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ABSTRACT

This document summarizes the Phase II preliminary design effort on the Isotope
Reentry Vehicle (IRV) study. The major objective of the entire study (Phases IA,
IB, and II) was to develop a preliminary design of a 25 kw; PU 238 IRV. Primary
emphasis was placed on safety considerations and developability in the design.

The Phase IT study followed two previous efforts of the program, i.e., Phases IA
and IB., During Phase TA various IRV, heat source, and heat source exchanger con-
cept combinations were developed.and evaluated. During Phase IB, three of the

more promising combinations resulting from Phase TA were further evaluated at the

conceptual design level. The results were then used to select a reference concept
for preliminary design in Phase II.
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1.0 INTRODUCTION

This report summarizes the results of the Phase II task of the Isotope Reentry
Vehicle (IRV) Design Study. The study has been performed for the NASA Lewis
Research Center under Contract NAS3-10938. The major objective of this study
is to develop a preliminary design of a 25 kw, (end-of-life) Pu 238 Heat Source
IRV. Required operational lifetime is 5 years, and major design emphasis has
been placed on system safety and vehicle developability. 1In addition, the IRV
has been configured for minimum diameter and weight. The IRV is comprised of
two major subsystems, the heat source (HS) and the reentry vehicle (R/V). A
third major element that has been considered in the design study is the heat
source heat exchanger (HSHX). The design of the HSHX is to be compatible with
the characteristics of the Brayton Cycle Power Supply unit presently being in-
vestigated at the NASA Lewis Research Center. Westinghouse Astronuclear Labora-
tory has completed the required analysis and design of the Heat Source and its
structural support system under subcontract to Avco. The Heat Source Heat
Exchanger preliminary design has been developed under a subcontract from Avco
by the Garrett Airesearch, Los Angeles Division. Results of these subcontract
efforts are summarized in this report.

Figure 1-1 shows a perspective view of the Isotope Reentry Vehicle (IRV) design
developed under Phase II of the study. The isotope heat source consists of a
circular planar array of refractory isotope capsules containing Pu02 fuel.
Approximately 164 nonvented capsules (Figure 1-2) are required to achieve a net
thermal power output of 25 kw at the end of the 5 year lifetime. The isotope
fuel capsule array together with its BeO heat sink is mounted on a refractory
metal support plate. A refractory truss is used to attach the heat source sub-
system to the aluminum honeycomb aeroshell. Low conductivity vacuum multifoil
insulation is used to minimize heat loss to the reentry vehicle and temperature-
sensitive subsystems.

Transfer of heat from the isotope heat source to the HSHX is accomplished solely.

by radiation. There is then no hard connection between the IRV/HS unit and the
HSHX.

The HSHX is a part of the closed gas loop of the Brayton-cycle power conversion
system. The major elements of the Brayton-cycle gas loop are contained in a
package as illustrated in Figure 1~3. These elements consist of the Brayton
cycle rotating unit (BRU) and the Brayton heat exchanger unit (BHXU), which con-
sists of the recuperator and the heat-sink heat exchanger.

The elements of the HSHX system are illustrated in Figure 1-4. It is seen that
the HSHX, ducts, structure, power conversion module (PCM) package, and insula-
tion form a single integral unit.

Redundant and independently replaceable heat exchangers are provided to accept
the thermal output of the heat source capsules which radiate with a maximum hot
spot capsule temperature of less than 2000° F.
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There have been three major tasks (or phases) in the study. These have consisted

of a two-part conceptual design effort, Phases 1A and 1B; and a preliminary design
effort, Phase II, reported in this document. 1In addition to these tasks, an aero-
dynamic test program is being conducted by NASA Ames Research Center to develop

a turnaround (destabilizing) device that ensures proper IRV attitude during all
credible reentry modes.

5/6



2.0 SUMMARY

This section contains a brief review of the Phases TA and IB conceptual design

study results, as well as a summary of the results and significant conclusions
of the Phase II Preliminary Design Study.

Initial program ground rules are listed in Table 2-1., The basic program design
criteria specified by NASA-LeRC are listed in Table 2-2. Safety criteria guide-
lines established at the outset of the program are contained in Table 2-3.

2.1 PHASE TA -— CONCEPTUAL DESIGN SUMMARY

During this period of the conceptual design phase, three major subtasks were com-
pleted leading to the selection of the three vehicle concepts which were evaluated
in Phase IB.

First, a systems analysis was performed that resulted in the definition of the
critical system design requirements for the IRV (e.g., abort requirements, reentry
conditions, impact attenuation requirements, etc.). Safety considerations and ex-
amination of various failure modes played a predominant role in this analysis.

Second, a variety of conceptual designs were considered and evaluated for each of
the critical IRV subsystems. Their relative advantages and disadvantages were
examined and selections of preferred design alternatives were made wherever pos~-
sible. The major design considerations in this analysis were aerodynamic shape,
reentry performance, HS configuration, HSHX configuration, structural support and
attachment, impact attenuation, recovery and location aid requirements, abort and
deorbit rocket integration, and spacecraft/IRV integration. Third, a considerable
number of total IRV conceptual designs were synthesized in order to examine the
impact of different design alternatives on the total vehicle system. Table 2-4
summarizes the basic characteristics of the five prime generic combinations
developed during this activity. The effect of inclusion of various combinations
of impact attenuation, abort rockets, and location aids on these basic vehicle
types is shown in Table 2-5.

At the conclusion of Phase IA, three overall vehicle concepts were selected by
NASA-LeRC for further evaluation in the Phase IB conceptual design effort. The
concepts, all employing 60-degree blunt cone IRV's, were:

® 2 minimum diameter circular planar HS nonvented fuel capsule.

® 2 "pin cushion" (vertical array of fuel capsules) HS in a 60-degree
blunt cone R/V.

'

A minimum diameter circular planar HS utilizing vented capsules.
Results of the Phase IA task are summarized in Reference 2-1.
2.2 PHASE IB -~ CONCEPTUAL DESIGN SUMMARY

During Phase IB the three recommended concepts were evaluated in terms of safety,
vehicle diameter, vehicle weight, reentry performance, overall reliability (sim-
plicity) and developability, and ability of the design to allow growth potential
or changes in subsystem characteristics. Phase IB ground rules are listed in
Table 2-6 below. .



TABLE 2-1

PROGRAM GROUND RULES

Use nonvented isotope heat source capsule characteristics
furnished by LERC

Consider both separate IRV launch (Atlas/Centaur) and inte-
gral launch (Saturn 1B-MORL)

Consider incorporation of recovery aids for the IRV

Aerodynamic configurations limited to 60° half-angle blunt
cone and modified Apollo shape

HSHX to be in-place redundant and replaceable
Intact reentry capability during all mission phases

Design must provide for adequate heat rejection after impact




TABLE 2-2

IRV DESIGN CRITERIA

1)
2)
3)
4)
5)

6)

7)

8)

9)

10)

Isotope Fuel ..eceenaccncesnsnasasasanns
Capsule Design .ecevvecessccessssscansnce

Fuel Loading eeeecsevoceccsscassnsnsenne

N
G

Heat Leak -- IRV, HSHX, and ACHX ...ece0.

IRV Ballistic Coefficient -—

Heat Source Temperature:
Max Continuous, SUrface cescesoscesos
Max Transient, Surface ...ceceeeicces

Max Launch Pad Equilibrium ..........
(Operation with ACHX)

Emergency Heat Rejection ..sescevseccces

Thermal Storage:
Material ceiveesvsoscncasernonnscases
Requirement ...eeevecesesssossvnsecss

Launch ADOTL cvevesncososssavessvsacsnnns

Orbital Emergency Separation ...ceesess

PuO2

See Figure 1-2

25 kwy (EOL)

< 80 lb/ft2 {Subsonic)

< 1.5 kw*

<2000°F
<2500°F*
<1400°F

Passive Radiation to Space by
Body Deployment

BeO
. o o
60 min (1800 F to 2500 F)

Rocket Ejection < 10g
Acceleration

Redundant Pyrotechnic

*

In the event of upside-down IRV earth impact, provision must be made to
destroy or otherwise overcome thé insulation and permit heat rejection
without exceeding heat source temperature limits.




TABLE 2-3

SAFETY CRITERIA

Capsule design based on 10 half-life containment

No fuel release as a result of launch pad abort, fire, or en—-
trapment of heat source in debris

Intact reentry of IRV from uncontrolled random reentry

Reentry vehicle ejection in the event of catastrophic launch
abort : .

No burial of IRV after impact at terminal velocity

Radiation coupling only between heat source and power conver-
sion system - no physical connection

No credibility for assembly of critical mass

=10~
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TABLE 2-6

PHASE IB GROUND RULES

Establish design characteristics of three IRV concepts (all 60
degree blunt cones)

Use truss support structure only

Impact attenuation system should be based on the use of peripheral
crushup to ensure heat source "flat" impact

Ballutes are to be considered for drag augmentation
Retro and abort rocket systems should be mounted on a tower in the
Atlas/Centaur and on a minimum extension in the integral launch

vehicle (Saturn I-B booster)

Heat source and HSHX designs are to be based on maintaining a
1600° F turbine inlet temperature with the primary HSHX operating

HSHX designs shall be developed to meet in place redundancy and
separate replaceability criteria

~13-




In addition to the comparison of the three reference concepts, the major design
areas encompassed in the Phase IB study were:

® determination of minimum diameter reentry survival vehicles.
® determination of impact survival system tradeoffs.

® evaluation of fuel capsule cover plate utility for reentry heating
protection.

¢ consideration of ballutes for drag augmentation.

® examination of HSHX design considerations in terms of reducing fuel capsule
maximum hot spot operating temperatures.

® TIRV/launch vehicle/spacecraft integration.
The significant results and conclusions of the Phase IB study are summarized in
the following discussion. Details of the Phase IB effort are contained in

Reference 2-2.

2.2.1 1Isotope Reentry Vehicle (IRV)

Primary emphasis during Phase IB was placed on the development of IRV systems
incorporating the three reference HS configurations. Aerodynamic performance of
the three vehicles is comparatively similar in that they are all 60-degree blunt
cones with the same general weight, diameter, and aerodynamic coefficient
characteristics.

Table 2-7 lists the comparative characteristics of the three reference IRV concepts
developed during Phase IB. The two circular planar arrays incorporate an impact
attenuation system based on the "Rotating Plate Concept," introduced in Phase IA
and described in Subsection 7.2 of Reference 2-2. Therefore, the weight and size
advantage of the pin cushion concept over the 49-inch-diameter circular planar
array is illusory, in that it includes no provision for impact attenuation. (As
is shown in Table 2-8, a comparison on the same basis for "bare' vehicles shows

a significant weight and diameter margin for the circular planar array.) This
diameter and weight margin is increased substantially when the pin cushion array
is mounted in a flush (i.e., with the end of the vertically stacked capsules in
the plane of the IRV base) position, to reduce reentry heating effects on the fuel
capsules,

Referring again to Table 2-8, the potential weight and diameter savings possible
with a vented capsule HS is indicated in the IRV reentry weight totals and vehicle
diameters. Again, it should be noted that the diameter and weight totals reflect
the inclusion of the impact attenuation system. The "bare" vehicle comparison is
shown in Table 2-8., Table 2-8 shows IRV weights and diameters for minimum weight,
minimum diameter, and optimum combination (Reference Designs) for Circular Planar
HS IRV's using this intact impact concept. For comparison IRV weights are also
shown for a crude attenuation system which employs isotropic crushup in the void
volume below the HS.

-14~-
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The normal operating temperature of the fuel capsule with the pin cushion HSHX is
approximately 80 degrees lower than the nonvented fuel capsule HS array, and 130
degrees lower than the vented capsule HS. The differences are due to the more
efficient usage of heat transfer area in the case of the pin cushion HS, and less
conductive area availability in the case of the vented capsule HS.

Figures 2-1 and 2-2 show perspective drawings of the circular planar HS IRV and
the pin cushion concepts, as developed during Phase IB. The planar array vehicle,
as shown in Figure 2~1, incorporates terminal impact survival subsystems, while
the smaller diameter pin cushion concept provides no impact protection provision.
Utilization of the vented capsule design, shown in Figure 1-2 in the previous
section, in the circular planar HS array does result in a significant reduction
in IRV weight (~ 300 1b).

This comparison only attempts to evaluate the relative developability and fabri-
cability of the two classes of systems in qualitative terms. However, the fabri-
cation of the pin cushion system is certainly more complex than is that of the
circular planar arrays. 1In addition, provision of a system to ensure similar
impact performance with the pin cushion system to the circular planar arrays could
only be achieved with large weight penalties.

Finally, the comparative heating on the capsules during the various classes of
reentry situation is much higher in the case of the complex, protruding, pin
cushion array, than it is for the flush mounted circular planar arrays.

An optimization study of the intact plate, impact attenuation system has been
completed during Phase IB. Figure 2-3 shows a section view of the conceptual
scheme, incorporating a "cold plate" support structure to provide support for
the HS during rotation during impact, and HS edge geometry modification to
allow inclusion of rotational crushup at minimal cost in IRV diameter.

2.2.2 Heat Source (HS)

Prime emphasis was placed on the development of feasible retention of systems for
both the nonvented and vented fuel capsules designs; the development minimum
diameter heat sources for both the circular planar and the pin cushion or stacked
log class arrays; better characterization of the thermal performance of all three
types of heat sources in all required operating (or survival) modes; better defi-
nition of aeroshell/HS interface constraints; and development of ACHX and BeO
location and sizing details.

Mechanical and thermal performance characteristics developed are summarized in
Table 2-9., From a weight consideration, the circular planar design with vented
capsules offers a substantial advantage over the other two designs. The largest
weight for the pin cushion design is primarily due to the increased weight require-
ment of the Be0 heat sink (220 pounds versus 140 pounds for the circular heat
source diameter. Reduction in diameter for the circular planar design with vented
capsules compared to the nonvented capsule heat source design is not as much as
the reduction in capsule size may indicate (1.40-inch diameter x 5.6-inch length
compared to 1.542-inch diameter x 5.968-inch length for nonvented capsule). This
is primarily due to the fact that the required 164 capsules, arranged with eight
capsules in a row at the center, determine the heat source diameter. It should

~17-~
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TABLE 2-9

HEAT SOURCE SUMMARY COMPARISON

Configuration
Planar Planar Vented Pin Cushion

Weight (1b) 1288 983 1365
Heat Source
Diameter (in.) 49.0 46.0 39.0
Number of Capsules 164 164 165
Center-of~Gravity
from Nose (in.) 27.8 27.5 26.8
Peak Capsule Temperature
Gradient (°F) 120 155 70
Heat Source Radiation
Area (ft2) 13.1 11.5 17.5
Peak Capsule Temperature (°F)
e Primary HSHX Operating 1870 1925 1790
e Secondary HSHX Operating

(1600° F Turbine Inlet) 2060 2115 1790

-21~




also be noted that the radiation heat transfer area facing the HSHX cannot be
reduced much without a penalty in the peak capsule temperature. A radiation
heat transfer area of approximately 11.5 ft2 appears to be the minimum practical.

The peak capsule temperature of the pin cushion design is not affected by the mode
of HSHX operation, (i.e., with either the primary or secondary heat exchanger oper-
ating). A relatively low temperature of 1790° F is achieved compared to the other
two circular designs, It is estimated that with the circular planar designs the
peak capsule temperature is 200° F higher with the secondary HSHX operating if a
1600° F turbine inlet temperature was required for this operating mode.

The development of an attachment and support scheme for the pin cushion HS that
met thermal and spacing constraints as set by the HSHX and fuel capsule operation
temperature limits, while allowing incorporation of required ACHX channels and
Be0 heat sink material was a complex design problem. Figure 2-4 shows a detail
of the pin cushion attachment system. It should be noted that while this system
does meet basic operational requirements, its utility in limiting fuel capsule
damage during terminal impact situations is not as good as the cradle retention
system developed for the circular planar arrays (Figure 2-5 shows the cradle re-
tention system with a vented capsule). This was the only basic deficiency in

any of the three heat source designs considered during Phase IB.

It was concluded that the circular planar design with nonvented capsules was the
preferred design for the preliminary IRV design effort during Phase II. The
circular planar heat source proved to be lighter and simpler to fabricate. Its

mechanical performance was also more predictable and better understood for ground
impact. '

Feasibility of using vented capsules in a circular planar heat source without any
unsurmountable difficulty was shown. Although the vented capsule development is
still in the early state compared to the nonvented capsules, it does offer an
attractive potential in weight reduction and some gain in diameter reduction.

2.2.3 Heat Source Heat Exchanger (HSHX)

On the basis of the Phase IA studies, three heat sources were identified and
received detailed analysis during Phase IB. These three heat sources are those
described in Table 2-9 previously.

From the Phase IA studies, the most attractive approach to the HSHX's was found
to be the tube-fin spiral involute, two-pass type of heat exchanger. As a result,
this was the only approach considered in Phase IB of the study for each of the
three heat sources listed above. While previous studies indicated that the tube-
fin heat exchanger offered the lowest-weight design, elimination of the fins
between the tubes and utilization of an all-tubular heat exchanger resulted in

an easier fabrication approach. All-tubular heat exchangers were therefore
employed, where possible, throughout the Phase IB studies.

Four HSHX designs were developed for the three heat-source geometries considered.
Table 2-10 presents a summary of the physical characteristics of these four heat
exchanger designs. TFor the planar heat exchanger designs, additional consideration
was given to incorporating a heat dump system where a portion of the superinsula-
tion forming the cavity around the heat source and HSHX would be removable to
permit heat rejection to space. '
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The performance characteristics of the three heat sources and four HSHX designs
that were developed in this phase of the study are summarized in Table 2-11. The
first item is the minimum-weight HSHX design (that is, minimum material thickness),
and the second item is the maximum fuel capsule temperatures associated with full
power output on HSHX 2. Only the pin cushion design falls below the 2000° F
temperature level. The third item is the increase in the HSHX weight required

to reduce the capsule operating temperature to 2000° F under the condition of
HSHX 2 delivering full power. The fourth item i1s the maximum source temperature
associated with the minimum-weight heat exchangers for HSHX 1 in operation. If
the temperatures of line 4 are set as a new maximum, the Brayton fluid outlet
temperatures of the HSHX 2 are calculated, and this result is translated into

a power output of PCS 2, the values listed in Item 5 emerge. For example, with
an 18700 F maximum source temperature, 74.5-percent power can be achieved from
the second system. Item 6 gives an estimate of the heat leaks associated with
the installation of each of the systems examined, with and without heat dump
capability. These heat leak estimates are necessarily approximate because the
details of the supporting structure and the mechanical interfaces with. the IRV
had not been worked out in detail. The major problems of each HSHX are listed

as comments (Item 7).

For the circular planar heat-source arrays, the maximum fuel capsule operating
temperatures with PCS 2 in operation at full power (Item 2, Table 2-11) are
higher than reported in the Phase IA studies. The circular planar heat source

of Phase IA had a diameter of 53 inches. The two circular planar heat sources
considered in this phase of the study had diameters of 49 and 46 inches, which
represent a 17- and 32-percent.decrease, respectively, in radiating heat transfer
area. This decrease in radiating area plus a more detailed analysis of the
temperature levels associated with this geometry resulted in the higher source
temperatures indicated.

Conceptual designs of integrated HSHX-PCM packages suitable for integration with
the Atlas/Centaur and MORL vehicles were developed for each of the four HSHX's
and the three heat sources. A typical Brayton cycle package and installation
concept for an Atlas/Centaur vehicle is shown in Figure 2-6. 1In addition, con-
ceptual installation designs were developed for both the rectangular and the
circular HSHX's employing a movable-insulation heat dump system.

2.2.4 Summary of Conclusions and Recommendations (Phase IB)

The following major conclusions and recommendations were made on the basis of
the Phase I Conceptual Design Study:

1. The circular planar HS array is recommended for preliminary design. The
only significant pin cushion advantages are somewhat lower capsule operating
temperatures. Developability and fabricability, reentry heating, impact
protection, structural support, heat source weight, and HSHX replaceability
are all more favorable for the circular planar array.

2. For comparable aerodynamic vehicle performance the pin cushion results
in only slightly smaller vehicle diameters. The vented capsule circular
planar HS array yields significantly lower vehicle weights and diameters
(since impact attenuation can be provided with smaller diameter penalties).
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3. The HS cover plate can be used to reduce reentry peak capsule temperature.
4. Two-pass, tube fin HSHX's are recommended for preliminary design.

5, Circular planar HS maximum capsule operating temperature can be reduced
to less than 1850° F by adding tube wall weight (~ 100 1b) to the HSHX.

6. A tower mounted deorbit system is recommended. Further work is needed
on spin stabilization and reentry performance tradeoffs.

7. An intact HS concept for impact attenuation can be used with reasonably
small weight and diameter penalties.

8. A practical minimum vehicle diameter with impact attenuation is about
75 inches (nonvented capsules).

2.3 PHASE II =~— PRELIMINARY DESIGN SUMMARY

A detailed preliminary design of the minimum diameter circular planar HS/IRV
illustrated in Figure 1-1 has been developed during Phase II. The revised study
ground rules followed in Phase IL are listed in Table 2-12.

During this study phase final materials choices have been made; thermal performance
of the total IRV/HS/HSHX system has been defined; and structural designs, with re-
quired fabrication sequences, have been developed. In addition, a detailed reentry
performance analysis has been performed to establish the performance limitations

of the vehicle and its sensitivity to variation in the reentry trajectory, vehicle
motions, and wvehicle physical parameters.

A detailed IRV/Brayton cycle/spacecraft (S/C) integration and mounting concept

has been developed. The structural support and mechanization of this installation
concept has been primarily dictated by operational safety requirements. Figure
2-7 shows the basic IRV/Brayton cycle system in a typical §/C installation. Total
system weight estimates for single and redundant Brayton cycle Power Conversion
Module (PCM) system in a Manned Orbital Research Laboratory (MORL) class vehicle
are summarized in Table 2-13.

An aerodynamic test program conducted by NASA Ames Research Center has supplied
supporting test data to this study program. The major purpose of the test program
is to define a passive aerodynamic device (such as a fence or fin) which ensures
that the vehicle is not stable in a rearward attitude during reentry. Consequently,
if the vehicle were to initially begin reentry in such an attitude (180-degree
angle of attack) this device would guarantee vehicle turnaround at high altitudes

"prior to peak heating. Rearward (or high angle of attack) reentry is undesirable
because of the increased aerodynamic heating experienced by the heat source fuel
capsules which are located at the base region of the vehicle.

A number of different aerodynamic devices have been studied analytically, and the
most promising configurations are undergoing testing in the free-flight 42-inch
shock tunnel at the NASA Ames Research Center. This facility is capable of
achieving the appropriate Reynolds number (104 - 105) and Mach number (> 10)
conditions. Sufficient data have been collected to provide a basis for making
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TABLE 2- 12

PHASE I GROUND RULES

Reentry Vehicle - Minimum diameter, 60-degree blunt cone

~ Symmetrical fence, geometry based on
results of NASA Ames test program

- Ballute retardation system

Heat Source - Circular planar array
-~ Nonvented capsule

- "Close-pack" fuel capsule retention system

HSHX - Two-pass, circular planar, tubular involute

- Turbine inlet temperature 1600° F with HSHX 1
in operation

— Turbine inlet temperature with HSHX 2 in operation
to be determined by heat source operating temper-
ature requirements

-30-
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TABLE 2-13

WEIGHT SUMMARY -- IRV/BRAYTON
CYCLE SYSTEM MORL

Single PCM System | Redundant PCM System

(1b) (1b)
IRV 2300 | 2300
HSHX 230 430
PCM 435 870
Heat Rejection 230 390
Gas Management 150 ] 300
Electrical and Control ’ 505 730
System Support Structure 690 690
Total System Weight* ’ 4540 5710

*
Does not include radiators and radiation shield.
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a preliminary selection of an effective turnaround device together with dimensional
characteristics for use during the preliminary design task. Static force and
moment tests are being conducted in the NASA Ames 3.5-ft hypersonic wind tunnel,

The turnaround fence concept on the IRV configuration shown in Figure 1-1 is based
on the NASA Ames preliminary recommendation.

The significant results and conclusions of the Phase II preliminary design study
are summarized by major subsystems in the following subsections.

2.3.1 Heat Source (HS)

In Phase II the minimum diameter circular planar array heat source with the ref-
erence design nonvented capsules has been selected for further study to develop

a preliminary design. Design features included the cover plate type capsule reten-—
tion system, BeO heat sink, multilayer insulation system, support ring with truss
support system, Auxiliary Coolant Heat Exchanger (ACHX) incorporated within the heat
source with connections for external coolant supply and mounting of the heat source
flush with the base plane of the reentry vehicle. An exploded view of the heat
source preliminary design assembly is shown on Figure 2-8, indicating the major
component subassemblies. Table 2-14 is a summary of the heat source characteristics.

The Cb-1Zr heat source plate is a built-up structure. Its primary function is to
support the 164 fuel capsules producing 25 kw, throughout all phases of the
mission. The top of the heat source plate consists of rows of cradles to support
the fuel capsules. ACHX cooling channels are incorporated in triangular-like
passages formed by adjacent cradles between the capsule rows. The ACHX supply
and return headers form the periphery of the heat source plate and serve as main
structural members. Individual ACHX cooling channels are connected to the headers
by holes in the top plate, with the connections to the return header properly
sized to balance the flow between channels based on heat load.

One of the IRV design ground rules is to avoid any mechanical connection between
the heat source and the Brayton power unit Heat Source Heat Exchanger (HSHX)
assembly., Also, the ACHX system was to be compatible for operation with the TRV
in the closed or operating position. Various alternate methods of routing the
Auxiliary Cooling Heat Exchanger (ACHX) coolant were considered and, consequently,
inlet and outlet connections were provided at the thermal radiation face of the
heat source for mating by coolant lines which will penetrate the HSHX assembly
structure. To meet this ground rule and expedite hookup and separation of coolant
lines at the connectors, a quick disconnect mechanism with seals which will sub-
limate at the heat source operating temperature was developed.

The cover plate is Cb-1Zr with grooves to mate with the fuel capsules. It is
designed to retain fuel capsules during the entire service life of the heat source,
and to provide a thermal barrier to protect the fuel capsules from severe aero-
dynamic heating during IRV reentry. The cover plate is held in place by triangu-
larly shaped Cb-1Zr retention bars which permit remote final assembly. T-111
bolts with Cb-1Zr lock washers are used to bolt down the retention bars and the
cover plate. Cb-1Zr washers are used since this material is more compatible with
the high emissivity coating used on the cover plate to enhance thermal radiatiom.
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Figure 2-8 EXPLODED VIEW OF THE HEAT SOURCE PLATE
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TABLE 2-14

HEAT SOURCE PRELIMINARY DESIGN SUMMARY

Configuration
Overall Diameter
No. of Capsules
Heat Source Weight
Fuel Capsules

Heat Source Plate

Cover Plate Assembly

Support Structure

Insulation Assembly

Be0 Heat Sink

Thermal Performance

Heat Source Radiation Area

Steady-State Peak Capsule Temperature

753
232
87

153

79

170

a) Primary HSHX Operation

b) Secondary HSHX Operation (T3, = 1600° F)

c) Deployed in Space

ib

1b

1b

1b

b

1b

Transient Heatup Rate (from 1880° F)

ACHX Operation

Mass Flow Rate

Pressure (inlet)

Peak Capsule Temperature

Circular Planar
49,0 inches
164

1476 1b

13.11 £t2

1918° ¥
20600 F
1455° F

650° F in 1 hr

3.13 1b/sec
90 psia

350° F

*Based on active length (fueled length) of fuel capsules. Temperature

is 13000 F using total length of fuel capsules.
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Thermal design criteria for the heat source are summarized in Table 2-15. These
temperature criteria served to establish the BeO heat sink design. During the
detailed analysis of the heat source thermal response characteristics, it became
apparent that the BeO heat sink weight requirements are sensitive to the nature
and extent of thermal contact between BeO and the heat source plate. An assump-
tion of an effective contact resistance of about 100 Btu/hr-ft?-°F will enable 170
pounds of BeO to meet the design criteria. However, if a complete radiation gap
is assumed, the BeO weight required to meet the thermal design criterion of a
heatup of less than 700°F in 1 hour starting from 1800°F will be increased to
about 300 pounds. Available reference data on the thermal contact resistance for
similar materials indicate that this assumption is quite conservative. However,
this assumption should be verified by testing the selected materials for the sur-
face finish and loading conditions expected in the heat source.

A close review of the superinsulation system indicated that very little perform-
ance data were available at the higher temperatures. Because of the relative con-
ductivities, the greater uncertainty in performance at the IRV temperatures, and
the bulkier nature of this insulation, a vacuum multilayer foil system was se-~
lected. .

THERMAL DESIGN CRITERIA

® Maximum Steady-State Capsule Temperature 2000° 7
® Maximum Transient Capsule Temperature 2500° ¥
® Maximum Capsule Temperature Rise in One Hour 700° F

from 1800°F

® Maximum Launch Pad IRV Temperature 350° F

® Maximum IRV Operating Heat Loss 1500 watts

Analysis indicated that the insulation system of about 100 layers would be satis-
factory, and any further increase in the number of layers would yield diminishing
returns, i.e., little gain with increased weight penalty.. The overall insulation
system is shown in Figure 2-8. The heat loss through the heat source insulation

system is 310 watts, thus resulting in a loss (including struts) of approximately
500 watts.

A vehicle diameter of 68 inches was selected for the IRV to provide integration
with various candidate spacecraft. Also, the Phase IB study indicated a substan-
tial thermal benefit for the flush or recessed heat source mounting over the ex-
posed mounting in the reentry vehicle during reentry heating conditions. Since
every inch of increase in distance between the heat source and the reentry body
nose results in approximately a 4-inch increase in vehicle diameter, the heat
source was placed as close to the vehicle nose as feasible. A combination of
these goals and constraints on the heat source mounting in the reentry vehicle
resulted in a reduced length (from a 22~ to a 19.2-inch strut) support truss system
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and a reduced strut angle with respect to the horizontal plane of the reentry
vehicle (reduced from 45 to 34 degrees). The structural load imposed on the

strut was substantially increased. More important, the horizontal components of
loads acting on the support ring became so large that it was necessary to provide
a tie plate (a scalloped circular plate) within the support ring to protect it

and the ACHX header ring, which mates with it, from excessive deformation and
yielding from reentry load. From a standpoint of mechanical simplicity and struc~
tural ruggedness, the bimetal styrut design was judged less desirable and was re-
placed by single-piece refractory metal (T-111) struts. The reduction of strut
length, increase of strut cross-sectional area over the bimetallic design and the
use of T-111 throughout contributed to a substantial increase in heat loss through
the support truss system, i.e., from 112 watts calculated in Phase IA to 188 watts,
assuming 300° F at the cold end of the support system. However, this higher heat
loss when combined with other leaks is within the limit of 1500 watts and offers

a practical solution to the support problem.

Heating for several types of reentry, i.e., nominal, orbital decay-tumbling,
nominal with offset c.g., and rearward, were considered. The thermal response

of the heat source was calculated for each trajectory with special emphasis on
the temperature of the capsule. The peak capsule temperatures were below 2420° F
for the first three cases; however, the capsule temperature reached 2860° F for
the rearward reentry. The rearward reentry was the worst heating case defined,
and the capsule temperature exceeded the 2500° F limit defined under the design
criteria, but the occurrence of such a trajectory is believed to be most im~
probable. Also, the excursion above 2500° ¥ was of short duration (=140 seconds)
and the capsule material, T-111, can probably survive without difficulty.

A detailed manufacturing plan for the fabrication sequence and processes

was defined. It presented no insurmountable difficulties and indicated a real-
istic demonstration of feasibility. Potential warpage from multiple welding of
thin parts required in fabrication of the heat source plate was identified as an
area requiring careful attention during final detail design and during fabrication.

The operation sequence for heat source assembly, ground handling, transportationm,
and integration with a launch vehicle was reviewed to assure these operations were
feasible. It should be noted that the heat source assembly and handling do not
require any hot cell facility other than a light local radiation shielding; how-
ever, the assembly is also thermally hot and requires handling tools. Since the
emissivity coating may require rather delicate handling to avoid damaging and.
flaking of the coating, master-slave type handling equipment of standard design
is preferred over any direct hand tool such as tongs. To avoid any oxidation
damage to the heat source structure, a temporary and transportable cooling system
must be connected to the ACHX as soon as fuel capsule loading starts. This tem-
porary and transportable cooling system should be continuously active until the
heat source is mounted in the launch vehicle -and the launch pad cooling system is
connected to the heat source ACHX. To prevent oxidation damage to the refractory
structure, the ACHX is designed to keep the heat source temperature below 350° F.
During transients in the oxygen atmosphere, 600° F is considered an acceptable
limit without incurring oxidation contamination. The ACHX operation will be
terminated when the launch vehicle liftoff is committed and the launch tower
coolant lines are disconnected from the IRV. There is sufficient thermal inertia
in the system so that if the cooling is terminated at liftoff, the system will be
out of the oxygen atmosphere before the temperature reaches 600° F.
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2.3.2 1Isotope Reentry Vehicle (IRV)

The recommended IRV preliminary design is shown in Figure 1-1. -This configuration
is primarily a modification of the IRV concept developed during the efforts of

Phases IA and IB. The IRV is designed to contain, and mate with, the heat source
described in the preceding section.

The reference IRV has been designed to maintain the fuel capsule temperature be-
low the design values listed in Table 2-15 in all possible flight regimes. Initial
reentty conditions used to develop the aerodynamic environments to be encountered
by the IRV are summarized in Figure 2~9. These conditions were established after

a detailed review of the credible launch and flight failure modes. The reentry
conditions coupled with the balance of the systems criteria, summarized in Table
2-16, combined to establish the IRV performance criteria.

TABLE 2-16

SYSTEM DESIGN REQUIREMENTS

Launch Environment Atlas/Centaur, Saturn I-B,
20-sec Abort Delay

Reentry Initial Condition a = 180 degrees, Full Spin
or Maximum Tumble Rate

Reentry Velocity (ft/sec) 17,000 to 26,000

Reentry Angle (degrees) 0 to —18

Spin Rate (rpm) 0 to 20

Tumble Rate (rpm) 0to 6

Impact Velocity (ft/sec) < 300

Pad Separation Distance (ft) 200 to 250

Maximum Fuel Capsule Temperature (°F)

Operational 2000
Reentry 2500
Fireball 3000

Aerodynamic load (structural, thermal) environment variation for the reference
design, with the vented symmetrical fence was evaluated for various dynamic con~
dations. Those analyses included a review of vehicle stability over the flight
regimes of interest and wind gust effects during the terminal descent phase. Re~
sulting heat shield thicknesses are summarized in Table 2~-17, for various loca-
tions on the vehicle. The table also notes the particular trajectory that
provided maximum heating for that location.
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TABLE 2-17

IRV HEAT SHIELD REQUIREMENTS
AVCOAT 5026-39 HC-G

2
Heat Shield . Trajectory Integrated

Location Thickness Design Trajectory No. Heatin§
(inches) (Btu/ft4)

A 1.87 @ = 180 degrees (No kspin) 8 56,200
B 1.72 a = 0 degrees (No spin) 18 44,000
C 1.45 @ = 180 degrees (No spin) 18 17,900
D 1.87 Spinning Rearward 16 57,400
E 1.76 Spinning Rearward 16 46,900
F 1.50 Spinning Rearward 16 26,900
G 1.22 Spinning Rearward 16 23,000
H 1.12 Spinning Rearward 16 15,000
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The IRV preliminary design layout, with blowups eof specific fabrication details,
is shown in Figure 2-10. Fabrication techniques identified din‘'this design are
similar to those employed in the Apollo heat shield program.

The vehicle is a 60-degree half-angle 25-percent blunt cone configuration. A
360-degree vented canted "fence" is employed to provide assurance of proper
vehiecle attitude during reentry under all credible mission nominal or failure
modes, Total reentry weight of the 68-inch-diameter vehicle is 1977 pounds. The
basic aeroshell is fabricated from aluminum honeycomb which is protected during
reentry by a low-density ablator (Avco 5026-39) heat shield. Location aids are
mounted on the vehicle to assist in recovery or to provide assurance of proper
deep water burial of the reentered vehicle. A ballute located around the peri-
phery of the vehicle is provided to limit terminal velocities prior to impact of
the IRV.

Significant performance parameters of the IRV are listed in Table 2-18. Table
2-19 contains a summary of the mass characteristics of the reference IRV design.

2.3.3 Heat Source Heat Exchanger (HSHX)

The final heat source heat exchanger design configuration is illustrated in

Figure 2-11. The core of the heat exchanger is composed of eighteen 1.44-inch-
diameter tubes, each 68 inches long. Each tube describes an involute spiral from
the outer circular ring manifolds to a central reversing header. The Brayton
cycle working fluid is introduced into the top circular ring manifold where it

is distributed to nine of the involute tubes, which conduct the gas across the
core of the heat exchanger where it enters a central reversing header. From the
central reversing header, the gas enters the nine return involute tubes where the
gas is conducted back across the heat exchanger core and enters the bottom circular
ring exit manifold. Thus, the major portion of the core consists of an array of
tubes in which the flow in alternate tubes is in the opposite direction and the
Brayton cycle working fluid makes two passes across the heat exchanger, one in and
one out.

The HSHX is made entirely of Cb-1Zr. This material was selected on the basis of
its high temperature stability for long-term operation in a space vacuum. Al-
though superalloy materials were considered, they would require coatings to pro-
tect them against constituent evaporation at the elevated temperatures of interest.
The long~term behavior of such coatings in a space vacuum is currently unknown.
Thus, the all refractory metal approach was selected. A high-emissivity .coating
is applied to all surfaces of the HSHX to enhance the radiant heat transfer per-—
formance. The HSHX is supported on two ends. On one end it is supported by a
flange attached to the cooler inlet manifold. On the other end, a pin attached
to the inlet manifold is inserted in a retaining bracket that is part of the
fixed cavity structure, as illustrated in Figure 2~12, The characteristics of
the HSHX are given in Table 2-20.

The performance of the HSHX under various modes of operation is summarized in
Table 2-21.- TItem 1 gives the temperatures throughout the system with HSHX 1 in
operation at full output power. Item 2 gives the same information with HSHX 2 in
operation at full output power. Item 3 presents the temperature data with HSHX
2 in operation with a maximum fuel capsule temperature of 2000° F. Under this
condition, the power output from the second system drops to 6.15 kwg.
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