is assumed to
be in the plane of symmetry of the cradle, with the struts and cradle
on the 'back side" of the cask, For these assumptions, the leading
edge of the protuberance cylinder is approximately 73.5 degrees from
the cask stagnation line. Figure 4 shows an end view of the configu-
ration analyzed.

73.5"

[\

Free Stream

——l
Velocity Vecror

Figure 4. End View of GLFC and Protuberance
Configuration Analyzed (D68-11285)
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A Description of the Flow Field

Figure 5 shows the flow field around the GLFC with protuberance.
Both the GLFC bow shock wave and the secondary bow shock wave in front
of the protuberance are shown, as is the boundary layer on the GLFC.

Location (:)in Figure 5 is in the free stream ahead of the GLFC;
at location (:), the free stream static flow field conditions will be
of interest. Location (:)is at the stagnation line of the GLFC (i.e.,
behind the bow shock wave); at location (:), the local stagnation flow
field conditions will be of interest. Location (:)is just ahead of
the secondary bow shock wave in front of the protuberance and just
outside the boundary layer; at location (:), the local static flow
field conditions will be of interest. Location (:)15 on the stagna-
tion line of the protuberance cylinder and just outside the GLFC bound-
ary layer; at location (:), the local stagnation flow field conditious
will be of interest. Location @ is on the stagnation line of the
protuberance cylinder, but is inside cthe boundary layer of the GLFC;
at location (:), the local stagnation flow field conditions will be
of interest. Location,(:)is vhere one should evaluate the "average"
or reference boundary layer properties, as will be discussed later.

Figure 6 shows the flow field just in front of the protuberance
cylinder. This region of reversed flow directly in front of the pro-
tuberance cylinder is the area for which the "average" increased aero-
dynamic heating will be calculated.

The following sections present the flow conditions at the five
locations defined above. The techniques used to calculate these flow
conditions are also presented.

Free Stream Conditioﬁs in Front of the GLFC Bow Shock Wave

To define the free stream conditionms in front of the GLFC bow
shock wave, one must refer to a set of atmospheric data tables. For
this analysis, the 1962 U.S. Standard Atmosphere (Reference 7) was
used to define the free stream air properties. These free stream air
properties are presented below for the six flight conditions investi-
gated,

12
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A. Orbital decay, maximum convective aerodynamic heating
P = free stream air pressure
= 0.27437 pounds per square foot
free stream air density
3.6531 x 10~7 slugs per cubic foot
T = free stream air temperature
437.707 °R
V, = free stream air velocity
20,000 feet per second

°
]

B. Orbital decay, maximum deceleration:
P, = 2.8421 pounds per square foot
P, = 3.4574 x 10-6 slugs per cubic foot
T = 479.073 °R
V, = 10,000 feet per second

(]

C. Shallow supercircular reentry, maximum convective
aerodynamic heating
P = 0.41348 pounds per square foot

-]
oy = 5.2730 x 10-7 slugs per cubic foot
T = 456.999 °R

V, = 31,000 feet per second

o
D. Shallow subercircular reentry, maximum deceleration
E, = 1.3298 pounds per square foot
p. = 1.5908 x 10-6 slugs per cubic foot
= 487.170 °R
V = 23,000 feet per second

E. Steep supercircular reentry, maximum convective
aerodynamic heating
g, = 4.2066 pounds per square foot

= 5.2844 x 106 slugs per cubic foot

463.923 °R

31,000 feet per second

a< a'—l &
[}

F. Steep supercircular reentry, maximum deceleration

P, = 20.314 pounds per square foot
P, = 2.8862 x 107 slugs per cubic foot
T_= 410.202 °R

<
[

= 20,000 feet per second

The conditions presented above are at location (:) in Figure 5.
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Stagnation Conditions Behind the GLFC Bow Shock Wave

Once the free stream conditions ahead of the GLFC bow shock wave
are defined, the stagnation conditions behind the GLFC bow shock wave
must be computed. Ideally, a real-gas nonequilibrium flow field pro-
gram would be used to compute these conditions. Unfortunately, the
limited time available for the analysis did not allow this. Therefore,
real-gas equilibrium continuum flow normal shock tables (Reference 8)
for the 1962 U.S. Standard Atmosphere were used to define the stagnation
conditions behind the GLFC shock wave. While the GLFC bow shock wave
is curved, one is interested in the gas properties in the GLFC boundary
layer. The streamlines which enter the boundary layer cross the bow
shock near the stagnation streamline where the bow shock is almost
normal. Thus, use of the normal shock tables is justified.

The values of (POP/Pl), (ROP/R1l), (TOP/T1l), and (GAMMEOP) were
determined for each of the six trajectory conditions for the specified
values of velocity and altitude. POP/Pl is the ratio of stagnation
pressure behind the normal shock wave to the static pressure in front
of the normal shock wave. ROP/Rl is the ratio of stagnation demsity
behind the normal shock wave to the static density in front of the
normal shock wave. TOP/Tl is the ratio of stagnation temperature be-
hind the normal shock wave to the static temperature in front of the
noxrmal shock wave. GAMMEOP is the stagnation specific heat ratio be-
hind the normal shock wave, YTZ’ which is needed for later steps in
the analysis. The stagnation pressure behind the normal shock wave,
PT,, was obtained by multiplying P, by (POP/Pl). The stagnation den-
sity behind the normal shock wave, PTy, was obtained by multiplying
P, by (ROP/RL). The stagnation temperature behind the normal shock
wave, TT,, was obtained by multiplying T, by (TOP/T1).

The stagnation conditions behind the GLFC bow shock are presented
below for the six flight conditions investigated.

A, Orbital decay, maximum convective aerodynamic
heating
Ppy = 127.57 pounds per square foot
QTZ = 5.5750 x 106 slugs per cubic foot

= 10,236 °R

= 1.1208

-3
™
|





B. Orbital decay, maximum deceleration
PTZ = 329.61 pounds per square foot

PT2 = 3.2582 x 10-5 slugs per cubic foot
Tr, = 5,527 °R
Y7, = 1.1496

C. Shallow supercircular reentry, maximum convective
aerodynamic heating
PTz = 491.62 pounds per square foot
HTZ = 8.8233 x 1076 slugs per cubic foot
Tr, = 16,083 °R

"1, = 1.2232

D. Shallow supercircular reentry, maximum deceleration
PTZ = 815.71 pounds per square foot
pTz = 2.5361 x 10~3 slugs per cubic foot
Try = 11,856 °R
yTZ = 1.1357

E. Steep supercircular reentry, maximum convective
aerodynamic heating
PT2 = 4917.9 pounds per square foot
RTZ = 8.3529 x 10-5 slugs per cubic foot
Tty = 17,249 °R
xTz = 1.2372

F. Steep supercircular reentry, maximum deceleration
PT2 = 11,149 pounds per square foot

Pp, = 3.7124 x 104 slugs per cubic foot
TT2 = 12,643 °R
Yp, = 1.1515

The conditions presented above are at location <:) in Figure 5.

Local Free Stream Conditions in Front of the
Protuberance Secondary Bow Shock Wave

If a real-gas nonequilibrium flow field code had been used in the
preceding section, the local conditions at a point 73.5 degrees away
from the stagnation line would now be known. Unfortunately, time did
not permit doing this, and the local free stream conditions in fromt
of the protuberance secondary bow shock wave must now be calculated.
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The local conditions at 73.5 degrees away from the stagnation
line were calculated using an isentropic expansion at constant ratio
of specific heats, v, at a value of ¥ equal to the stagnation point Y.
To use this approach, the local pressure at the point of interest must
be calculated.

Newtonian theory (Reference 9) was used to calculate the ratio
of local pressure, P;, to stagnation pressure behind the'GLFC bow
shock wave, Pry. This ratio, PL/PTZ’ was 0.0806.

The Sandia Quicktran remote terminal facility, with the IBM
7040/44 computer in Los Angeles, was used to calculate the local flow
properties at location (:) . Computer code HRS009 was written, and
the first part of this code contained the necessary equations to cal-
culate the isentropic expansion of a gas at constant ratio of specific
heats.

The pertinent equations (Reference 10) are:

-1
YT,y 1/2
Vg
PT 2
- 2 2
A b L oy -l )
T2 L

where:

M, = local Mach number at a location just in front of the
secondary bow shock wave in front of the protuberance,
outside the boundary layer.

Y. -1
Ty

T . \'r

L (I,.L_) 2 @

where:

T; = local static temperature at a locatiom just in front of
the secondary bow shock wave in front of the protuberance,
outside the boundary layer.





Y
p P T
L _{.L 2 3)
P. F

I, < Tz)

2

where:

Q'= local static density at a location just in front of the
secondary bow shock wave in front of the protuberance,
outside the boundary layer.

' YT?. . 1/2
a = 49,02 (IT L) (4)

where:

@; = local speed of sound at a location just in front of the
secondary bow shock wave in front of the protuberance,
outside the boundary layer. '

UL = MLGL (S)
where

u, = local air speed at a location just in front of the
secondary bow shock wave in front of the protuberance,
outside the boundary layer.

These five equations, with the stagnation flow conditions behind
the GLFC bow shock wave, allowed computer calculation of the local flow
properties at a location just in front of the protuberance bow shock
wave outside the boundary layer. The results for the six flight con-
ditions investigated are presented below.

A. Orbital decay, maximum convective aerodynamic
heating

H

PL = 10.285 pounds per square foot

P, = 0.58946 x 1076 slugs per cubic foot
T, = 7,803 °R

M = 2.2721

UL

8,803 feet per second
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Orbital decay, maximum deceleration
PL = 26.566 pounds per square foot

L= 0.36442 x 10-3 slugs per cubic foot
Ty, = 3982 °R

M = 2.2769

UL = 6,382 feet per second

Shallow supercircular reentry, maximum convective
aerodynamic heating

P = 39.623 poundf per square foot

L = 0.11259 x 10 ~ slugs per cubic foot
T, = 10,158 °R

M = 2.2862

UL a 10,558 feet per second

Shallow supercircular reentry, maximum deceleration
PL = 65.745 pounds per square foot

p; = 0.27616 x 10-5 slugs per cubic foot
T, = 8,775 °R

ML = 2,2747

UL = 9,408 feet per second

Steep supercircular reentry, maximum convective
aerodynamic heating

P = 396.38}pounds per square foot

p, = 0.10910 x 10~% slugs per cubic foot
T, = 10,644 °R

M, = 2.2875

UL = 10,875 feet per second

Steep supercircular reentry, maximum deceleration
PL = 898.58 pounds per square foot

= 0.41671 x 10-4 slugs per cubic foot
Ty = 9,078 °R

M = 2.2772

U, = 9,645 feet per second

L

The conditions presented above are at location (:) in Figures 5 and 6.





Stagnation Conditions Behind the Protuberance
Secondary Bow Shock Wave

To compute the stagnation conditions behind the protuberance
secondary bow shock wave, the Sandia Quicktran facility was used. The

following equations were transmitted to the computer as the second part

of computer code HRS009.

YTZ
T
- |-(7T + 1) MLj T,
2 2L(7T2-1)ML + 2
. )
[ YT2+1 1,7t
_27'1’2M’~2 ) (yTz -1

where:

PT ' = local stagnation pressure behind the normal part of the
2 secondary bow shock wave in front of the protuberance
but outside the boundary layer.

T ' =T (7)

where:

Ty ' = local stagnation pressure behind the normal part of the
2 secondary bow shock wave in front of the protuberance
but outside the boundary layer.

P 1
b v o p T2 (8)
T, Ty P’I'z

21





where:

P ' = local stagnation density behind the normal part of the
2 secondary bow shock wave in front of the protuberance
but outside the boundary layer.

Equations 6 and 7 (Reference 10) are for a gas which is calorically
perfect, which is the assumption of constant specific heats. Equation 8
corresponds to the assumption of a gas which is thermally perfect.

These three equations, with the local flow conditions at a
location just in front of the protuberance and its bow shock wave but
outside the boundary layer, allow computer calculation of stagnation
properties at a location behind the normal part of the secondary bow
shock wave in front of the protuberance but outside the boundary layer.
The results for the six flight conditions investigated are as follows.

A. Orbital decay, maximum convective aerodynamic
heating

PTZ'/PT 0.49441

it

2
T, 63.086 pounds per square foot

o
[}

erz' = 0.27563 x 10~2 slugs per cubic foot
TTZ' = 10,236 °R

B. Orbital decay, maximum deceleration

P '/Pn = 0.50479
I, 7T,

Py ' = 166.38 pounds per square foot

Q
]

T, 0.16446 x 10=4 slugs per cubic foot

™
n

5,527 °R

C. Shallow supercircular reentry, maximum convective
aerodynamic heating
P. '/P = 0.53026
I, T

)

PTz' = 260.68 pounds per square foot

qrz' = 0.46785 x 107> slugs per cubic foot
TTZ' = 16,083 °R
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D. Shallow supexcircular reentry, maximum deceleration
1
PT2 /Py 0.49981

407.69 pounds per square foot

._;ﬂ
~N
]

It

PTZ' 0.12675 x 1074 slugs per cubic foot

' = 11,856°R

x|
-1
I

E. Steep supercircular reentry, maximum convective
aerodynamic heating

P '/B., = 0.53493
T, "I

PTZ' = 2,630.8 pounds per square foot

Pr ' = 0.44678 x 10™4 slugs per cubic foot
2

Tp ' = 17,249 °R
2

F. Steep supercircular reentry, maximum deceleration

P '/P.. = 0.50546
T, T,

PTZ' = 5,635.2 pounds per square foot

)
Ty

TTZ' = 12,643 °R

' = 0,18763 x 10~3 slugs per cubic foot

The conditions presented above are at location (:) in Figures 5 and 6.

Reference Conditions in the Reversed Flow Region

In the reference enthalpy approach to the solution of boundary
layer equations, the constant property boundary layer solution is used
with the properties evaluated at a reference enthalpy. In regions
where the local free stream velocity is small, the reference enthalpy
can be approximazted by (Reference 1l1):

R (he + hw) (9

where:

h* = reference enthalpy
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h, = enthalpy at the outer edge of the boundary layer
h, = enthalpy at the wall temperature

One is interested in the heating rates to the titanium bands
when they are near the melt temperature of titanium, so a wall temper-
ature of 3,000°R was used for all calculations. Assuming that, for the
low local velocities and the high static temperatures in the region of
interest, the enthalpy is proportional to temperature and that the
local total enthalpy at the outer edge of the boundary layer is approxi-
mately equal to the free stream total enthalpy ahead of the GLFC bow
shock, the reference enthalpy and reference temperature, T¥, can be
evaluated. Computer code HRSOLIA was used with the Sandia Quicktran
facility to compute the local enthalpy at the edge of the boundary
layer.

The pressure is essentially constant across the boundary layer;
this results in:

P* = PTZ' (10)

where:

P¥ = reference pressure or "average" boundary layer pressure.

Using the equation of state for a gas which is thermally perfect
results in:

T )
Ty
P = pTT ' - (1)
2

where:

p* = reference density or "average'" boundary layer density.

As is apparent in the following section of this report, the
reference viscosity, p*, is needed in order to calculate the local
heating in front of the protuberance. To evaluate p*, an empirical
approximation (Reference 12) of the viscosity of equilibrium air was
used. This approximation presents p as a function of P and h. Computer
code HRS011B, based on Reference 12, was written and used with the
Sandia Quicktran facility to evaluate p*.
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The reference properties or "average" properties ia the boundary
layer immediately in front of the protuberance for the six flight con-
ditiouns investigated are as follows.

A,

Orbital decay, maximum convective aerodynamic
heating

P*¥ = 63.086 pounds per square foot

P* = 0.43527 x 10~5 slugs per cubic foot

T* = 6,618 °R

h* = 5,159 BTU per pound

W = 0.84248 x 104 pound mass per foot second

Orbital decay, maximum deceleration

P* = 166.38 pounds per square foot

p* = 0.213 x 1074 slugs per cubic foot

T* = 4,263 °R :

h* = 1,109 BTU per pound

w* = 0.47854 x 1074 pound mass per foot second

Shallow supercircular reentry, maximum convective
aerodynamic heating

P* = 260.68 pounds.per square foot

P* = 0.78800 x 107 slugs per cubic foot

T* = 9,541 °R
h* = 11,875 BTU per pound
w* = 0,12035 x 103 pound mass per foot second

Shallow supercircular reentry, maximum deceleration
P* = 407.69 pounds per square foot

p* = 0.202 x 10~% slugs per cubic foot

T* = 7,428 °R

h* = 6,611 BTU per pound

w* = 0.97029 x 10~4 pound mass per foot second

Steep supercircular reentry, maximum convective
aerodynamic heating
P* = 2,630.8 pounds per square foot

p* = 0,760 x 10™4 slugs per cubic foot

T* = 10,124 °R

h* = 11,250 BTU per pound

k* = 0,12818 x 10~3 pound mass per foot second
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F. Steep supercircular reentry, maximum deceleration
P* = 5,635.2 pounds per square foot

px = 0.304 x 1073 slugs per cubic foot

T* = 7,821 °R

h* = 4,935 BTU per pound

w* = 0.92190 x 10™%4 pound mass per foot second

The conditions presented above are at location (:) in Figures 5 and 6.

Calculation of the Aerodynamic Heating Rate
Distribution in Front of the Protuberance

In any aerodynamic analysis, the first step is to conduct a
literature search to see what experimental and theoretical work already
exists. A brief literature search yielded References 13 through 22.

References 13 through 16 present experimental data on convective
aerodynamic heating to protuberances on several shapes. (For the
velocities and small protuberance size in this analysis, radiative
aerodynamic heating can be neglected.) Reference 17, with supplemental
information in References 18 through 22, presents an empirically mod-
ified theoretical boundary layer approximation of the reversed flow
region convective aerodynamic heating. This empirically modified
theoretical approximation shows good agreement with measured data from
several sources. In particular, good agreement is shown with the
comprehensive experimental results presented in Reference 13. There-
. fore, this empirically modified theoretical merhod was used for the
calculations.

The local skin friction coefficient is:

o 05 " 0.5
C. =0,66kc (Lot — (12)
F, (PL ”L) (UL 2% x)

CF = local skin friction coefficient

2
@ = empirical factor to account for adverse pressure
gradient
X = distance forward from protuberance
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From Reynolds analogy, assuming a Prandtl number of 1, one gets:

H, =77 (13)

where:

CH = local heat transfer coefficient.
)/

Also,
%W, =, P2 Yy (hz - hw) 14
where:

qw = local heat transfer rate to wall
2

hz = local recovery enthalpy

For the assumption of a Prandtl number of 1, the local recovery
enthalpy can be replaced by the free stream total enthalpy.

Equation 14, for a given flight condition, can be expressed by:

. Cy (15)
W, " &

Thus, with the assumptions made above, and with a value of ¢ of 3.8
(Reference 17), Equations 12 through 15 define the local heat transfer
distribution in front of the protuberance.

Computer code HRSOl3 was written and was used with the Sandia
Quicktran facility to calculate the local heat transfer rates in front
of the protuberance for the six flight conditions. (The flow field
properties were assumed constant in the reversed flow region.) The
results are summarized below, where the values of C1 are presented for
each of the six flight conditions.

A. Orbital decay, maximum convective aerodynamic
heating
¢, = 102.250 BTU per foot 1.5 second
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B. Orbital decay, maximum deceleration
¢, = 36.440 BTU per foot 1.5 second

C. Shallow supercircular reentry, maximum convective
aerodynamic heating

C; = 434.372 BTU per foot 1.5

second

D. Shallow supercircular reentry, maximum deceleratiom
Cy = 324.386 BTU per foot 1.5 second

E. Steep supercircular reentry, maximum convective
aerodynamic heating
C1 = 1,412.659 BTU per foot 1.5 second

F. Steep supercircular reentry, maximum deceleration
¢, = 939.201 BTU per foot 1.5 second

Figure 7 presents the heat transfer distribution in front of the
protuberance for the orbital decay reentry at maximum convective aero-
dynamic heating. Distributions are not presented for the other flight
conditions because they differ from Figure 7 only by a constant.

N

Calculation of the "Average" Aerodynamic
Heating Rate in Front of the Protuberance

The convective aerodynamic heating rate in front of the protuber-
ance was calculated in the preceding section. However, the Sandia
Charring Material Ablator (CMA) Program, which would be used for the
ablation analysis of the GLFC graphite shell, is currently only one-
dimensional, and a heating rate distribution to the GLFC ahead of the
protuberance cannot be used as input data.

To obtain an "average" value of the heat transfer rate in front
of the protuberance, Equation 12 can be integrated with respect to X
and divided by X. (As in the preceding section, the flow field prop-
erties are assumed to be constant in the reversed flow region.) After
Equation 12 is integrated, the results are:

pE_ ik ML
o = 1.328 o , (16)
F, (PL "L) (UL Pr, X)

a
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where:

Cp = local "average" skin friction coefficient from
zaverage 0 to X,

or:
cF =2 CFz . (17)
zaverage
From Reynolds analogy and assuming a Prandtl number of 1:
CFg
CH = average (18)
Baverage ,
where:
Cy = local "average" heat transfer coefficient from
zaverage 0 to X,
and
%, = Cq, Py(hg - hw) (19)
average average
where:
Qw = local "average" heat transfer rate to the wall from
gaverage 0 to X.
Thus,
= =0 . 2
qwzaverage qwz %3

Figure 8 presents the average heat transfer rate, as a function
of X, in front of the protuberance for the orbital decay reentry at
maximum convective aerodynamic heating. Average heat transfer rates
are not presented for the other flight conditions because they would
differ from Figure 8 only by a constant.
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Now, a value of X must be selected to define the 'average" heat

transfer rate to the GLFC in front of the protuberance. Since the
graphite cask thickness is 0.350 inch in the region of interest, an

X of one-third inch was selected to permit the one-dimemsional ablation
and conduction heat transfer solution to be a realistic approximation
of the actual three-dimensional problem.

For this value of X, Equation 20 can be rewritten as:

3 = 12C (21)
qwaverage 1

where:

&w = "average'" heat tranafer rate to the wall from
4Verageé x = 0 to X = 0.33 inch.

The resultant values of qwaverage for the six flight conditions are

presented below.

A. Orbital decay, maximum convective aerodynamic
heating
iw = 1227.00 BTU per square foot second
average

B. Orbital decay, maximum deceleration

qQ, = 437.28 BTU per square foot second
average
C. Shallow supercircular reentry, maximum convective
aerodynamic heating
9 = 5212.46 BTU per square foot second
average

D. Shallow supercircular reentry, maximum deceleration

Qy = 3892,.63 BTU per square foot second
average
E. Steep supercircular reentry, maximum convective
aerodynamic heating
= 16,951.91 BTU per square foot second
average
F. Steep supercircular reentry, maximum deceleration

= 11,246.41 BTU per square foot second
average





Calculation of the Ratio of "Average" Aerodynamic Heating
in Front of the Protuberance to the Stagnation Line
Aerodynamic Heating Rate to the GLFC

The stagnation line aerodynamic convective heating rate to the
GLFC was previously calculated as a function of time for the trajec-
tories of interest. It is desirable to compute the ratio of the
"average' aerodynamic convective heating rate in front of the protu-
berance to the stagnation line aerodynamic convective heating rate of
the GLFC for the six flight conditions. If this ratio is reasonably
constant during a trajectory, it can be used to convert the previously
computed stagnation line convective aerodynamic heating rate to the
"average' convective aerodynamic heating rate in front of the protu-
berance.

The equation for the stagnation point aerodynamic convective
heating rate to the stagnation point of a sphere, for ionized equi-
librium flow downstream of the bow shock wave, is (Reference 23):

' 17 600 /P 1/2 v 3.15
oy (7)) () @

where;

és = cold wall stagnation point aerodynamic heating rate to
5 a sphere of radius Ry, BTU per square foot second
Ry = sphere radius, feet

P, = sea level standard atmospheric density, 0.002378
slugs per cubic foot.
The above equation, as computer code HRS01l0, was used with the Sandia
Quicktran facility to compute &ss Jﬁg_for the six flight conditions.
&ss can be obtained by dividing by the square root of the cylinder
radius, 0.3333 feet.

Based on the assumption of a Newtonian theory velocity gradient
near the stagnation point, it can be shown that (Reference 24):

8y = 7= 4 (23)
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where:

és = cold wall stagnation point aerodynamic heating rate to a
€ cylinder of radius Ry, BTU per square foot second.

Thus, ésc can be computed.

Once having determined QWz and ﬁsc, the ratio of &wﬂa to ﬁsc
can be computed. The values of qg, and éwza/&Sc are presented below
for each of the six flight conditions,

A. Orbital decay, maximum convective aerodynamic
heating

&s = 118 BTU per square foot second
c

a., /a. = 10.4
%?2 S¢

a
B. Orbital decay, maximum deceleration

és = 41 BTU per square foot second
c

q, /4y =10.6
L, e
C. Shallow supercircular reentry, maximum convective
aerodynamic heating

és = 565 BTU per square foot second
¢

4, /g =9.2
ﬂa c
D. Shallow supercircular reentry, maximum deceleration

&s = 383 BTU per square foot second
[ 4

q, /3, =10.2
L, Tc
E. Steep supercircular reentry, maximum convective

aerodynamic heating

és = 1785 BTU per square foot second
c

Q.. /4. = 9.5
qwza Sc





F. Steep supercircular reentry, maximum deceleration

9, = 1050 BTU per square foot second
c

q., /q. = 10.7
qwﬂa Se

The information presented above provides the information needed
as input data for the ablation analysis of the GLFC.

Conclusions

As shown in the previous section, the "average' local convective
aerodynamic heating rate in front of the protuberance is approximately
10 times the stagnation line convective aerodynamic heating rate to the

GLFC in crossflow. This ratio varied from 9.2 to 10.7 for the six flight

conditions examined. One would expect these values to be relatively
independent of flight conditions on the basis of the hypersonic Mach
number independence principle.

While these values appear high, being approximately 33 times the
local rate to the GLFC without protuberance, these values are reason-
able. Previous Sandia tests to define the effects of protuberances
on heating rates (Reference 16) showed that local rates without pro-
tuberances can be increased over 20 times with the addition of protu-
berances. These same tests showed the ''average'" local heating rate in
front of the protuberance to be approximately 5 times the stagnation
heating rate to this configuration.

Any additional theoretical work in this area, on a longer time
scale, should:

1. Look at the effect of the pressure gradient around the cylin-
der on ¢ in Equation 12.

2. Attempt to replace the assumption of constant properties in
the separated flow region with a more realistic variation.

3. Attempt to place a realistic limit on the maximum heating
rate in front of the protuberance (i.e., replace the infinite
singularity at X = 0 with a finite value).

4. If possible, utilize a real gas nonequilibrium flow field
computer program to calculate the flow field around the GLFC
and, if possible, ahead of the protuberance.
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5. Utilize any two-dimensional and three-dimensional heat
transfer and ablation options developed for the CMA computer
code.

6. Extend the analysis to both higher altitudes and the tran-
sition flow regime.

7. Include the effects of finite shock detachment distances
ahead of the protuberance on the calculation of conditions
at locations <:) , (:) , and

Obviously, experimental test results would provide much needed
information regarding the increased heating from the protuberance.
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