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ABSTRACT

This document summarizes the Task IB conceptual design effort on the Isotope Re-

entry Vehicle (IRV) study. The major objective of the study is to develop a pre-

liminary design of a 25 KW t Pu 238 IRV. Major design emphasis is on system safety

and developability. The IRV is configured to meet minimum practical diameter and

weight limits. During Task IA various IRV, heat source, and heat-source heat ex-

changer concept combinations were developed and evaluated. Three IRV systems have

been studied in a detailed conceptual design evaluation in Task IB.

These are all based on the use of a 60-degree blunted conical aeroshell entry

vehicle. The concepts are:

i. A minimum diameter circular planar heat source (HS) array (with non-

vented capsules),

2. A minimum diameter circular planar heat source (HS) array (with vented

capsules),

3. A minimum diameter pin cushion HS array (with nonvented capsules).

The primary objective of Task IB has been to develop candidate designs to the

level required for performance comparison and then to recommend one IRV for pre-

liminary design.
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i. 0 INTRODUCTION

This report summarizes the results of the Phase IB task of the Isotope Reentry

Vehicle (IRV) Design Study. The study is being performed for the Lewis Research

Center under Contract NAS3-I0938. The major objective of this study is to de-

velop a preliminary design Of a 25 KW t (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. In addition, the IRV has

been configured for minimum diameter and weight. The design of the Heat Source

Heat Exchanger (HSHX) is to be compatible with the characteriztics of the

Brayton Cycle Power Supply unit presently being investigated at Lewis Research
Center.

Figure 1.0-i shows an exploded view of an illustrative IRV Heat Source and Heat

Source Heat Exchanger (HSHX) configuration mounted on an Atlas Centaur launch

vehicle with the balance of the Brayton Cycle Power System. This is typical of

a separately launched Isotope/Brayton system as specified by NASA. The isotope

heat source consists of an array of isotope capsules containing Pu02 fuel.

Approximately 164 unvented capsules (Figure 1.0-2) are required to achieve

a thermal power output of 25 KW at the end of the design lifetime goal.

The heat source capsule array together with its Be0 heat sink is mounted on a

refractory metal support plate which in turn is attached to the reentry vehicle

aeroshell via a truss network. Low-conductivity, high-temperature insulation

is used to minimize heat leaks from the heat source to the reentry vehicle

and its surroundings. Overall study ground rules are summarized in Table

1,0-I. Specific IRV design and safety criteria established at the outset

of the study are listed in Tables 1.0-II and 1.0-III. Crushup material is

provided between the heat source support plate and the aeroshell to attenuate

the g-loading of the capsules during ground impact of the IRV occurring after

reentry and terminal descent. The entire IRV is attached to the parent launch

vehicle by a support ring which allows the IRV to be pivoted out of the launch

vehicle for emergency cooling of the Heat Source (HS). Redundant and indepen-

dently replaceable heat exchangers are provided to accept the thermal output of

the heat source capsules which radiate with a maximum hot spot capsule tempera-

ture of less than 2000 ° F.

i.i CONCEPTUAL DESIGN -- PHASE IA

During Phase IA of the study, a large number of isotope reentry vehicle (IRV)/

heat source (HS)/heat source heat exchanger (HSHX) combinations were evaluated

in terms of major design considerations, including aerodynamic shape, reentry

performance, HS configuration, HSHX configuration, structural support and attach-

ment, impact attenuation, recovery and location aid requirements, abort and

deorbit rocket integration, and spacecraft (S/C) IRV integration. At the con-

clusion 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:

-i-
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TABLE 1.0-11

IRV DESIGN CRITERIA

I)

2)

3)

4)

5)

6)

7)

8)

9)

1o)

Isotope Fuel .............................. PuO 2

Capsule Design ............................ See Figure 1.0-2

Fuel Loading .............................. 25 KWt (EOL)

W

IRV Ballistic Coefficient -- Cd A ......... ! 80 ib/ft 2 (Subsonic)

Heat Leak -- IRV, HSHX, and ACHX .......... < 1.5 KWt*

Heat Source Temperature:

Max Continuous, Surface ............... < 2000°F

Max Transient, Surface ......... ....... ! 2500°F*

Max Launch Pad Equilibrium ............ ! 1400°F

(Operation with ACHX)

Emergency Heat Rejection .................. Passive Radiation to Space by

Body Deployment

Thermal Storage:

Material .............................. BeO

Requirement ........................... 60 min (1800°F to 2500°F)

Launch Abort .............................. Rocket Ejection ! 10g

Acceleration

Orbital Emergency Separation .............. Redundant Pyrotechnic

*In the event of upside-down IRV earth impact, provision must be made to destroy

or otherwise overcome the insulation and permit heat rejection without ex-

ceeding heat source temperature limits.

-5-



TABLE 1.0-111

SAFETY CRITERIA

I) Capsule design based on i0 half-life containment

2) No fuel release as a result of launch pad abort, fire, or entrapment

of heat source in debris

3) Intact reentry of IRV from uncontrolled random reentry

4) Reentry vehicle ejection in the event of catastrophic launch abort

5) No burial of IRV after impact at terminal velocity

6) Radiation coupling between heat source and power conversion system -

no physical connection

7) No credibility for assembly of critical mass

-6-



• a minimum diameter circular planar HS (ORNL fuel capsule).

• a pin cushion HS in a 60-degree blunt cone RV.

• a minimum diameter circular planar HS utilizing vented capsules.

Results of the Phase IA task are summarized in Reference i.i-i.

1.2 CONCEPTUAL DESIGN -- PHASE IB

The three recommended concepts have been evaluated in terms of the following

basic criteria during Phase IB:

a. Safety

b. Vehicle diameter

c. Vehicle weight

d. Reentry performance

e. Overall reliability (simplicity) and developability

f. Ability of the design to allow growth potential or changes in subsystem
characteristics.

Phase IB ground rules are listed in Table 1.2-I below:

TABLE 1.2-1

PHASEIB GROUND RULES

• Establish design characteristics of 3 IRV concepts (all 60 ° blunt

cones )

• Use truss support structure only

• Impact attenuation system should be based on the use of peripheral

crushup to insure 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

A/C booster and on a minimum extension in the integral launch vehicle

• 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 repiaceabiiity criteria

-7-



In addition to the comparisonof the three reference concepts, the major design
area encompassedin the PhaseIB scopeare:

• Determinationof minimumdiameter reentry survival vehicles.

• Determinationof impact survival systemtradeoffs.

• Evaluation of fuel capsule coverplate utility for reentry heating
protection.

• Considerationof ballutes for drag augmentation.

• Examinationof HSHXdesign considerations in terms of reducing fuel
capsulemaximumhot spot operating temperatures.

• IRV/launchvehicle/spacecraft integration.

Figures 1.2-1 and 1.2-2 showperspective drawingsof the circular planar HSIRV
and the "pin cushion" IRVconcepts, as developedduring this phaseof the study.
Theplanar array vehicle, as shownin Figure 1.2-1, incorporates terminal impact
survival subsystems,while the smaller diameter "pin cushion" conceptprovides
no impactprotection provision. Utilization of the vented capsuledesign,
Figure 1.0-2, in the circular planar HSarray does result in a significant
reduction in IRVweight (_300 Ibs).

1.3 AERODYNAMICTESTPROGRAM

Themajor purposeof the test programis to define a passive aerodynamicdevice
(such as a fence or fin) which ensuresthat the vehicle is not stable in a
rearwardattitude during reentry. Consequently,if the vehicle were to initially
begin reentry in suchan attitude (180-degreeangle of attack) this device would
guaranteevehicle "turn-around" at high altitudes prior to peakheating. Rear-
ward (or high angle of attack) entry is undesirable becauseof the increased
aerodynamicheating experiencedby the heat source capsuleswhich are located in
the baseregion of the vehicle.

A numberof different aerodynamicdevices havebeenstudied analytically andthe
mostpromising configurations are undergoingtesting in the free flight shock
tunnel and the arc wind tunnel test facilities by NASA/Ames.Thesefacilities
are capableof achieving the appropriate ReynoldsNumber(104- 105) andMach
Number(>i0) conditions. Sufficient data are being collected to provide a basis
for makinga preliminary selection of an effective turn-around device together
with dimensionalcharacteristics for use in the preliminary designphase.

1.4 PRELIMINARYDESIGN-- PHASEII

As a result of the ConceptualDesignPhaseIA and IB, a recommendationhas been
madeto developa moredetailed preliminary design of the minimumdiameter
circular planar HSIRV. During the preliminary design phasethe structural and
thermaldesign of the IRVand the heat source heat exchangerwill be completed.
In addition, a detailed reentry performanceanalysis will be madeto establish
the performancelimitations of the reference vehicle and its sensitivity to
variations in the reentry trajectory, vehicle motions, andvehicle physical
parameters.
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i. 5 PROGRAM SCHEDULE

Figure 1.5-1 shows the overall study schedule together with the time phasing of

the three major tasks. The two milestones shown on Phase I (conceptual design)

correspond to the two oral presentations which are given at the conclusion of
Phase IA and Phase lB.

REFERENCES

i.i-i Isotope Reentry Vehicle Design Study Conceptual Design -- Phase IA,

Topical Report, AVSSD-0071-68-CR, NASA CR-72366.
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2.0 SUMMARY

This section includes a brief review of the Phase IA effort, as well as a summary

of the results of the Phase IB conceptual design study.

2.1 SUMMARY AND REVIEW--PHASE IA

During this period of the conceptual design phase, three major subtasks were

completed leading to the selection of the three vehicle concepts which have been

evaluated in detail during Phase lB.

First, a systems analysis was performed resulting in the definition of the criti-

cal system design requirements for the IRV (e.g., abort requirements, reentry

conditions, impact attenuation requirements, etc.). Safety considerations and

examination of various failure modes played a predominant role in the system

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

possible.

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. In addition, trade-off studies were performed to evaluate the

effects of different design options on critical vehicle parameters (e.g., vehicle

diameter). Using several selection criteria (i.e., vehicle weight, diameter,

reentry performance, safety, developability, and growth potential), three vehicle

concepts were recommended for further study.

The following sections briefly describe the results of these three subtasks.

2.1.1 Safety Systems Analysis

The purpose of the systems analysis was to establish IRV design requirements based

on a detailed review of the basic mission and all associated failure modes.

Reference launch vehicles were the Atlas/Centaur, for a separate launch mission,

and the Saturn I-B MORL, for an integral launch mission.

The major ground rules for the analysis were:

a. For the separate launch case (Atlas/Centaur), a 260-nautical mile circu-

lar orbit with a 50-degree inclination was assumed. A yaw maneuver was in-

cluded in the ascent trajectory to assure that the entire ascent trajectory

(to orbital insertion) would take place over deep water.

b. For the integral launch case (Saturn I-B/MORL) a 164-nautical mile cir-

cular orbit with a 50-degree inclination was assumed.

c. The nominal IRV return mode is controlled intact reentry, initiated by

deorbiting the IRV from the space station.

-13-



d. The completedesign envelopeis defined by consideration of the maximum
credible accident.

Figure 2.1-1 showsan illustrative launch, injection anddockingsequence(for
the separatelaunch case). Figure 2.1-2 showsa nominaldeorbit and recovery
sequenceutilizing a parachuteand flotation system. A thoroughanalysis of the
total mission sequencewasperformedfor both the separateand integral launches
including abort condition envelopesfor anypoint along the launch andinjection
trajectory, launchpad accidents, inorbit accidents, deorbit requirements, reentry
trajectory perturbations, andgroundandwater impact conditions, etc. There-
suiting major systemdesign requirementsare shownin Figure 2.1-3. It should
be pointed out that the worst heating rate conditions (i.e., the -i0 degree
trajectory, Figure 2.1-3) comesfrom the worst credible abort condition. It is
possible to postulate evenworseabort conditions by assumingthat the launch
vehicle destruct systemfails, that the IRV abort systemfails, and that the
launchvehicle pitches over andexpendsall its remainingfuel by continuing to
thrust at the pitch-over angle. This can result in entry velocities of about
25,000to 26,000fps andentry angles considerably in excessof i0 degreesas
is illustrated in Figure 2.1-4. Theprobability of sucha failure sequence,
however,appearsto be vanishingly small and therefore it has not beenusedas a
designcriterion.

Thenuclear safety criteria to be met in the IRVsystemare as defined in
Table 1.0-III. Thesegroundrules havebeenfollowed in developingthe systems
safety requirementfor the IRV. Theitems of most concernare potential criti-
cality hazardsanddispersion of fuel form fines in the biosphere. Fuel capsule
burial in deepwater hasbeenassumedto be acceptablein the event of abort or
eventual IRV disposal.

Nominalmission termination is designedto impact the IRV in a preselected re-
coveryarea in deepwater. There is, however,as a result of somelaunch aborts
for the integral launchconceptor deorbit by natural decayandrandomentry,
the possibility of land impact. Evenfor these extremely limited cases, the
probability of water impactexceedsthat of land impact. Landimpact, however
improbable,mustbe consideredin the design of the IRV.

It is desirable in the design of the IRV to prevent significant deformationor
physical damageto the fuel capsulesat impactand to provide meansfor adequate
post impactheat rejection. Threeapproachesare available to achieve this end:

a. Intact Impact-- Thefuel capsulesare retained in a cradle in the heat
sourceplate which, in turn, is protected at impactby an impact attenuation
system. Theentire assemblyis designedto survive impactwith neither re-
lease of the capsulesnor structural damageto the capsules.

b. Fracturable Plate -- Theprimary difference in this design approachis
that the heat sourceplate is designedto fracture uponimpact, spilling the
capsulesover the local surface. This approachprovides an improvedsitua-
tion for post-impact heat rejection since the fuel capsulesare spreadout
andcanbe treated singly or in small groups. However,the capsulesmaybe
damagedas the heat source plate fractures.

-14-
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AEROSHELL

I

HEAT SOURCE

ABORT AND DEORBIT
ROCKETS

ENTRY VELOCITY

ENTRY ANGLE

ENTRY BODY RATES

ANGLE OF ATTACK

PEAK AXIAL LOADS

PEAK LATERAL LOADS

PEAK INTEGRATED HEATING
(2 SKI P ENTRY)

PEAK HEATING RATE
(-10 ° ENTRY)

IM PACT VELOCITY

MAXIMUM CAPSULE TEMPERA-

TURE (REENTRY)

MAXIMUM CAPSULE TEMPERA-

TURE (NORMAL OPERATING)

REQUIRED IMPACT ATTENUATION

THRUST

VELOCITY DECREMENT

G. G. OFFSET

SPIN RATE

LAUNCH PAD ABORT RANGE

Figure 2.1-3 SYSTEM DESIGN REQUIREMENTS

26000 FPS

0 TO -10 DEG

PITCH-YAW 5 RPM
ROLL 20-40 RPM

70-120 DEGREES

<+ 10, -._1 G'S

<+ 10 G'S

Q = 50000 BTU/FT 2 SEC

AT _ = 210 BTU/FT 2 SEC

_I= 330 BTU/FT 2 SEC

AT Q = 10,000 BTU/FT 2

160 - 240 FPS

2500°F

2000°F

ROTATION SYSTEM WITH
COLD PLATE

2800 LB

500 FPS

<1 1NCH

20-40 RPM

50-200 FT.
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c. Pre-impact Capsule Dispersion -- This design approach disperses the

capsules before impact and allows them to impact individually. This approach

appears to overcome the problems of the previous two approaches; however,

realistic mechanization of the dispersal subsystem is a major problem for

the application.

Selection between these three approaches to impact protection is not clearcut;

however, preliminary analysis indicates that the intact impact concept provides

the most predictable design.

One conclusion that can be drawn from the IRV safety analysis is that during each

mission phase, there are several orders of safety mechanisms which act to prevent

the occurrence of a nuclear hazard. Table 2.1-I shows these safety mechanisms.

It is important to note that there are always at least 5 orders of safety

mechanisms, with 6 orders of safety mechanisms acting during the critical pre-

launch, ascent, and orbital phases.

2.1.2 Maior IRV Subsystem Design Alternatives

The critical IRV design areas where different approaches must be evaluated are

listed below:

a. Aerodynamic shape selection

b. Heat source configuration

c. Heat source heat exchanger configuration

d. Heat source attachment and support

e. Impact attenuation

f. Turn-around devices

g. Recovery aid integration

h. Deorbit and abort rocket integration.

Various design concepts have been considered and evaluated for each of these

areas. These concepts and the results for each area are summarized in the

following sections.

2.1.2.1 Aerodynamic Shape Concepts

To reduce aerodynamic heating and ground impact velocities, it is desirable to

achieve low vehicle ballistic coefficients (W/CDA). Consequently, blunt, high-

drag configurations are most desirable. Such configurations also provide

generally good packaging characteristics and can be employed efficiently over

the total range of achievable reentry conditions. Figure 2.1-5 presents the

aerodynamic shape concepts which have been considered. Basically, they consist

of two configurations, a 60-degree half-angle blunt cone (Figure 2.1-5(a)) and a

_Lo.... =d _pul_v shape (Figure 2._I-_t_)_, where +h_._........_..............1 =f_Thndy has been re-

placed by a short cylindrical section. The drag and stability characteristics

-19-
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of both configurations are quite similar. The modified Apollo shape appeared to

possess superior packaging characteristics for planar heat source configurations

and was included for that reason. The configuration of primary interest was

the blunt cone. To reduce the heating to the heat source capsules (located in the

rear of the vehicle), recessing of the heat source into the vehicle was examined

and the resultant configurations are shown in Figure 2.1-5(c) and (d). In

addition, in the case of conical heat source configurations, the heat source can

be recessed into the conical cavity of the blunt cone as shown in Figure 2.1-5(e).

Investigation has shown that when impact attenuation (requiring crushup stroke),

heat source recession and recovery aid integration are considered, the Apollo

configuration is inferior in packaging (i.e., requires larger vehicle diameters).

Consequently, the blunt cone has been recommended as the reference aerodynamic

configuration for the IRV.

2.1.2.2 Heat Source Configurations

The heat source configuration can have a major influence on vehicle diameter and

weight, as well as seriously influencing vehicle stability (through the center

of gravity location and inertias and the capsule heating environment). Further-

more, different heat source configurations will react differently to the g-loading

associated with ground impact. Several generically different capsule array

configurations have been examined in order to evaluate their advantages and

disadvantages.

The simplest configuration is the planar array (Figure 2.1-6(a) and (b)). In

the two concepts the circular array results in the smallest diameter heat source,

while the rectangular array facilitates incorporations of recovery and location

aids within a circular vehicle configuration.

The conical and pyramidal configurations (Figure 2.1-6(c) and (d)) represent

an attempt to take full advantage of the aeroshell conical shape thereby improving

the center of gravity location.

The "pin cushion" and stacked capsules arrays (Figure 2.1-6(e) and (f)) represent

an attempt to arrive at the smallest possible heat source diameter so as to aid

in minimizing total vehicle diameter.

Capsule retention schemes can be used which support the capsules uniformly (i.e.,

in a "cradle") thereby improving the impact resistance of the heat source. (A

review of the heat source failure modes during ground impact has indicated that

maintaining heat source plate integrity after impact is a desirable goal.) For

164 capsules the minimum circular heat source diameter appears to be about 49

inches (based on allowable maximum capsule temperature). Recessing the array

provides heat protection during reentry and, if necessary, a cover plate can be

used to provide additional heating protection as well as additional impact re-

tention protection. The disadvantage of the planar array lies in the fact that

all capsules are relatively far aft in the vehicle so that favorable center of

gravity locations are hard to achieve.

The conical and pyramidal arrays provide better center of gravity location, and

the conical array results in advantageous capsule recession and somewhat better

vehicle aerodynamic turn-around capability. However, the array requires signifi-

cantly larger heat source diameters (and consequently larger heat source weights),
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and the impact loadings at oblique angles can cause heat source breakup more

readily than for the planar array. Capsule retention schemes for the pyramidal

array are more complicated; auxiliary cooling on the launch pad is more difficult,

and aerodynamic heating on the capsules which protrude beyond the vehicle base is

greater.

The pincushion array is quite similar to the pyramidal array and suffers from

the same limitations. The stacked capsule array with rows of capsules stacked

on top of each other in principle provides the smallest heat source diameter (of

about 40 inches) but creates considerable difficulty in launch pad cooling, heat

exchanger design, capsule reentry temperatures and capsule retention and impact

performance. It is also very difficult to achieve reasonable center of gravity

locations in a minimum diameter vehicle since so many of the capsules are located

at the extreme aft end of the vehicle.

The planar configuration appears most attractive when all factors are considered.

2.1.2.3 Heat Source Heat Exchanger Configurations

To accommodate the different heat source configurations a number of HSHX con-

figurations have been considered. Both tube fin and plate fin heat exchangers

have been evaluated in both single and twoTpass configurations.

The various HSHX concepts are shown in Figure 2.1-7. The tube fin devices appear

easier to fabricate and are lighter than the plate fin devices. The use of a two-

pass flow system minimizes the temperature gradients across the heat source and

thereby result in lower maximum capsule operating temperatures. Consequently,

it appears that two-pass, tube fin HSHX configurations are most attractive.

2.1.2.4 Heat Source Support and Attachment Concepts

The heat source plate must be attached to the aeroshell and supported to with-

stand the launch and reentry loads. In addition, heat leaks from the heat source

through the attachments and supports should be minimized and the loading distri-

bution acting on the heat source during ground impact should be as uniform as

possible.

The various support and attachment concepts which have been examined are shown

in Figure 2.1-8. Four basic schemes have been evaluated. One is peripheral

attachment of the heat source to the aeroshell at a few distinct points with

bending of the heat source plate constrained by crushup material located beneath

the HS plate (Figure 2.1-8(a)). It is also possible to attach the plate at

several points directly to the crushup material without peripheral attachments

(Figure 2.1-8(c)), or the plate can be attached peripherally to a ring structure

without requiring the support by crushup material (Figure 2.1-8(d)). All of

these attachment schemes result in fairly high heat leak values. Thermally, the

most attractive support scheme is a refractory metal truss support which pene-

trates the superinsulation to attach to the heat source plate.

2.1.2.5 Impact Attenuation Concepts

As a design goal it is desirable for the isotope fuel capsules to remain intact

at all times. To meet this design goal, care must be taken to assure that if

the IRV impacts on land the resulting g-loads do not rupture the capsules. The
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Figure 2.1-7 HSHX CONFIGURATION

-25-



PLANARARRAY- PERIPHERAL ATTACHMENT
AND CRUSHUP

(a)

PLANAR ARRAY - TRUSS SUPPORT

(b)
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I
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Figure2.1-8 SUPPORTAND ATTACHMENT CONCEPTS
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impact loading tolerance of the capsules depends strongly on how the loading is

applied. It is expected that for a uniform distribution of loads (i.e., in a

"cradle") the capsules could survive g-loads as high as i00,000 to 200,000 g's.

Therefore, one of the design goals is to furnish a capsule retention scheme which

supports the capsules very well during impact. Cradle type retention schemes

are therefore most desirable. The actual impact g-loading is of course dependent

on a complex interaction between the IRV terminal velocity, the terrain, the

efficacy of the retention scheme for different impact geometries and the amount

and rate of impact energy absorption by the IRV. Crushup materials can be de-

signed to be useful in attenuating the impact loading. However, further analysis

(and probably testing) will be required to specify an optimum impact attenuation

concept.

Figure 2.1-9 illustrates various impact attenuation concepts. The simplest con-

cept is to fill the aeroshell with isotropic crushup material (Figure 2.1-9(a)).

For non-zero angles of impact (i.e., away from vertical impact) anisotropic

crushup material and the variation in crushup stroke can combine to greatly de-

crease impact attenuation material utility. Even for vertical impact the loads

are not distributed uniformly over the heat source plate because the most forward

portion of the crushup transmits high loads to the center of the plate before

the material outboard of the nose region begins to crush.

The situation can be somewhat alleviated by using different crushup materials

for different portions of the vehicle and by orienting the crushup material so

that it performs better at non-zero impact angles. This is illustrated in

Figure 2.1-9(b). However, to prevent destruction of the heat source plate and

the capsule retention mechanism, it is necessary to use long crushup strokes to

reduce the g-loadings, and this necessitates large vehicle diameters. Further-

more, the large amount of crushup material needed imposes a severe vehicle

weight penalty. Consequently, an effort has been made to find an impact attenua-

tion scheme which results in less severe vehicle design penalties. Figure 2.1-9 (c)

illustrates such a potentially attractive method. It consists of a ring of

crushup material which supports a strengthened heat source plate. At impact

angles of up to ± 30 degrees this crushup ring causes the plate to rotate so that

it impacts flat on the ground and absorbs the impact energy by plastic deformation.

This impact geometry is most favorable for the distribution of loading on the

capsules in their cradle retention. The heat source plate must be designed with

sufficient strength so as not to fail due to the loads acting on it while it is

rotating. This appears to be the lightest attenuation system and requires only

modest crushup stroke lengths of several inches.

2.1.2.6 High Altitude Turn-around Devices

If the vehicle starts to reenter in a backward attitude, it is desirable to cause

it to right itself at high altitudes so as to minimize the aerodynamic heating

to the fuel capsules.

A variety of different approaches can be used to assure that the vehicle will

be unstable in rearward attitudes. Most of these are illustrated in Figure 2.1-10.

The center of gravity offset is conceptually the simplest and most reliable method,

but it greatly complicates the vehicle design and the deorbit system and results

in trim angles of attack after turn-around. A large afterbody can be used to

effect turn-around but it interferes serously with the HSHX and heat source design
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Figure 2.1-9 IMPACT ATTENUATION CONCEPTS
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and greatly degrades the transonic and subsonic vehicle stability. Fins can be

used but rather large fin sizes are required for hlgh-altltude turn-around.

Flaps are effective devices, but generally must be actively deployed and also
result in non-zero flight trim angles. Fences appear to be the most promising

devices. An aerodynamic test program is being conducted by the Ames Research

Center to assist in selection of a fence configuration.

2.1.2.7 Recovery Aid and Deorbit and Abort System Integration Concepts

The incorporation of decelerators (e.g. parachutes, ballutes) and location aids

(beacons, etc.) has been considered as an aid in the recovery of the IRV. These

devices can be packaged either around the periphery of the IRV or they can be

located in the center if a cavity is provided in the heat source. The top part

of Figure 2.1-11 illustrates this schematically. The peripheral location is

preferable since it eases the thermal insulation problems and imposes fewer con-

straints on the heat source configuration design.

Several different options are also available for the integration of the abort and

deorbit rocket system as illustrated in the lower portion of Figure 2.1-11.

Several rockets can be located peripherally or a single rocket can be located in

the center of the rear of the vehicle. The peripheral arrangement has the dis-

advantage that if one of the rockets fails large tumble rates are produced, while

the single central rocket is very difficult to integrate within the heat source,

interferes with the HSHX integration, and poses a difficult thermal insulation

problem. The major advantage of the central mounting is that the potentially

catastrophic failure mode of the peripherally mounted deorblt rockets is elimi-

nated. However, as shown in Figure 2.1-11 there are other ways of achieving

this goal by mounting the rockets on short tower systems which are attached to

the IRV.

2.1.3 IRV Conceptual Design Synthesis and Evaluation

In addition to the various design alternatives associated with the IRV subsystems,

several overall Vehicle performance requirements were considered in the synthesis

of the different conceptual designs. The most critical requirements influencing

the overall IRV design were:

a. Heat source reentry heating protection

b. Vehicle aerodynamic stability

c. Ground impact attenuation

d. Incorporation of recovery and location aids.

These factors are interrelated and often impose conflicting requirements on

the vehicle design thereby necessitating trade-off studies to select the best

design.

An analysis of the interaction between the various performance requirements in-

dicated that accommodation of all in a single design resulted in a substantial

increase in vehicle size and weight. To better understand the trade-offs, the

approach was to evolve four basic IRV configurations which are "bare" (i.e., do
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not contain recovery aids or impact attenuation) and then to examine the effect

on the vehicle design of adding impact attenuation and recovery aids.

Figure 2.1-12 shows the four basic "bare" IRV vehicle concepts corresponding to

the three different heat source configurations housed within the blunt cone aero-

shell plus the planar heat source housed in the modified Apollo aeroshell config-

uration. The corresponding vehicle diameters and weights are also indicated on

the figure. It should also be pointed out that the planar heat source vehicle

design is derived for a heat source plate recession of one capsule diameter.

This means that the top of the isotope capsules are flush with the rear plane of

the vehicle.

Figure 2.1-13 shows what the effects are on vehicle diameter and weight for

additional recessing, crushup provisions, and the incorporation of recovery aids.

The extreme left hand column indicates the generic heat source configurations

used. The next column lists the dimensions and configuration of the heat sources.

The third column shows the diameters and weights for the "bare" vehicles and

corresponds to Figure 2.1-12. The fourth column indicates the effects of reces-

sing the heat source plate three-capsule diameters below the base. The fifth
column shows the effect of adding crushup while maintaining a recess of only one

capsule diameter. The sixth column shows the effect of incorporating only re-

covery aids (parachutes) along the periphery of the vehicle without adding impact

attenuation and still keeping the recess at one capsule diameter. The seventh

column is the same as the sixth but with a three-capsule diameter recess. The

eighth column shows the combination of a three-capsule diameter recess, crushup,

and recovery aids. The last column shows the effect of locating the rocket and

the recovery aids in a central cavity within the IRV.

2.1.4 Conclusion--Phase IA

The major conclusions reached were:

a. The blunt cone aeroshell configuration is preferable to the modified

Apollo configuration.

b. A graphite encapsulated "pin cushion" heat source offers potential for

lowest vehicle diameter and weight. Further analysis is required to evaluate

this. This design is quite complicated and should be considered further only

if the analysis indicates substantial diameter and weight savings.

c. The recommended HSHX concept is a two-pass, tube fin heat exchanger

design.

d. The truss support for the heat source minimizes heat leakage and appears

to be the best concept for the heat source attachment to the aeroshell.

e. Impact attenuation imposes large vehicle size and weight penalties.

f. Parachute recovery aid inclusion imposes significant vehicle penalties.

g. Pending further study the tower concept for abort and deorbit rocket

integration is most attractive.
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The following recommendations were made on the basis of the Phase IA Study:

a. The vehicle concepts to be studied further include a circular planar

heat source array, a conical array, and a "pin cushion" array. The aeroshell

configuration is a blunt cone.

b. Both circular and rectangular tube fin HSHX should be evaluated.

c. Evaluate potential gains in system performance which can be achieved if

the ground rule for full power output from the secondary HSHX with primary

HSHX in place is modified to allow reduced power operation.

d. Evaluate cover plates for heat source capsule retention and reentry heat

protection.

e. Determine minimum impact attenuation system for the various vehicle

concepts.

f. Evaluate both low-density and graphitic ablative aeroshell heat shields.

2.2 Summary--Phase IB

The Phase IB conceptual design ground rules are:

• Establish design characteristics of 3 IRV concepts (all 60-degree blunt

cones)

• - a minimum diameter circular planar HS array (nonvented capsules)

• - a minimum diameter circular planar HS array (vented capsules)

• - a minimum diameter pin cushion array (nonvented capsules)

• Use truss support structure only

• Impact attenuation system should be based on the use of peripheral crush-

up to insure 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 A/C

booster and on a minimum extension in the integral launch vehicle

• 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

The only significant change from the approach recommended at the conclusion of

Phase IA is the substitution of a circular planar vented capsule design in place

of the conical array as the third reference concept. This revision in approach,

by direction of NASA-LeRC, was occasioned by the desire to provide a preliminary
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evaluation of the impactof vented fuel capsuleHSarrays on the basic IRV concepts
as part of the PhaseIB task.

Theapproachfollowed in the developmentof the IRV conceptualdesigns is outlined
in Section 3.0. Figure 3-1 illustrates in flow diagramform the overall study
logic. Theformat of the PhaseIB Topical Report follows the flow of logic shown
in Figure 3-1 to the extent practicable.

This subsectionsummarizesthe results of the PhaseIB technical effort, the
significant differences betweenthe three designs, and the study conclusions and
recommendationsto date. Thetechnical effort summarytreats the three major
study areas, i.e., the HS, the HSHXandthe IRVsystem, including S/Cand launch
vehicle integration.

2.2.1 Heat Source (HS)

Study areas treated in Phase IB are listed in Table 2.2-1. The prime objective

in Phase IB was to perform a comparative study of the three reference HS config-

urations to select a candidate design for the Phase II Preliminary Design Study.

Prime emphasis was therefore placed on the development of feasible retention

systems for both the nonvented and vented fuel capsules designs; the development of
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 definition of aeroshell/HS interface constraints; and development of ACHX

and Be0 location and sizing details.

Mechanical and thermal performance characteristics developed are summarized in

Table 2.2-11. From a weight consideration, the circular planar design with vented

capsules offers a substantial advantage over the other two designs. The larger

weight for the pin cushion design is primarily due to the increased weight re-

quirement of the BeO heat sink (220 pounds versus 140 pounds for the circular

planar design). On the other hand, the pin cushion design offers the smallest
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

long compared to 1.542 inch diameter x 5.968 inch long for nonvented capsule).

This is primarily due to the fact that the required 164 capsules, arranged with

8 capsules in a row at the center, determine the heat source diameter. It should

also be noted that the radiation heat transfer area facing the HSHX cannot be

reduced much without a penalty in the _eak capsule temperature. A radiation heat

transfer area of approximately 11.5 ft z appears to be the minimum permissible.

The peak capsule temperature of the pin cushion design is not affected by the

mode of HSHX operation, either primary or secondary heat exchanger. A relatively

low temperature of 1790OF 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 wlth the secondary HSHX operating if 1600°F turbine inlet tem-

perature was required for this operating mode.

The development of an attachment and support scheme for the pln 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
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TABLE 2.2-I

PHASE I-B STUDY AREAS

Circular Planar Pin Cushion

Nonvented Capsule Vented Capsule Nonvented Capsule

RetentionFuel Capsule Retention

System

HSHX Thermal Interface Capsule Spacing

Graphite Versus

Refractory Metal

Log Versus Vertical
Constraints

Heat Source

Attachment

Crushup Distance

Truss Thermal

Optimization

HSHX Thermal Interface

Configuration

Temperatures in

Deployed Condition

Mechanical Details

BeO Location

HSHX Thermal Interface

-37-



n It.

o= z
u 0

ILl
U
rv
Z:)
0
i/)

I'--
,,<
ILl
"1"

Z
0
"t"

u
Z ,-
0..

Z

0

O,

a

z
<: c_ o.
Z

,iiI
O-

z
I.I. I.I.

I.I. 0 0
'=0 U.. u') _ 0

,o ,g R _ r,,

z _
., _. % _. _ 0._

04 ..-- p- _ 04

z z_ U.. _ 01"I" 0
U..

o. ,, ,o

C

k

E_ c

g _

o : : u UEo

-38-



BeO heat sink material was a complex design problem. Figure 2.2-1 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 2.2-2 shows the cradle

retention system with a vented capsule). This is the only basic deficiency in

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

It has been concluded that the circular planar design with nonvented capsules is

a preferred design for the preliminary IRV design effort during Task II. The

circular planar heat source is lighter and much simpler to design and fabricate.

Its mechanical performance is also more predictable and better understood for

ground impact condition.

Feasibility of using vented capsules in a circular planar heat source without

any unsurmountable difficulty has been shown. Although the vented capsule de-

velopment is still in the early state compared to the nonvented capsules, it

offers an attractive potential in weight reduction and some size reduction.

2.2.2 Heat Source Heat Exchanger (HSHX)

As noted previously, three heat sources were identified that would receive de-

tailed analysis during the Phase IB study. These three heat sources are listed
in Table 2.2-III.

TABLE 2.2-111

PHASE I-B HEAT-SOURCE GEOMETRIES

Source Dimensions

Circular Planar

Pin cushion

Circular planar (vented capsules)

49-inch diameter

39-inch diameter

46-inch diameter

From the Phase IA studies, the most attractive approach in the HSHX's design was

found to be the tube-fin, 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 would make fabrication

easier. All-tubular heat exchangers were therefore employed, where possible,

throughout the Phase IB studies.

Circular Planar

For this heat-source geometry, two HSHX designs were developed. The first

was a two-pass, tubular, circular involute heat exchanger, and the second

was a two-pass, tubular, rectangular heat exchanger.
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The core of the circular involute HSHX consists of 18 1.34-inch-diameter

tubes, each 72 inches long. This array of tubes completely fills the projected

area opposite the heat source with the exception of a small central reversing

plenum. The flow is distributed to nine inlet tubes by a large, circular

manifold. The gas flows through the nine tubes in an involute path across the

heat source to the central plenum where the flow is reversed and distributed

to a second set of nine tubes; these nine tubes duct the flow on a second pass

across the heat source to the periphery where it enters a large circular exit

manifold. Thus the core is composed of a circular planar array of two sets

of involute tubes with the flow in adjacent tubes alternately in and out.

The two sets of tubes are welded together at their tangent point with a large

weld bead to enhance conduction between the adjacent hot and cold tubes. The

heat exchanger is Cb-l% Zr throughout; and minimum gage material, 30 mils in

thickness, is used for the tubes and inlet manifold while 42-mii material is

required for the outlet manifold.

The rectangular HSHX that is designed for the 49-inch-diameter heat source

consists of a planar array of 48 1.0-inch-diameter tubes. The tubes are

welded together and connected on one end to a common reversing manifold and

on the other to large inlet and exit manifolds. Twenty-four tubes duct the

the flow from the inlet manifold across the source to the reversing manifold,

and 24 tubes provide the return pass and terminate at the exit manifold. As

before, adjacent tubes contain alternately hot and cold gas. The inlet and

outlet manifolds are slightly curved to more closely conform to the shape of

the heat source. In this heat exchanger configuration, the flow to each set

of tubes is distributed in proportion to the power radiated to the individual

tubes. This provides a uniform gas exit temperature from all tubes. Proper

flow distribution is accomplished by providing an orifice for each individual

tube. The primary purpose in designing a rectangular HSHX for a circular

heat source was to locate the large inlet and exit manifolds at one end of

the heat exchanger rather than have them completely surround the heat exchanger

as they do in the involute design. This approach suggested itself when con-

sideration was given to a heat dump system which involved removal of a portion

of the superinsulation from around the heat exchanger-heat source cavity as

shown in Figure 2.2-3.

Locating the large manifolds as shown permits radiation from the heat source

as well as secondary radiation from the HSHX surfaces directly to space.

While this type of heat dump system can be applied to the circular involute

design, it requires a larger cavity than the rectangular heat exchanger be-

cause of the blockage introduced by the large circular manifolds surrounding

the heat exchangers.

The heat dump system shown in Figure 2.2-3 obviates the necessity of rotating

the heat-source assembly to reject heat in the event of failure, or prior

to startup, of the Brayton-cycle systems. In some installations, it may be

more convenient to remove the lightweight insulation panels than to rotate

the complete IRV system. Alternatively, both heat dump approaches can be

incorporated to provide an additional measure of safety.

Pin Cushion

The pin cushion heat source consists of 13 parallel rows of fuel capsules

with the rows (which contain varying numbers of capsules) axially mounted on
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a 39-inch-diametersourceplate. TheHSHXthat wasdesignedfor this source
consists of sevenlegs whoselength correspondsto the length of the indivi-
dual rowsof fuel capsules. Eachleg of the HSHXconsists of a two-pass,
rectangular array of tubes (or tubes and fins) which is inserted between
alternate rowsof fuel capsules.

For this configuration, the heat from two adjacent rowsof fuel capsules is
radiated to a single bankof tubes. Thespacingbetweenthe rowsof fuel
capsulesis taken as the ODof the HSHXtubesplus 0.5 inch. Since the rows
are comprisedof varying numbersof fuel capsules, the flow to eachof the
sevenlegs mustbe proportioned to the total numberof capsules traversed by
eachheat exchangersegment. This is doneby varying the tube diametersand
the numberof tubeswithin eachleg andby providing orifices for the differ-
ent inlet manifolds. With this system, the performanceof HSHXNo. 1 is iden-
tical to that of HSHXNo. 2 becauseboth heat exchangersare directly adjacent
to the fuel capsules. Only the direction of heat flow changeswhenoperation
is switchedfrom system1 to system2. Eachof the sevenlegs of the heat
exchangerhas its owninlet andoutlet manifold on one endand a reversing
manifold on the other end. Theindividual inlet andoutlet manifolds are fed
by a commoninlet andoutlet distribution manifold which ties the sevenlegs
together.

Circular Planar (Vented Capsules)

For the circular planar vented capsule design, an involute tubular HSHX was

developed which was similar to the one described for the 49-inch circular

planar source. The number of tubes and the tube diameter were the same, but

the length of the tubes was reduced to 62 inches, and the core diameter was

reduced to 46 inches to match the projected area of this smaller source.

The physical characteristics of the four HSHX's are summarized in Table 2.2-IV.

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 2.2-V. The first item is the minimum weight HSHX design (i.e., minimum

material thickness), and the second item is the maximum fuel capsule tempera-

tures associated with full power output on HSHX No. 2. Only the pin cushion

design falls below the 2000OF temperature level. The third item is the in-

crease in the HSHX weight required to reduce the capsule operating tempera-
ture to 2000°F under the condition of HSHX No. 2 delivering full power. The

fourth item is the maximum source temperature associated with the minimum-

weight heat exchangers for HSHX No. 1 in operation. If the temperatures of

line 4 are set as a new maximum, the Brayton fluid outlet temperatures of the

HSHX No. 2 are calculated, and this result is translated into a power output

of PCS No. 2, the values listed in line 5 emerge. For example, with an 1870°F

maximum source temperature, 100-percent power can be achieved from the first

system, and 74.5-percent power can be achieved from the second system. The

sixth line gives an estimate of the heat leaks associated with the installa-

tion 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 have

not been worked out in detail. The major problems of each HSHX are listed

as comments (item seven). The circular involute HSHX represents a more
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complicated fabrication problem than the rectangular HSHX; large cavity volumes

are required to accommodate the large circular headers. Distributing the re-

quired flow to each of the tubes appears to be the most difficult design prob-

lem for the rectangular HSHX, but this heat exchanger will still be the easiest

to fabricate. For the pin cushion configuration, the source must be rotated

before the HSHX can be removed; the heat dump must be accomplished by rota-

ting the IRV. The pin cushion configuration has the lowest source tempera-

ture and HSHX weights, and it provides 100-percent power output from both

PCS units.

For the circular planar heat-source arrays, the maximum fuel capsule opera-

ting temperatures with PCS No. 2 in operation at full power (Item 2, Table

2.2-V) are considerably 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

areas plus a more accurate determination of the temperature levels asso-

ciated with this geometry resulted in the higher source temperatures indi-

cated.

The HSHX area requirements as a function of maximum effective source tempera-

ture and source size for full power output are shown in Figure 2.2-4 for

both HSHX No. 1 and HSHX No. 2. The temperature drop around the fuel capsule

which is typically 120°F for the 49-inch-diameter source and 155°F for the

46-inch-diameter source, must be added to the temperatures given in the

figure to arrive at the maximum fuel capsule temperature.

Integration Studies

Conceptual designs of integrated HSHX-Power Conversion Module (PCM) with the

Atlas/Centaur and MORL vehicles were developed for each of the four HSHX's

and the three heat sources. In addition, conceptual installation designs

were developed for both the rectangular and the circular HSHX's employing a

movable insulation heat dump system.

2.2.3 Isotope Reentry Vehicle (IRV)

Primary emphasis during Phase IB has been placed on the development of IRV

systems incorporating the three reference HS configurations. Aerodynamic per-

formance 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 2.2-VI 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 this document. 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 2.2-VII, a comparison on the same basis, for
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"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 position, to reduce reentry heating

effects on the fuel capsules.

Referring again to Table 2.2-VI, the potential weight and diameter savings

possible with a vented capsule HS is indicated in the IRV entry 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 com-

parison is shown in Table 2.2-VII.

As noted previously, the normal operating temperature of the fuel capsule with

the Pin Cushion HSHX is approximately 80 ° lower than the ORNL 49-inch HS array,

and 130 ° 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.

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. In 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

entry 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 2.2-5 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. The results of

the optimization study are reported in Subsection 7.2. Table 2.2-VII shows IRV

weights and diameters for minimum weight, minimum diameter, and optimum combina-

tion (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.

Integration studies were also performed to develop separation, and abort/deorbit

system requirements for Saturn IB-MORL, and Atlas-Centaur mountings of the re-

ference concepts. There proved to be no significant differences between the

three vehicles in terms of integration requirements.

An analysis of the spinup requirements for deorbit showed that the IRV inertia

ratios are consistent with the deorbit rocket mounting illustrated in Figure

2.2-6. This mounting, however, then requires a separate set of abort rockets

for pad aborts.

2.2.4 Conclusion and Recommendations

The following major conclusions and recommendations are made on the basis of the

Phase I Conceptual Design Study:
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i. The circular planar HS array is recommended for preliminary design. The

only significant "pin cushion" advantage is somewhat lower capsule operating

temperatures. Developabillty and fabrlcabillty, 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 for smaller diameter penalties).

3. The HS cover plate can be used to reduce reentry peak capsule temperatures.

4. Two-pass, tube fin HSHX are recomended for preliminary design.

5. Circular planar HS maximum capsule operating temperature can be reduced

to less than 1850°F by adding tube wall weight (_i00 ibs) to the HSHX.

6. A tower mounted deorblt system is recommended. Further work is needed

on spin stabilization and reentry performance trade-offs.

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).
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3.0 DESIGN APPROACH

_e general Phase IB design approach has consisted of an examination of the various

design alternatives available for each of the IRV subsystems, followed by a syn-

thesis of a number of vehicle concepts which have then been compared and evaluated

on the basis of the criteria noted earlier.

To facilitate understanding of the relationship between the factors which affect

the total system design, Figure 3.0-1 is provided to show the design synthesis

process in flow diagram form. Knowledge of the isotope heat source characteris-

tics (e.g., materials, dimension, allowable temperature, etc.) allows a determina-

tion of the minimum spacing between capsules which can be achieved without ex-

ceeding the maximum allowable capsule operating temperature. Spacing together

with the heat source (HS) total power level (i.e., number of capsules required)

establishes a HS diameter. Capsule constraints are based on the nonvented

and vented designs (Figure 1.0-2) furnished by NASA-Lewis.

In theory, the HSHX temperature area requirements should also be a factor in the

establishment of the HS diameter; however, in this study the HSHX designs have

been able to accommodate all achievable HS designs without affecting HS diameter.

Consideration of the heat sink requirements (i.e., volume and location) and the

structural load environment during launch and reentry is required to establish

an adequate HS and HS support structure design. These two factors combine to

define overall HS depth (or thickness). With the basic size of the HS now deter-

mined, i.e., depth and diameter, it is now possible to develop the basic reentry

vehicle design characteristics.

The allowable heat leak specification determines the required superinsulation

packaging requirement around the heat source. The aerodynamic heating and struc-

tural loadings resulting from the worst case reentry and abort condition combina-

tions, together with the associated hypersonic, transonic, and subsonic stability

requirements, determine the design of the aeroshell which houses and protects the

heat source during reentry. At this stage of the design then, one has a minimum

diameter IRV which will survive reentry intact over the entire range of reentry

conditions (including all abort modes). This is termed a "bare" reentry vehicle

design.

The factors controlling the design of the basic or "bare" reentry vehicle are

shown in the "Reentry Design" column of Figure 3.0-1. (Again, for the power level

of interest in this study the HSHX does not have an appreciable impact on the

basic IRV design.) It should be noted that all of these factors directly affect

reentry vehicle diameter. It is readily apparent that overall IRV diameter is a

direct function of HS diameter. In addition, the total height or depth of the

HS and its insulation system strongly influences IRV diameter due to the subsonic

stability limitation on the length dimension of the cylindrical portion of the

aeroshell. Vehicle diameter is also influenced by aerothermal heating effects

both in terms of basic aeroshell design requirements and possible HS recessing

to alleviate 'backside" heating on fuel capsules during reentry. The combined

effect of the foregoing factors on IRV diameter is illustrated in Figure 3.0-2 for

a typical circular planar HS.
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As has been noted previously, an evaluation of intact impact and recovery and/or

terminal velocity retardation systems has been completed during Phases IA and IB

of the study. If it is desired to provide further protection for the isotope

capsules during ground impact, it is necessary to incorporate an impact attenua-

tion system into the IRV. Similarly, if lower descent velocities are desirable

(so as to reduce ground impact loading on the capsules), drag augmentation devices

such as parachutes or ballutes are necessary. Parachute recovery alds (i.e.,

parachutes) study has not bean continued beyond Phase IA. However, designs of

retardation device ballutes have been developed during Phase lB. Finally, loca-

tion aids (such as plngers or beacons) may be incorporated in the IRV to aid in

the tracking and posslhle physical recovery of the IRV. The incorporation of all

of these factors into the IRV results in what is termed in Figure 3.0-1 as a termi-

nal survival design.

The addition of any of these subsystems (other than a minimal complement of loca-

tion aids) to the 'bare" IRV can further enlarge total vehicle diameter. In

particular, the inclusion of an impact attenuation system drastically affects

vehicle diameter. For example, the HS rotational system which imposes a minimal

stroke allowance requirement on the IRV adds almost 20 inches to the basic vehicle

diameter for a near optimum total weight IRV system. The effect of location aids

and ballutes on vehicle diameter and weight is comparatively slight.

Once the total range of IRV designs has been defined, the interaction of the IRV

with the balance of the system, the Brayton Cycle components, and the spacecraft

(S/C) must be considered.

At this point the design of the HSHX, particularly in terms of packaging, insula-

tion, redundancy, replaceablllty, and support requirements, strongly enters into

the definition of IRV/Brayton integration constraints. Consideration now must

also be given to the requirements for abort and/or deorblt rocket inclusion in

the IRV system, along with ancillary separation and spln-up subsystems. In

addition to the immediate impact of these subsystems on the IRV design per se,

their effect on the S/C (and/or launch vehicle) structure and operational sequence

must also be considered. The abort/separation subsystem requirements must be

evaluated in the context of the emergency cooling mode to properly determine

optional placement of equipments, hinge points, and IRV/Brayton system associated

hatches and payload shroud penetration. Finally, consideration must be given to

the launch vehicle (or S/C) payload shroud (or compartment) constraints as they

affect IRV/Brayton system packaging, support, and attachment schemes.

The preceding paragraphs have briefly outlined the logic of the design approach

followed in the development of the comparative IRV design during Phase lB. The

following sections are keyed to tb_Is design logic and generally follow the flow

sequence illustrated in Figure 3.0-i.
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4.0 FUEL CAPSULE

Fuel capsule applications work performed during Task I-B consisted of evaluating

the feasibility of a circular planar heat source design utilizing a reference

vented capsule and a capsule spacing analysis. This section includes the ground

rules on which this study was based, the design of the capsule, and the results

of the optimization study of the effects of capsule spacing on capsule tempera-

ture gradient.

4.1 GROUND RULES

The vented capsule design used in this study was specified by NASA/Lewis Research

Laboratory in consultation with Sandia Corp. The selection of materials and geom-

etry where they were not specified by NASA were based on the nonvented capsule

design used in the main IRV study effort. This study was based on substitution

of the vented capsule for the nonvented capsule used in Task I-A. (It should be

noted that the nonvented capsule design has not been optimized in terms of mater-

ial choice fuel loading, size or geometry. Therefore the potential weight and

size savings with vented capsules are even greater than indicated in this brief

study.)

The circular planar heat source configuration was the configuration considered.

The fuel capsule arrangements were studied to minimize the heat source diameter.

A minimum capsule spacing was determined from a thermal optimization study. The

capsule retention scheme used in the analysis was the coverplate system. The

balance of the study ground rules remained as stated in Tables 1.0-I, II, and

III in Section 1.0.

4.2 CAPSULE DESIGN

The nonvented fuel capsule design used in Task I-A of the program has been docu-

mented in Reference i.i-i. It utilizes a thick refractory metal shell as a pres-

sure vessel to contain helium generated by the PuO 2 fuel over ten half-lives. A
20-mil Pt-20% Rh clad is provided at the outside to protect the refractory shell

from oxidation damage.

The vented capsule design is based on a totally different design concept. A vent

is built into the capsule, which allows the helium generated by the fuel to leak

out, while containing the fuel particles. The advantages of this design are that

a heavy pressure vessel is no longer required to contain the helium nor does the

void volume need to be as large; consequently, a volume and weight saving is

achievable. Figure 1.0-2 illustrates both the nonvented capsule and the vented

capsule supplied by NASA-LeRC.

4.3 FUEL CAPSULE SPACING ANALYSIS

During Task I-A thermal analysis of the fuel capsules during steady state oper-

ation indicated that the centerline spacing between adjacent capsules strongly

influences the difference between the peak capsule temperature and that of the

cover plate facing the HSHX. Since the HSHX temperature is fixed by Brayton

_,_10 ,0__0 _0_,,_0_0_0 +ha _==_ r=p_,,1_ temperature difference must he
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minimizedto maintain a peak temperatureof 2000°F(or less) for steady state oper-
ation. A reduction in the capsule temperaturedifference canbe achievedby in-
creasing the capsulespacingwhich, of course, is in opposition to the objective of
minimizing the heat source diameter.

Theeffect of spacingon the steady-state temperatureprofile arounda capsule
was, therefore, analyzed for covered capsules in a planar array to determine the

optimum capsule spacing to provide a minimum heat source diameter with a minimum

sacrifice in thermal performance. The analysis was based on a model shown sche-

matically in Figure 4.3-1. As shown in this figure, the capsule was divided in-

to three zones for calculation purposes. Model assumptions include:

a. Thermal energy conducted radially from the Pu02 to the capsule wall

b. In Zone No. i (Figure 4.3-i), all heat is conducted clrcumferentially

through the capsule wall

c. No axial conduction

d. No radiation gap internal to the surface of the capsule

e. All heat radiated from capsule to the cover uniformly

f. Heat is conducted circumferentially in the cover plate and radiated

uniformly across the projected area of the cover plate to the heat

exchanger

g. Cover plate thickness is 0.060 inch

h. Calculations are based on a 2000°F peak capsule surface temperature.

The assumption made that there were no radiation gaps internal to the surface

of the capsule is optimistic. The probability and effect of a radiation gap

existing between the T-Ill capsule wall and the platinum shell is discussed in
Section 5.1.2.

Figure 4.3-2 is a plot of the capsule temperature gradients around the nonvented

capsule as a function of capsule spacing. The bottom line represents the radia-

tion temperature drop from the mean cover temperature to the heat exchanger tem-

perature (assuming a uniform heat exchanger temperature). This curve reflects

the effect of decreasing the cover heat transfer area and thus increasing the

heat flux and associated radiation temperature drop. The second and third lines

from the bottom represents the peak capsule surface temperature drop from the base

of the capsule to the top of the cover adjacent to the top of the capsule. The

third line from the bottom was based on a calculation performed in Task I-A with

the assumptions of a maximum cover-plate angle () of 210 degrees and circumfer-

ential conduction through the T-Ill capsule wall only. The second line from the

bottom was calculated in Task I-B for a maximum radiation gap angle of 240 degrees

and included circumferential conduction through the platinum clad as well as the

T-Ill wall. This was performed to provide a consistent basis for comparison to the

vented capsule design and represents a reasonable temperature profile without

undue optimism.
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For tight spacings, the angle over which a coverplate can be placed adjacent to

the capsule varies from approximately 120 degrees at a spacing of 1.6 inches to

the maximum coverplate angle (210 degrees or 240 degrees dependent upon the cradle

design) at approximately 1.7 inches. This change in angle reflects a change in

the radiation area between the capsule and the cover and thus the radiation gap

temperature drop. The radiation gap temperature drop is a large Dercentage of

the total capsule temperature drop; therefore, an alteration in radiation area

resulted in a large temperature drop change. For spacings greater than 1.7 inches,

the gradual decrease in capsule temperature difference is caused by a slight reduc-
tion in the amount of heat conducted around the cover. The top line in this figure

represents the total temperature drop from the peak capsule surface temperature to
the heat exchanger temperature for a = 210 ° , and conduction in the T-ill wall only.

From a thermal standpoint, the minimum desirable spacing is that spacing in which

the cover can be fully extended between the capsules thus eliminating the steep

temperature gradient region. For the nonvented capsule, this spacing corresponds

to 1.7 inches. Mechanical packaging of the capsules results in the same overall

diameter for a 1.7-inch spacing and a 1.73-inch spacing. Since the 1.73-inch spac-

ing results in a small performance gain and more freedom for the mechanical de-

sign without an increase in the heat source diameter, the 1.73-inch capsule spac-

ing was selected as the optimum design point.

Figure 4.3-3 is a similar curve for the vented capsule. The four curves pre-

sented here represent the temperature drop from the peak capsule surface tempera-

ture (T B) at the bottom of the caDsule to the minimum cover temperature (Tc). The

top two curves were calculated for maximum coverplate angles of 210 degrees and

240 degrees respectively and for circumferential conduction in a O.060-inch thick

T-ill capsule wall only. For this thin structure, the effect of the platinum clad

(two clads of 0.020-inch thickness each) is much greater on the conduction path

temperature drop than the one layer of platinum in the nonvented design and

cannot be neglected in the analysis. The third line represents the capsule tem-

perature drop for = 240 ° with circumferential conduction through the T-ill and

platinum. The bottom line represents the same geometry assumptions as for the
third line with an allowance for radiation internally from the bottom of the

capsule to the top surface. The effect of increasing the coverplate angle to a

maximum (limited by the cradle structural requirements) on capsule temperature

drop is again clearly shown. For this capsule design (O.D. = 1.4 inches), the

minimum desirable spacing thermally is 1.55 inches. From a capsule packaging

standpoint, there is no change in overall heat source diameter for a 1.55-inch

to a 1.60-inch spacing; therefore, the 1.60-inch spacing represents an optimum

spacing for this capsule design.

Figure 4.3-4 is a comparison of the peak capsule temperature drops (T B - TC) for

the two capsule designs as a function of the distance between adjacent capsule

surfaces. These two lines are presented for a maximum coverplate angle of 240

degrees and for circumferential conduction in the T-ill and platinum rings. The

circles represent the optimum distances used in establishing the design. The re-

suiting capsule spacings are 1.73 inches and 1.60 inches for the nonvented and

vented capsule designs. For the nonvented capsule, a peak surface temperature

difference of 120°F is predicted; whereas, for the vented capsule a corresponding
o

difference of 155°F is predicted. A 35 F penalty in performance for the vented

capsule design is counterbalanced by a 3-inch reduction in overall heat source

diameter from 49 to 46 inches.
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A centerllne spacing of 2.07 inches between adjacent capsules in a row of a pin

cushion array is obtained from ACHX coolant channel requirements, support struc-

ture thickness required for structural strength and axial thermal conduction re-

quirements for transient operation. The row spacing is discussed in Section 5.5.

In summary, optimumcapsule spacings of 1.73 and 1.6 inches are recommended for

the nonvented and vented capsule design respectively. These two spacings result

in a 49-inch-dlameter circular planar heat source with a 120°F capsule temperature

difference for the nonvented capsule and a 46-inch-diameter heat circular planar

source with a 155°F capsule temperature difference for the vented capsule. The

cover-plate thickness of 0.060 inch was selected for this analysis as an acceptable

thickness on the basis of preliminary thermal and structural calculations and was

not considered as a parameter of the analysis. The steady-state coverplate tem-

perature profiles for the two selected spacings are reported in Section 5.1.2

for the planar arrays along with similar temperature profiles for the pin cushion

array.

-66-



5.0 HEAT SOURCE

Considering the three reference concepts, the circular planar and pin cushion

concepts represented extensions of studies carried on during Task I-A. The

third concept was an alternate to the circular planar based on the substitution

of vented fuel capsule for the reference nonvented capsule.

The isotope heat source assembly consists of fuel capsules, capsule retention

hardware, heat source plate assembly, heat sink material, thermal insulation

system, auxiliary cooling heat exchanger (ACHX), and support structure.

During this phase, the designs for the circular planar and the pin cushion heat

source with the nonvented capsule were refined and the design for the circular

planar heat source with a vented capsule was established. For the three modified

designs, weights, structural performance, and thermal performance during steady-

state operation and ACHX cooling were determined. The heat sink requirements

for the circular planar arrays were estimated, and a parametric study of heat

sink weight and location requirements for the pin cushion design was performed.

5.1 HEAT SOURCE DESIGN

Mechanical designs for the three heat source arrangements are presented below

with a summary of the weight, dynamic performance during impact, and steady-

state thermal performance in space and on the launch pad.

5.1.1 Mechanical Design

5.1.1.1 Description of Configurations

a. The 49-inch-diameter circular planar array which evolved from the optimum

capsule spacing study carried out in Task I-A included 164 (nonvented) fuel

capsules.

b. The minimum diameter circular planar array with 164 vented capsules was

optimized at the 46-inch diameter and is similar to the 49-inch planar array.

c. The pin cushion array minimum diameter was achieved after a comprehensive

study of log versus vertical capsules was performed. Capsule spacing was

primarily the governing factor in setting the heat plate diameter at 39 inches

to accommodate the 165 (nonvented) capsules which are located in vertical rows.

Configuration No. i (Figure 5.1-1)

To optimize the conceptual design of the 49-inch planar array, thermal and

mechanical designs were reviewed. Capsule spacing and thermal analysis of the

nonvented capsule were evaluated. Effects of radiation gaps between the T-ill re-

fractory shell and the Pt-Rh noble metal clad, internal radiation of fuel, and

Pt-Rh clad thickness were considered. The capsule spacing of 1.73 inches was

selected as an optimum as noted earlier.
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The refractory metal support plate and retention hardware were reviewed for

structural integrity during reentry and plate sections were reduced to afford

the lightest weight structure.

The coverplate retention method is used since the reentry heating analysis showed

a distinct advantage over the bare capsule retention in terms of the capsule peak

temperature (Figure 2.2-2). It also offers added assurance of being able to

maintain intact reentry in case of retention bolt failures.

The truss support was also reviewed and redesigned to reduce the heat loss and

minimize the temperatures at the connection to the aeroshell. To accomplish

this the tensile " strength of the lower section of the strut (Rene' 41
1950OF yieldtreated at and aged at 1400°F) was based on an allowable value of i00 ksi.

This enabled the strut to be redesigned to work at 1400°F rather than the 1000°F

considered under Task I-A. It also allowed a reduction in the cross sectional

area from 0.29 to 0.093 in. 2

An additional review was also made of the capsule support plate where the plate

periphery was redesigned to add additional stroke to the crushuD structure on

impact. Approximately two inches of stroke was gained by chamfering the edge of

the Dlate into the ACHX header (Figure 5.1-2). This results in a reduction of

vehicle diameter.

Configuration No. 2 (Figure 5.1-3)

The thermal and mechanical design of a circular planar array with a vented

capsule established that a reduction in the capsule size did not greatly reduce
the overall diameter of the heat source. This is basically because the length

of the capsule (5.6 inches versus 6.0 inches) is the governing criteria. The

capsule center line spacing of 1.6 inches was selected to maintain approximately

the same distance between capsules (Figure 2.3-1) for both circular planar

arrays. This resulted in an overall support plate diameter of 46 inches.

The vented capsule design configuration realizes a total weight saving of approxi-

mately 300 pounds; however, of this, 280 pounds can be attributed to the capsules

themselves. A further 80-pound reduction realized from the reduced diameter

support plate is offset by the addition of 60 pounds of beryllium oxide included

to maintain the heat capacitance required in the heat source. The additional

caDacitance is required because of the significant reduction in fuel capsule

wall thickness in this concept.

Configuration No. 3 (Figure 5.1-4)

The Din cushion array discussed under Task I-A of the IRV design study program

was initially a rectangular heat source configuration; however, during Task I-B,

a circular configuration evolved with both vertical and log capsule arrays

(Figure 5.1-5). Two comparisons were made. The first indicated that although

the stacked log array theoretically (based on an equal row spacing) reduced the

heat source support plate diameter, deployed cooling requirements dictated that

a greater distance was required between the stacked log rows than the vertical

rows. Consequently heat source support plate diameters for both stacked log and

vertical pin cushion configurations were identical at 39 inches. The vertical
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configuration was finally selected because of simpler fabrication and less complex

ACHX requirements. The bases for these selections is discussed in the following

paragraphs.

Although graphite eliminated the requirement of the beryllium oxide heat sink,

its structural performance is unpredictable during reentry loading and on impact.

It is also incompatible with the refractory metal and iron titanate emissivity

coating. The desired arrangement of ACHX flow channels was more readily obtained

with a refractory metal structure and was in fact integrated into the refractory

metal support pillars and retention mechanism. As shown in Figure 5.1-4, capsule

row spacing was varied from 3.10 inches for the center rows to 2.60 inches for

the outermost rows. This matches the thermal loading and hydraulic performance

of the HSHX coolant tubes. Spacing between capsules within a row was kept

constant at 2.07 inches. Although the optimum diameter of 39 inches represents

a considerable reduction in heat source size, the overall weight of the pin

cushion configuration increased. This was due mainly to the additional beryllium

oxide which was required. Sixty pounds of the 220 pounds required was located

in the retention plate positioned on top of the vertical capsule rows.

Heat source mass and moments of inertia data were calculated and are summarized

in Table 5.1-I.

5.1.1.2 Structural Design

The circular planar and pin cushion structural plate designs were found to be

adequate for reentry conditions (31 g's)(a condition encountered during a -i0 °,

26,000 fps reentry - Table 5.3-1) including the tumbling reentry loads. The

collapse load of the circular plate (limit analysis), assuming the plate is

homogeneous, uniformly loaded, and slmply-supported to failure, is over 140 g's.

The pin cushion design was analyzed only for the capability of the projections

from the plate which contain the fuel capsules. With the 1/16-1nch-thick gusset

plates at the base of the projections, the lateral load capability is approxi-

mately i00 g's. This assumes one capsule per projection and the beryllium oxide

weight of 0.38 Ib on the apex of the projection is accounted for. Containment

of the fuel capsules upon impact would probably be difficult to achieve with

the pin cushion design however. Both the circular planar and the pin cushion

plate design configurations are anisotroplc, but the internal rib structures are

designed to minimize the induced anisotropy of the fuel capsule support systems.

Containment of the beryllium oxide heat sink in the heat source plate presents

no problem since a full weld about the BeO retainer plate will result in over

2600 g's capability for an allowable weld shear stress of 5000 psi. The beryllium

oxide will not fracture at g-loads less than a thousand. Plate panels and ribs

were found to be independently adequate for reentry g-loads.

The heat source support struts were further sized to reduce heat losses through

the ends of the struts where they attach to the aeroshell support ring. The use

of Rene' 41 for a partial length of the strut, where temperatures permitted,

allowed a reduction in the conductivity value and the cross-sectlonal area.

Since Rene' 41 has higher strength than T-ill, the load carrying integrity of the

struts was maintained while reducing the Rene' 41 cross-sectional area from

0.29 to 0.093 in. 2 assuming a 75 percent fixed end condition which results in

approximately 60 g's load integrity. An allowable stress of i00 ksl was used
for Rene' 41 at 1400°F.
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5.1.2 Thermal Design

As described in Section 4.3, a capsule temperature difference exists across the

capsule from a peak temperature located at a point farthest removed from the

HSHX to the capsule or capsule cover side facing the HSHX. Minimization of this

capsule difference is an important design criterion due to the requirements of
• o

malntalning a peak capsule temperature below 2000 F without reducing the HSHX
coolant temperature below 1600VF specified by the Brayton cycle design require-

ments.

Based on the optimization of capsule centerllne spacing for the circular planar

arrays and based on the design of the pin cushion array, steady-state temperature

differences across the capsule and cover were calculated for the three designs

with peak temperatures of 2000°F. Figures 5.1-6, 5.1-7, and 5.1-8 present the

temperature profiles for the nonvented capsule in a pin cushion array, the

nonvented capsule in the circular planar array, and the vented capsule in a

circular planar array, respectively.

The fuel capsule in a pin cushion array has an axial temperature drop of 70°F.

The peak capsule to cover AT's for the two circular planar designs are 120 ° and

155°F for the nonvented and vented capsule designs.

Table 5.1-11 summarizes the thermal performance of the three heat source designs,

while on the launch pad and in space, and the hydraulic performance of the ACRX.

All three designs have considerable temperature margin for operation with the

primary HSHX in use. Temperatures above the 2000°F fuel capsule temperature

limit are calculated for the circular planar design when the secondary HSHX must

be used, if 1600°F is still resulted at turbine inlet, namely 2060°F for the non-
vented capsule design and 2115 F for the vented capsule design. Either a re-

duction in Brayton cycle gas inlet temperature or a small increase in heat source

diameter would bring these temperatures down to the 2000°F limit or lower. The

design approach taken was to minimize heat source size at the expense of possible

reduction in performance in the event of primary HSl{X failure. All three designs

canbe readily cooled to peak capsule temperature less than 350°F with the ACHX

hsing 90 psi air or nitrogen.

In the analysis of the capsule steady-state temperature gradient, the peak capsule

temperature has been assumed as the temperature of the T-ill shell since it is

the metal which maintains the encapsulation of the PuO 2 and must maintain good
structural properties. In the analysis performed in Task I-A and Task I-B, the

platinum layer externally adjacent to the T-ill shell has been assumed to be in

good thermal contact with the T-ill. Sinceplatinum's coefficient of thermal

expansion is considerably greater than the coefficient of expansion for T-ill, a

gap will occur at high operating temperatures in space which implies that the

heat will need to traverse an additional gap to be transferred to the HSHX. If

the T-Ill and platinum surfaces are coated with a hlgh-emlsslvlty coating

(¢ = 0.85) and a vacuum exists in the gap, then the gap temperature drop will be

approximately 70°F. Without coatings, the gap temperature drop will be con-

siderably larger due to the low emissivity of platinum (0.05 to 0.3). In the

latter case, the temperature drop with a vacuum could be sufficiently large to

hinder a practical heat source design. A necessary capsule design criterion is,

therefore, the maintenance of thermal contact between the T-Ill and the exterior

layer of platinum or provision of a conducting gas such as helium in the gap.
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In summary, all three heat source designs are acceptable thermally during steady-

state cycle operation and while the heat source is being cooled on the ground.

5.2 HEAT SINK DESIGN AND REQUIREMENTS

One of the design requirements for the Isotope Reentry Vehicle System specified

in the nrogram outline is the inclusion of sufficient thermal capacitance in the

heat source to prevent the fuel capsules from heating from 1800 ° to 2500°F in

less than one hour to maintain capsule temperature below 2500°F during launch and

startup. To meet this requirement, the heat source is designed to absorb the

entire amount of heat generated. (The heat sink is also provided to maintain fuel

capsule temperature below 2500°F in the event of a launch pad abort and sub-

sequent entrapment of the HS in the after-fire; and to allow reaction time for

minor repairs during orbital operations.) For a metallic structural design, the

structure and capsules do not provide sufficient thermal capacitance; therefore,

a material with a high thermal capacity must be included in the design. The

primary material considered for this application has been beryllium oxide.

During the Task I-A study, BeO weight requirements were determined for the five

preliminary designs based on the parametric curve of capsule heating rate versus
U U °

BeO weight for initial temperatures of 300 F and 1800 F as shown in Figure 5.2-1.

This curve was developed for a total capsule weight of 700 pounds with a thermal

capacity corresponding to T-ill and a total structural weight of 450 pounds with

the thermal capacity of Cb-l%-Zr. Furthermore, this curve was developed for the

assumption of no temperature lag between the capsule and the BeO. For the planar

fuel capsule arrays, the BeO could be placed sufficiently close to the c@psule
O

such that a conduction AT between the capsule and BeO of no more than 50 F would

be required to transfer all of the heat to the BeO. This AT was not considered

detrimental to the performance of the thermal capacitance material. Referring to

Figure 5.2-1, it is noted that a total weight of ii0 pounds is required to

maintain a maximum heating rate of 700°F/hr from an initial temperature of 1800°F.

For the five designs considered in Task I-A, 140 pounds of BeO were included
o

which provided a maximum heating rate of 630 F. This heating rate provided

allowance for a 70°F conduction AT lag between the fuel capsules and the BeO.

Minimization of the heat source diameter with a nonvented capsule and the use

of the lighter weight vented capsule has resulted in smaller structural and capsule

weights for the two circular planar arrays considered in the Task I-B studies.

To compensate for the loss in the thermal capacitance of the heat source, the

weight of the BeO has been increased to 200 pounds for the planar array with the

vented capsule design. The weight of the BeO used in the nonvented capsule heat

source was maintained at 140 pounds.

Two fuel capsule arrangements were considered for the pin cushion fuel capsule

array designated as the third heat source design. One arrangement consisted of

vertically mounted fuel capsules. The other arrangement consisted of capsules

stacked four high in a horizontal "log-type" arrangement. Based on a detailed

analysis of the fuel capsule array in a deployed state, described in Section

5.5, the vertical pin cushion array was selected as a more favorable design.

This was because the row spacing requirements for deployed cooling coupled with

row spacing requirements for the HSHX resulted in no substantial heat source

diameter differences between the twodesigns; whereas, the vertical pin cushion
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heat source was mechanically simpler in terms of BeO placement and ACHX design.

Preliminary scoDing calculations of the thermal capacitance requirements for the

two arrays indicated that very large temperature differences between the capsules

and the BeO would exist in the log-type capsule array, and moderate temperature

gradients would exist in a vertical fuel capsule array. A detailed analysis was,

therefore, performed for the vertical pin cushion array. BeO was placed at the

toD and at the base of the fuel capsules to reduce the temperature difference

from the peak capsule temperature point to the BeO by distributing the heat flow

and reducing the heat flow path. Figure 5.2-2 presents a curve of the capsule

temperature difference as a function of the total BeO weight and the weight of

the BeO at the top of the fuel capsule. The bottom curve in this figure

represents the thermally ideal case of no temperature lag between the fuel capsule

and the BeO. Based on spacing limitations, a maximum of 60 pounds could be

placed at the top of the fuel capsules. The total BeO weight requirement was

220 pounds with 60 pounds at the top to limit the capsule temperature rise to 700°F

after one hour of elapsed time from an initial uniform temperature of 1800°F.

In summary, therefore, the BeO requirements for meeting the restriction of a one-
O O

hour minimum time for the capsule to heat from 1800 F to 2500 F are 140, 200, and

220 (60 at the top) pounds for the planar nonvented capsule heat source, the planar

vented capsule heat source, and the Din cushion heat source respectively.

5.3 STRUCTURAL LOAD ENVIRONMENTS

The significant structural load environments considered for the Phase IB IRV

design study include launch, abort, reentry, and parachute opening and air

snatch. The load factors which represent the maximum expected load conditions

are summarized in Table 5.3-I for the above environments. For design, these

limit load factors are multiplied by a safety factor of 1.25 except for the

_aturn I-B launch and abort conditions were an adequate safety factor has

already been considered.

Launch acceleration loads for both launch vehicles considered in the IRV design

study, the Atlas-Centaur and Saturn I-B, are given in terms of the launch

_ehicle axis. For the Saturn I-B configuration, the IRV vehicle axis is

normal to the launch vehicle axis and hence the longitudinal (Ax) and lateral

(An) accelerations of i0 and 2 g's, respectively, are transposed into longitudinal

and lateral accelerations of 2 and i0 g's, respectively, for the IRV. For the

Atlas-Centaur launch configuration, the IRV and launch vehicle axis are parallel

and hence the loads factors can be applied directly as shown to the IRV.

The load factors for reentry are the most severe. In addition to the reentry

inertia loads, the aeroshell will experience a maximum aerodynamic pressure load

of 15.6 psi (including a factor of safety of 1.25.
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PRECEDING PAGE BLANK _qO'F FILMED.

6.0 REENTRY VEHICLE

This section summarizes the technical efforts in the areas of heat leak analysis,

and aerodynamic performance requirements. As described in Section 3.0, these

factors combine with the heat source design as established in the previous sec-

tion to define the basic requirement for a "bare" reentry vehicle design. As is

also noted in Section 3.0, the HSHX design is not a constraint on the IRV design,

and therefore discussion of the HSHX design effort is included in Section 8.0

IRV/Brayton System.

6.! HEAT LEAK

During Task l-B, the thermal losses through the struts were evaluated for a re-

designed composite strut consisting of T-ill and Rene' 41 materials with a peak

Rene' 41 temperature of 1400°F. The total thermal losses for the circular planar

array were updated for the reduced strut losses and the changes in heat source

geometry affected in Task I-B.

6.1.1 Insulation

With the minimization of the circular planar heat source diameter to 49 inches for

an array of nonvented capsules, some reduction in thermal losses through the
superinsulation was obtained on the basis of a reduction in insulation surface

area. Further reduction in the total thermal losses was obtained through a re-

duction in strut losses described below. Figure 6.1-1 is a plot of the total

heat loss and the heat loss through the seal and superinsulation area as a func-

tion of insulation thickness. This curve is presented for a heat source to

aeroshell temperature drop of 1700°F (2000 ° to 300°F). For the 2-inch layer of

superinsulation which has been used in the designs to date, the total thermal

losses from the heat source can be maintained under 400 watts.

6.1.2 Strut Heat Leak Analysis

One strut design was used for the five heat source designs which were evaluated

in the Task I-A studies. This design consisted of eight composite struts of 22-

inch length containing T-ill in the hot region and Rene' 41 (a suDeralloy with a

considerably lower thermal conductivity than T-ill, (15 Btu/hr-ft OF versus

40 Btu/hr-ft OF) in the colder section of the strut. The length of the T-ill

section of the strut was designed to maintain a maximum Rene' 41 temperature of

lO00OF for the nominal hot side to cold side temperature. For the Task I-B

studies, the strut was redesigned to minimize heat losses. Maximum use of low

conductivity Rene' 41 with a low cross-sectional area was achieved by designing

to a maximum Rene' 41 temperature of 1400°F. This temperature limit was selected

because of material degradation problems that occur with Rene' 41 in a vacuum at

temperatures in excess of 1400°F.

Figure 6.1-2 presents the heat loss through eight 22-inch struts as a function of

the cold end temperature of the strut for a heat source temperature of 2000°F and

a maximum Rene' 41 temperature of 1400°F. The model is shown in Figure 6.1-3.

Cross-sectional areas of T-ill and Rene' 41 are enumerated in Figure 6.1-4.

Superinsuiation surrounding the struts is 0.25-inch thick.
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The top line on Figure 6.1-2 shows the total heat loss through the struts and is

the sum of the losses which are conducted out the base of the strut plus the losses

conducted radially through the insulation and radiated to the crushup material.

The bottom line represents heat loss conducted through the base of the strut.

For a 300°F cold side temperature, the total heat losses through eight struts are

112 watts of which 68 are conducted through the base of the strut (14 watts per

strut total and 8.5 watts per strut base respectively). Increasing the super-

insulation thickness decreased the side losses from the strut and linearizes the

temperature profile in each of the two sections of the strut. The net result is

a reduction in the total heat losses through the struts and an increase in heat

losses through the base of the struts. Referring to Figure 6.1-2, this can be

visualized as the compression of the two curves to one curve at an intermediate

position. For 300°F cold side temperature, elimination of the side losses by

increasing the insulation thickness results in the reduction of total heat loss

to 80 watts (i0 watts per strut), all conducted at the strut base.

Figure 6.1-4 is a sketch of the support strut for nominal operation with hot and

cold end temperatures of 2000 ° and 300°F and with a maximum T-ill to Rene' 41

junction temperature of 1400°F. The overall length of the strut was maintained

at 22 inches with the length of the T-ill member at 16.3 inches. The strut is

enclosed with superinsulation with a minimum thickness of 0.25 inch. The heat

loss for this nominal temperature difference is 14 watts per strut of which 8.5

watts are coming out of the base of the strut and 5.5 watts are lost radially to

the crushup material.

6.2 REENTRY VEHICLE DESIGN

The basic characteristics that have been analyzed in the comparative evaluation

of the reentry vehicle design are described in this subsection. These analyses

are grouped under the headings of aerodynamic heating, aerodynamic stability,

and aeroshell design. The vehicle performance characteristics as defined in
this section also hold true for both "bare" and "terminal" survival-class vehicles.

6.2.1 Aerodynamic Heating

6.2.1.1 Aerodynamic Heating Environment

6.2.1.1.1 General -- The heating analysis was performed for two heat source

configurations using the 60-degree blunt cone shape which were the i) circular

planar shape flush mounted and 2) the pin cushion capsule arrangement with the

capsules extending aft of the forebody base plane. The two shapes schematically

drawn for the heating analysis are shown in Figure 6.2.1-1. The ratio of the
vehicle nose radius to base radius was defined as 0.25 and the ratio of shoulder

radius to base radius was set at 0.05. The shoulder cylinder length was limited

to a maximum value of 15 percent of the base radius. The capsule heating factors

were determined for the two design configurations for tumbling and spinning

entry modes. The analysis was performed in two parts: a parametric analysis

showing the effects of the capsule recession and protruding parameters at

180-degree angle of attack, and the effect of angle of attack for the specific

shapes.
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Presented are aerodynamic heating factors for a general set of isotope capsule

vehicle base configurations. Both recessed and protruding configurations were

considered, with the restriction that the capsule, or plate on which the capsules

lie, is solid. Thus, for the protruding system, the capsules sit on a solid

cylindrical protrusion above the base plane of the vehicle. Although the geometry

is generalized the heating factors obtained are applicable to the configurations

considered. Because the analyses differ for recessed and protruding configurations,

each is discussed separately below.

Although 180-degree angle of attack does not represent the maximum absolute

heating attitude, it does represent the maximum heating in a possible stable

attitude in case of a fence malfunction. The 180-degree case therefore must be

considered in the design of the capsule configuration.

6.2.1.1.2 Flush and Recessed Capsule Analysis -- Forming the basis for both

analyses is the data published by Nestler and Masser in Reference 6.2.1-2. This

reference presents data for the laminar heat flux distribution over a flat-faced

cylinder for Mach numbers between 1.5 and 13. Since no clear Mach number depen-

dence is shown by the data, the authors use a single curve to represent all the

data. This curve is summarized in the following table.

TABLE 6.2.1- I

HEAT TRANSFER DISTRIBUTION ON FLAT-FACED CYLINDERS

Local Radius Ratio (R/R_ 0 0.2 0.4 0.6 0.8 0.9

Local Heating Ratio (_/qSF) 1.0 1.025 1.05 1.13 1.25 1.41

R B = Body Radius

qSF = Stagnation point heating rate on a flat-faced cylinder

1.0

1.75

It is assumed here that if the tops of the capsules lie in the base plane of the

vehicle, and no protrusions exist, then the resulting surface will be sufficiently

flat for the curve of Table 6.2.1-1 to be applicable. The standard of reference

for heating factors is, however, the nose stagnation point heating with vehicle

at zero angle of attack (a = 0). Therefore a relationship must be developed

between the flat-faced cylinder stagnation heating rate and the hemisphere stag-

nation heating rate. Turning again to Reference 6.2.1-2, the authors present

data for the ratio of flat-faced to hemisphere-stagnation velocity gradient

(GF/Gs). This at Mach 8. Therefore, since

_gF/_s = GF_s (6-1)

then the ratio of flat-faced cylinder stagnation point heating to hemispherical

stagnation heating is roughly one-half, if the cylinder radius is equal to the

spherical radius. Since the heating rate is also proportional to the square
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root of the noseradius, the desired stagnation heating factor for a 25-percent
noseradius is

(6-2)

Applying this factor to the values in Table 6.2.1-1 producesthe curve labelled
I\/Dc = 1.0 in Figure 6.2.1-2.

Theheating factor for the exposedcapsules (seeReference6.2.1-3), i.e.,
ADo= 0, is obtained from Reference6.2.1-4, wherein potential flow theory is
usedto showthat the velocity gradient is increasedover the flat-faced value
by a factor of 2, and that heating on the exposedcapsules is, therefore, in-
creasedby V2 .

Toobtain the heating on recessedcapsules, the local stagnation point heating
variation with depressiondistance A/RB is obtained from Reference6.2.1-2,
whereit is presentedas a function of varying concavenoseradius (Rc/RB).
Omitting the details of the simple geometricderivation, the relationship be-
tweenconcaveradius anddepressionlength is

Rc
= cosec(n-arccotA/RB) (6-3)

RB

Inherent in this equation is the assumptionthat the depressionextendsto the
edgeof the body, i.e., to RB. It shouldbe notedhere that curvessimilar to
Figure 6.2.1-2 were published previously (Reference6.2.1-5) under the assumption
that the depressiondid not extend to RB. This would imply that the character of
the shock is determinedby the depressionwidth. Reference6.2.1-2 showsthat
the shockstand-off distance, at least, is essentially unaffected by the concavity
geometry. TheReference6.2.1-5 assumptionleads to a morerapid decreaseof
heating factor with A/Dc than doesthe current assumption. Although the accuracy
of both assumptionsis opento argument,Figure 6.2.1-2 is preferred for its
conservatismand becauseit doesnot violate the shockstructure data.

To the abovestagnation heating factor values, the flat-faced heating distribution
is applied, with due consideration given to the increased surface length of the
depressionsides. This effective length increase is, however,relatively unim-
portant.

Theresulting curves represent heating distributions for various depression
depths regardless of the radial extent of the depression. Themaximumcapsule
heating factor alwaysoccurs on the mostoutboardcapsules. Eachcurve applies,
however,only to the capsulesand the capsuletray, and doesnot apply to the
depressionsides or baseplane. Baseplane heating factors are obtained from the
curve A/Dc = I.

6.2.1.1.3 Protruding Capsule Analysis -- Unlike surface depressions, protrusions

from the base plane will definitely alter flow and the heating distribution.

Consider two flat-faced cylinders of radii R I and RB, with R I less than R B. The

ratios of stand-off distance to body radius are equal.
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6I/RI = SB/R B = k (6-4)

If the smaller cylinder is placed such that it protrudes a length, x, from the

larger cylinder, two distinct conditions emerge. Namely,

and
Case I: _I + X ! _B (6-5)

Case II: _I + X 2 _B (6-6)

These cases are represented graphically in the sketches below. In Case I, the

sonic point lies on the outer radius of the composite body, at RB, and the flow
over the frontal surfaces is subsonic. In Case II, sonic points occur on the

shoulders of both cylinders, at R 1 and RB the flow is mixed, and the flow over

the face of the inner (smaller) cylinder is unaffected by the presence of the
downstream shock.

-CASE I CASE Tr

!
/

\
\

In the general symmetrical blunt body flow field, the velocity gradient normal

to the free stream direction varies along the stagnation streamline from a maxi-

mum immediately behind the normal shock to the stagnation value G s at the body.

The variation is small, and is here assumed to be linear with x. Returning to

Case I, it is assumed that the presence of the smaller cylinder will truncate

the G-profile, so that the velocity gradient at the stagnation point (on the

small cylinder) will vary linearly with x between the limits of the case. The

velocity gradient for any x may therefore be written:

%+" \ 3, ]
it can also be shown that

(6-7)

G = K'/R (6-8)

where K" is a proportionality constant and the subscripts B and i refer to con-

ditions associated with the flat-faced cylinders of radius R B and RI, respectively.
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By combiningEquations (6-4), (6-7), and (6-8), there results the simple expres-
sion:

1 (X/RB)Gs(x) = GSB 1 + K (RI/R B)
(6-9)

subject to the restriction of Equation (6-5).

In Case II,

G s(x) = GSl = constant (6-10)

for all x of Equation (6-6).

Since the dependence of stagnation point heating on velocity gradient is known,

the variation of stagnation heating factor qs(x)/qso can be calculated. (The
factor V7 must be included in all protrusion calculations to account for the

velocity increase due to capsules.)

By using the conversion

X= nA (6-11)

in Equation (6-9) and assuming the distribution of Table 6.2.1-I, the curves of

Figure 6.2.1-3 were generated. It is to be noted that Equation (6-9) represents

a two parameter family of curves. The variation in Figure 6.2.1-3 of qmax/qso

with RI/R Bfor any fixed A/D c represents discrete values of qmax on the outboard

capsule at radius RI; it does not represent a distribution over the surface of

the smaller cylinder. Thus, for all A/D e > 0, qmax/qsc approaches infinity as

Ri/RBapproaches zero because the stagnation point heating approaches infinity.

The resulting curves corresponding to Case I, shown below the sonic limit line

in Figure 6.2.1-3 exhibit a minimum point, the locus of which is also drawn in.

This locus indicates a preferred radius for any required protrusion length to

obtain minimum heating.

The sonic limit line defines the transition point from the Case I conditions to

the Case II condition of sonic flow at the shoulder of the smaller cylinders

(and on the outboard capsule). The transition is, of course, discontinuous and

the maximum heating factor jumps to a much higher level for all greater values

of RI/R B , then decreases along the maximum sonic heating line as

qmax/Clso "- (6-12 )

due to the decrease in stagnation heating rate.

6.2.1.1.4 Results -- The curves presented in Figure 6.2.1-2 and 6.2.1-3 define

the variation in heating factors on the IRV isotope capsules at an angle of attack

of 180 degrees, that is, for rearward reentry and rearward descent. As might
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have been expected, the curves indicate that protrusions are undesirable, and

that depressed arrays are advantageous in terms of heat load. The decrease in

heating factor is monotonic from maximum protrusion to maximum depression. De-

pression depths beyond A/De = 5, however, produce continuously lesser decreases

in heating.

The variation with radius ratio is not as simple. For depressed capsules, it is

evident that the capsules should be placed as close to the central axis as is

possible, if heating factors are to be minimized. Where a protruding capsule tray

is required, however, an optimum radius exists for any protrusion height. The

preferred radii generally fall around 0.4 R B for current designs. Radii smaller

than 0.2 R B produces heating factors approaching "infinity" and excessively large

radii incur the penalty associated with sonic point heating.

Although the trend and relative levels of heating factors presented in Figures

6.2.1-2 and 6.2.1-3 are felt to be reasonably accurate, it should be stressed

here that the calculations are based on ideal gas data of limited accuracy. To

correct the data for real gas effects would reduce the stagnation point heating

values by 25 percent. However, the flat-faced stagnation point heating data

showsa variation of ±30 percent about the value used. In addition, the distri-

butions given in Table 6.2.4-I are based on data which show deviations up to 20

percent. A reasonable upper bound of the data with the real gas correction in-

cluded closely approximates the values given here. Again it must be stressed

that there is no entirely adequate theoretical analysis for the complex shapes

considered here and that shock tunnel tests of the actual configurations are

highly desirable.

Angle of Attack Effects

The complex geometry of each configuration makes exact analysis of the flow

geometry impossible without test data. The geometry must be simplified and some

rather gross assumptions must be made before a reasonably simple analysis can be

formulated. The results must also be considered somewhat tenuous under these

circumstances, and shock tube tests of the several configurations are clearly
&ndicated.

The first case chosen for this study was a tumbling entry trajectory for which

the entry conditions were V e = 26,000 fps, Ye = -i0° at Z e = 400 kft. Free

stream conditions were a velocity (Ve) of 26,000 fps, a Mach number of M_ = 30,

and a Reynolds number of Re D = 104 . These conditions correspond to a maximum

heating point for the tumbling portion of a trajectory. General assumptions for

all configurations are a) that the flow across the maximum diameter can be

treated as two-dimensional, and b) that a steady state flow field exists.

Analysis

Flow field sketches for the two configurations are shown in Figure 6.2.1-4.

Employed on Configuration 1 is an attached shock eminating from the superinsula-

tion (using the super insulation produces the most aggravated heating rates).

From this point the flow separates, to re-attach to the nearest isotope capsule

while passing through a normal shock (though not necessarily stagnating).
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These models are simplified, but do provide a reasonably accurate picture with

which to define the heating rates. The inviscid flow is defined numerically by

simple oblique shock relations while the separated region does not require de-

tailed analysis. An analysis along the lines of Brower's work (Reference 6.2.1-6)

showed that the flow cannot re-attach upstream of the isotope capsule position.

The presence of the protruding capsule, however, implies the existence of a

strong shock in this region. The assumption of reattachment at the "leading edge"

of the isotope capsule produces conservatism in the results which is not unreal-

istic. Laminar similarity theory (Reference 6.2.1-7) is used to define the maxi-

mum heating. It can be shown that the heating ratio may be written as

qma._x k P T

qso = _

where

p = density

= velocity

T = temperature

Rn = vehicle nose radius

X = length from stagnation point

k = constant dependent upon free stream and stagnation conditions

subscript_ = free stream condition.

In this development, viscosity is assumed to be linearly dependent upon tempera-

ture. Since the length parameters are fixed for each configuration, it remains

only to maximize the pUT-product to maximize the heating.

For Configuration 2 a strong shock is assumed to envelop the stacked region of

isotope capsules. The maximum heating orientation is taken to be that at which

the shock lies closest to the stack corners. The heating on a corner stack must

be defined with respect to an effective flat-faced radius. The effective flat-

faced radius at this point can be defined as

Reff = n'

where R is measured from a point equidistant from the three nearest edges of one

stack, and _ is measured from the centerline on the face of the stack. The

heating factor at this point may be characterized by

Clso \ _lSflat / qshemi Reff
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Here q comer/_Sflat is obtained from extrapolation of the data of Reference

6.2.1- , and qs flat/ qs hemi is the conversion factor from flat face stagnation

point heating to hemispherical stagnation heating obtained from Nestler's work

(Reference 6.2.1-2). This procedure yields a value of 2.02 at the corner of the

stack. It should be stressed, however, that the corner of the stack does not

actually represent the isotope capsule, since the capsule is submerged an un-

known increment in the graphite stack.

The capsule heating factors are applied as follows: For the fixed angle of attack

entry the capsule heating factors are as shown in Figures 6.2.1-5 and 6.2.1-6.

For tumbling entry the average values for the over the full 360 degrees are used.

For the vehicle spinning, with a specific angle of attack envelope value, _ , the

capsule heating factor has been taken to be the average of the ± a values.

Capsule Heating

The capsule heating is shown in Figures 6.2.1-7 through 6.2.1-12 and the heating

comparison in Table 6.2.1-11. The comparison of the two design shapes shows that

for all cases the capsule heating is higher for the pin cushion shape than for

the planar. The two dominant factors effecting the heating are the W/CDA and the

influence of the capsule configuration on the capsule heating factors. Both

factors tend to increase the capsule heating for the pin cushion due to a higher

W/CDA (41.4 compared to 33.1 for the planar) and higher base heating factors

(see Figures 6.2.1-5 and 6.2.1-6). A comparison of the two failure modes,

tumbling and rearward, shows higher integrated heating for the rearward case be-

cause of the lower effective W/CDA for each shape.

A comparison of the nominal entry mode with the failure modes cannot determine

the most severe condition because the capsule temperature which is a function of

both the integrated heating and the heat rate is the criterion to he analyzed. A

comparison does show that for a spin rate of 0.785 rad/sec on the nominal trajec-

tory failure mode cases will produce higher temperatures because both integrated

and heat rate values are higher. The spin rate of 2.09 rad/sec will produce

lower temperatures than the failure modes for the pin cushion shape but some

reentry angle dependency is noted for the circular planar configuration and a

thermal analYsis would be required to determine the controlling trajectory. This

same effect occurs when comparing entry angles within the failure mode analysis

where the YE = -i0 trajectory produces higher heat rates but lower integrated

heating than the yE = 0 condition.

A comparison of the entry conditions for various spin rates indicates that the

higher spin rate will produce higher capsule heating. This difference in heating

includes not only the effect of spin rate but also a change in angle of attack

which resulted when the retro rocket orientation was changed from the doughnut

mounted concept to a nose mounted concept. This higher entry angle of attack,

121 degrees compared to 78 degrees, resulted in a higher angle of attack through-

out the trajectory and the subsequent higher heating factors (Figure 6.2.1-4).

This comparison is valid if it is remembered that two different retrorocket con-

cepts are being compared, not one concept at different spin rates, the changes in

the resulting moments of inertia required the spin rate change for vehicle

stability.
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Aeroshell Heatin_ -- The aeroshell heating analysis was performed by the same

methods as shown in the previous Topical Report (Reference 6.2.1-10). Updated

entry conditions and vehicle mass properties were used for Phase I-B for the

planar and pin cushion configurations. The maximum rate and maximum integrated

heating are shown in Table 6.2.1-111 for the two shapes in the tumbling mode,

rearward entry mode and nominal entry at spin rates, the pin cushion having higher

values because of its higher W/CDAvalue.

The heating on the cover plate is the same as the heating for the capsule in the

flush mounted planar configuration.
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6.2.1.2 Fuel CapsuleThermalResponse(ReentryHeating)

Theeffect of reentry heating on the capsulesurface temperaturewasanalyzedfor
updatedheating rate data (Figure 6.2.1-13). Thepurposeof this analysis wasto
determineif rearwardreentry without turn-around (righting) wastolerable and
for this assumedworst case to comparetwo retention schemesto determine their
effect on the temperaturehistory of the capsule. Thetype of retention designs
consideredwere bare andcoveredcapsules. Exposed,flush, andrecessedheat
sourcemountingarrangementswere studied.

Figure 6.2.1-13 is a curve of the heating rate for the exposedfuel capsulearray
for an entry angle of -5 degreesand an orientation of 180 degrees(rearward
reentry). Theheating rates for the flush andrecessedarrays were 36 and 22
percent of the exposedheating rates. Figure 6.2.1-14 presents the temperature
histories of the bare and coveredcapsules for three heat source mounting
arrangementsbasedon the calculation modeldescribedin detail in Task I-A
topical report. This figure showsthe reduction in overheating that is obtained
by recessing the capsulearray into the surface of the heat source. Also, the
effect of a cover-plate on the peakcapsule temperatureis shownto result in a
300°Freduction for the flush andrecessedarrays.

Of the six casesconsideredonly the recessedarray with coveredcapsulespre-
vented the fuel capsule from exceeding2600°Ffor the possible worst caseof
stable rearwardreentry. Positioning the heat source in a flush or recessed
arrangementprovided significant increases in the allowable time for vehicle
orientation correction. Coveringof the fuel capsuleswasalso very beneficial
in reducing reentry heating problems.

6.2.2 Aerodynamic Stability

6.2.2.1 Destabilizing Device

a. Configuration -- The two configurations are shown in Figure 6.2.1-1, the

planar capsule configuration and the pin cushion shape. The mass character-

istics used in the analysis are as shown in Table 6.2.2-1.

b. Turnaround Requirements -- The turnaround requirements are as stated in

the Phase IA Topical Report; the two requirements being that the vehicle

have a single trim point at zero angle of attack and that the vehicle turn

around sufficiently soon that the base heating does not exceed critical

design values. The criterion used for this comParison is that the fence

design would provide the same characteristics as the nominal configuration

for Phase IA. The fence configurations required to accomplish this are

shown in Figure 6.2.2-1. The designs were based on the YE = -i0 degree abort

trajectory in the tumbling mode and provided aerodynamic characteristics

such that the temperatures on the capsules did not exceed the design value

of 2500°F. The analysis used the techniques of Reference 6.2.2-1, -2, and

-3 for the fence design and was intended to determine both an asymmetric and

a symmetric fence for each shape the advantages of a symmetric being symet-

rical stability characteristics. The asymetric fence for the flush planar

configuration is the same size nondimensionally as the nominal configuration
in Reference 6.2.1-i.

-115-



8

>.
<

UJ
.J

n

<

.-1
W

W

I,n
0
a.

X
W

n,

0
IJ-

i.U

e,-

Z

I--
<
UJ
-r

i,l
>

I--

CO
I.U

Z

0

r-4
|

,-4

d
Z

.--

33S- _i_/n4_- 31Y_ _NIIV3H

-i16-



I.I.
O

I

I--

,<

o.

I.-.

4400

4OOO

3600

3200

2800

2400

2000

1600

1200

I
0

I I I I I

(180 ° REARWARD RE-ENTRY ATTITUDE -5 ° RE-ENTRY ANGLE)

_7 :D _D __ 3D

EXPOSED FLUSH RECESSED

EXPOSED
ARRAY

FLUSH ARRAY

RECESSED ARRAY

"--"- BARE CAPSULE

.---,-COVERED CAPSULE

WITH RADIATION GAP

I I I I
40 80 120 160

TIME - SECONDS

2OO 240

Figure 6.2.1-14 CIRCULAR PLANAR HEAT SOURCE --TEMPERATURE RES PONSE
OF FUEL CAPSULES

-117-



VENTED
SYMMETRIC FENCE

CIRCULAR
PLANAR
( FLUSH )

VENTED
SYMMETRIC FEN

PIN I CUSHION

ASYMMETRIC
FENCE

CIRCULAR PLANAR
(FLUSH)

FENCE CONFIGURATION 8(DEG) h/R b _ (DEG) R/R b

SYMMETRIC

ASYMMETRIC

CIRCULAR PLANARPIN CUSHION

CIRCULAR PLANAR

30 0.2 45
30 0.35 45

0 0.2 180

I.O
I.O

I.O

78-2924

Figure 6.2.2-1 DESTABILIZING FENCE CHARACTERISTICS

-118-



As shown in Reference 6.2.2-3, the asymmetric fence at _ = 0 deg will provide

insufficient pitching moment to produce the same turnaround characteristics

for the pin cushion shape.

Weight (ib)

XcG/D

IROLL (sl-ft2)

IpITC H (sl-ft2)

IyA W (sl-ft2)

Diam (it)

W/CDA (lb/ft 2)

TABLE 6.2.2-1

MASS CHARACTERISTICS

Planar (Flush)

1842

0.324

178.9

97.7

97.7

6.66

33.1

Pin Cushion

1760.7

0.334

115'6

66.2

66.2

5.83

41.4

This is caused by the adverse effects of the pin cushion capsule configura-

tion on the flow. Reduced turnaround capabilities may be allowable but

further studies are required to determine the limiting conditions.

The adverse effects of the pin cushion are also shown for the symmetric

fence where a larger fence is required for the pin cushion than for the flush

planar. A disadvantage of the symmetric fence is that, in order to obtain

sufficient pitching moment, the fence must be canted 30 degrees as shown in

the figure. This obviously increases the diameter envelope with possible

packaging problems.

An additional study of the asymmetric fence indicates that it will be unac-

ceptable as a turnaround device in the tumbling mode. The asymmetric stability

causes a tumbling rate divergence with the rate increasing (Figure 6.2.2-2)

instead of damping out. The divergence is caused by the reinforcing pitching

moment due to the asymmetry which adds to the tumbling inertia and overcomes

the damping tendencies which you normally expect. This becomes more pro-

nounced as the tumbling inertia and asymmetry is increased.

6.2.2.2 Vehicle Stability

6.2.2.2.1 Turnaround Performance

a. Tumble -- The vehicle stability for the tumbling and rearward entry modes

will be the same as that for the Phase iA study since the fences are designed

to provide the same turnaround capability. These proved satisfactory in

producing sufficiently low capsule temperatures.
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b. Spinning -- The spinning mode stability is shown in Figures 6.2.2-3 and

6.2.2-4 for the angle of attack envelopes. The envelopes converge for each
condition.

The comparison of the two shapes, Figure 6.2.2-3, shows small changes in angle

of attack profile for the two shapes entering at the same angle of attack with

the variation only due to mass characteristics of the two shapes. By changing

the retrorocket mounting concept, however, the entry angle of attack also changes

as does the required spin rate for stability. The difference in the angle of

attack profile for these entry conditions is shown in Figure 6.2.2-4. The higher

spin rate for the nose mounted retrorocket produces higher angles of attack with

the increased capsule heating factors stated in the previous Section 6.2.1.

Conclusions

i. A vented segmented symmetric fence recommended by Ames Research Center

will be used for the Task II Study. This is necessitated by the inability of

the asymmetric fence to stabilize the vehicle at a = 0 degree when entering

in the tumbling mode.

2. The vented symmetric fence will provide a turnaround capability equivalent

to Configuration i of Task IA for either the planar or pin cushion configura-
tion.

3. Additional studies are required to determine whether reduced turnaround

capability is allowable.
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6.2.3 Aeroshell Design

6.2.3.1 Structural Design

A detailed stress analysis of the IRV aeroshell was performed using Avco Computer

Program 1322D. This program solves for the total stresses and strains of a thin-

elastic, multi-layered, multi-region orthotropic shell of revolution under axisym-

metric pressure loads and temperature distributions. A schematic of the honey-

comb shell, honeycomb dimensions and the symmetrical pressure distribution con-

sidered is shown in Figure 6.2.3-1. The pressure shown represents the condition

for the most severe load environment based on preliminary particle trajectory

studies (i.e., V e = 23,000 fps, ye = -i0 degrees, W/CDA = 40 Ib/ft2). The pres-

sure on the cone is 75 percent of the stagnation pressure since a Newtonian pres-

sure distribution was assumed. Environmental limit loads were multiplied by 1.25

for the analysis. A uniform core depth of 0.38 inch was used based on general

buckling stability of the aeroshell. The Von Mises yield criteria for biaxial

stress was used to compare the computed shell stresses to the allowable stress

of aluminum. An allowable yield stress of 52,000 psi used for aluminum was ob-

tained from Reference 6.2.3-1. It is based on 2024-T81 aluminum at 350°F sub-

sequent to a 5-year exposure at 200°F. Since high bending and shear stresses

were anticipated at the payload support ring due to the concentrated application

of the heat-source inertia loads, the face sheets were tapered over a 6-inch

length from a nominal thickness of 0.016 to 0.08 inch at the truss support ring.

The computed effective stress distributions for the inner and outer face-sheet

surfaces are plotted as a function of vehicle location and compared to the allow-

able yield stress in Figure 6.2.3-2. The results show that the assumed taper of

the shell region adjoining the payload support ring was sufficient to keep the

local substructure bending stresses well below the allowable yield limit. How-

ever, the assumed local face-sheet taper increases the shell weight by approxi-

mately 8 pounds and since resulting local stress levels are low, a thinner taper

should he considered to conserve weight.

A maximum effective stress of approximately 40,000 psi was computed in the inner

face sheet for a segment of the cone where the face-sheet thickness is 0.016 inch.

This maximum stress is well below the allowable yield strength of 52,000 psi. For

a 5-year exposure temperature of 300°F, the allowable yield stress of 2024-T81

aluminum is only 41,000 psi at 350°F and the 0.016-inch face-sheet thickness,

although adequate, is almost marginal. One other major consideration in sizing

the shell particularly at the truss support ring is the effect of asymmetrical

loads. It is anticipated that the stresses at the windward meridian in the

local region of the heat-source truss-support ring would be most affected by an

asymmetrical pressure distribution due to the unsymmetrical moment and shear

reaction forces resulting from the heat source normal and angular accelerations.

Dynamic trajectory studies indicate that for certain entry cases such as rear-

ward entry the angle-of-attack profiles, particularly at peak load, are signifi-

cant and will affect the maximum pressure levels on the aeroshell. From the

standpoint of peak loads, these studies indicated that the following entry con-

dition is most critical: V e = 26,000 fps, Ye = -i0 degrees, W/CDA = 31.6 ib/ft 2,

Qe (pitch rate) = 0.628 rad/sec, a c = 179 ° (rearward entry). The maximum conical

pressure and angle-of-attack profiles for this condition are shown in Figure
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6.2.3-3. The maximum cone pressure of 15.6 psi occurs at the windward meridian.

The comparable cone pressure profile for the zero angle-of-attack case is also

shown. The peak stagnation pressure for the critical dynamic trajectory mentioned

is actually lower than the design level established previously by preliminary

particle trajectory studies. Although a higher entry velocity of 26,000 fps was

considered for the critical dynamic trajectory versus approximately 23,000 fps

for the critical particle trajectory, the lower W/CDA more than compensated for

the increase in velocity and resulted in a peak stagnation pressure of 1960 psf

as compared to 2320 psf for the particle trajectory. Because of the relatively

large angle of attack, however, the maximum cone pressure of 15.6 psi (including

a factor of safety of 1.25) for the dynamic case just slightly exceeds the pre-

viously used value of 15.2 psi.

The honeycomb face sheet and core requirements were reevaluated based on the in-

creased pressure and an 85-inch diameter aeroshell. Using membrane theory, a

symmetrical pressure load equal to the maximum windward pressure of 15.6 psi and

the Von Mises yield criteria for the blaxial stress condition, the face-sheet thick-

ness requirements for the conical portion of the aluminum aeroshell were computed

and plotted in Figure 6.2.3-4 as a function of diameter with yield strength, which

is affected by the space environment, as a parameter. The results which do not

include bending indicate that a nominal aluminum face-sheet thickness of 0.017

inch is adequate for the major portion of the aeroshell even if the 5-year opera-

ting temperature of the shell is 300°F and the temperature rises to 350OF at peak

loads during entry. The membrane stress analysis indicated that increased face-

sheet thicknesses are necessary closer to the heat-source support ring; however,

the aeroshell would normally he beefed-up in this region anyway due to local bend-

ing and shear forces. Local requirements at mounting and base rings and joints

will be established through more detailed analysis. For a lower 5-year operating

temperature of 200°F, the higher yield strength would allow the use of thinner

face sheets and hence final sizing will depend on the results of a comprehensive

thermal control analysis. Honeycomb core thickness requirements based on resis-

tance to general buckling instability are plotted in Figure 6.2.3-5 as a function

of capsule base diameter. The core requirements are based on a face-sheet thick-

ness of 0.017 inch and a maximum cone pressure of 15.6 psi. For the 85-inch dia-

meter reference capsule design, the core thickness required is 0.52 inch. It may

be observed that the core thickness requirements of Figure 6.2.3-5 are larger

than previous results reported in the Phase IA Topical Report. The current re-

sults, however, include the additional design factor of 0.80 applied to the theor-

etical critical pressure for cylindrical and conical shells subjected to external
surface pressure as recommended in Reference 6.2.3-2.

The increase in core thickness from 0.38 to 0,47 inch for the 80-inch capsule

would affect the stress distributions presented in Figure 6.2.3-2 particularly

in the support-ring region where high bending loads exist. However, an increase

in core thickness will reduce face-sheet stresses due to bending loads. The

increase in core would have little effect on face-sheet stress in that portion

of the shell away from junctions and concentrated loads where stresses are

principally membrane.

A structural evaluation of the other major aeroshel] components and interface

rings has been performed to establish approximate structural dimensions. The

results are summarized in Table 6.2.3-I. The critical design load environments
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and governing failure modes which were used to establish the structural require-

ments of these components are presented. In general, 2024-T81 aluminum alloy

was specified for the aeroshell components since it appears to retain better

strength capabilities after long exposure at elevated temperatures than other

aluminum alloys (Reference 6.2.3-1). The aeroshell must withstand the severe

reentry load and heating environment after long-time space operation at elevated

temperatures. The spacer rings, however, do not reenter with the capsule and

experience only major loads during launch; hence, any high-strength alloy such

as 7075-T6 could be used.

REFERENCES
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6.2.3.2 Heat Shield Design

6.2.3.2.1. Preliminary Material Evaluatlon--As indicated in the Phase IA report

the most efficient (low weight) design should include the use of a low-density

charring heat shield. Alternate systems such as ablation/radlatlon or high-tem-

perature integrated wall concepts offer no significant weight advantage and in-

troduce thermostructural design and insulation complexities. The use of more

sophisticated thermal protection systems such as transpiration cooling or liquid

metals could result in increased weight and reliability problems for a 5-year

mission. The main difficulty with the use of a low-density ablator is the un-

certainty in reentry performance of the heat shield due to possible degradation

caused by the heat source nuclear radiation and material instability in vacuum

(see Section 6.2.3.3).

Among the low-density ablator materials under consideration are cork silicone,

silicone ablator Mod 7, Avcoat 5026-99 and a super low-density candidate sili-

cone 480 (p_16 ib/ft3). In addition, the heat shield material used on the Apollo

vehicle (Avcoat 5026-39/HC, G) is considered a strong candidate because of its

state of development and the experience gained from actual flights including ex-

tensive data interpretation work at Avco. A description of these various mater-

ials and their fabrication procedures are given in Section 6.2.3.3.

In order to determine which of the candidates is more efficient from a purely

thermal standpoint, it is necessary to investigate both the ablation and insula-

tion characteristics of the material. Figure 6.2.3-6 indicates the surface mass

removal as a function of a heat transfer coefficient _c/Hs. These curves were

obtained by least squaring results from ground tests conducted in the Avco Model

500 facility.
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Figure 6.2.3-6 indicates that the 5026-99 and cork silicone materials are better

performers as ablators than the other three candidates. It should be noted that
the actual ablation of these materials is a function of more parameters than _c/H s

and when a transient calculation is made the relative ablation performance of the

various materials could be altered.

The insulation properties of the materials can best be described by the parameter

pk/cp which is an indicator of the weight required to maintain a specified back-
face temperature. A simplified assumption can be made which states that the mater-

ial weight requirement is proportional to the square root of kp/c. Table 6.2.2-11

lists the values of virgin density, conductivity and specific heat for the can-

didate materials together with the above parameter.

A review of Table 6.2.3-11 indicates that the 480-2 material is the best insula-

tor with Avcoat 5026-99 and cork silicone following. It is interesting that the

insulative properties of 480-2 could compensate for its relatively high surface

mass loss as indicated in Figure 6.2.3-6. Note that the 480-2 material was de-

veloped primarily for environments where the heating level is considerably lower

than that experienced on IRV. These insulation properties in Table 6.2.3-11 are

only virgin values and if any significant differences between materials exist

when charred then the relative performance could be changed.

This cursory analysis of both ablation and insulation characteristics of the

candidates seems to indicate that Avcoat 5026-99 and cork silicone would result

in the lowest overall weight with the silicone ablator 480-2 a strong contender

if the insulative characteristics can compensate for its rather large surface

recession.

6.2.3.2.2. Material Tradeoff--Figures 6.2.3-7 and 6.2.3-8 indicate the local

heat shield thickness and weight requirements for the various candidate materials

at the stagnation point of the IRV vehicle. The calculations were based on the

double skip trajectory condition (Ve = 25,000 fps and Ye = -0.7 degree) and an

initial entry temperature of 100°F. These results include the effects of inter-

nal degradation of the material and oxidation effects at the surface. Figure

6.2.2-8 shows that the weights for 480-2, cork silicone, and Avcoat 5026-99 are

comparable while Avcoat 5026-39 and silicone ablator Mod 7 are significantly

heavier. Table 6.2.3-111 summarizes the stagnation point heat shield require-

ments (for a 350°F maximum structure temperature) and the amount ablated for

the various candidates. It should be noted that the confidence in the Avcoat

5026-39 values is considerably higher than for the other materials since flight

test results have been incorporated. Only a small amount of ground test data

exists on the other candidates.

The results in this section bear out those obtained from Section 6.2.3.2.1 in

that cork silicone, Avcoat 5026-99, and 480-2 appear to be the most efficient

thermal protection systems for the IRV application. Since it is desirable to
minimize ablation because of its effect on aerodynamic characteristics (e.g.,

shape) it would be preferable to eliminate 480-2 (See Table 6.2.3-111). While

it may be possible to develop a stable Avcoat 5026-99 the use of a silicone sys-

tem is preferred.

These results would appear to dictate the use of cork silicone for the IRV heat
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shield. However, as mentioned in Section 6.2.3.3.4, the state of development

of Avcoat 5026-39 is such that it should be selected for the thermal protection

system. Indeed there is no guarantee that cork silicone will prove to be as

superior to the Apollo material as indicated in Figure 6.2.3-7 once a complete

development test program and flight test of this material become available.

Therefore, although at the present time Avcoat 5026-39 does not appear to be the

most efficient (low weight) heat shield, Avco recommends its selection as the

primary candidate with the stipulations on a vacuum exposure ground test as in-
dicated in Section 6.2.3.3.4.

6.2.3.3 Heat Shield Material Selection

As mentioned previously the candidate low-density heat shield materials include

Avcoat 5026-39/HC-G (Apollo material), cork silicone, silicone ablator Mod 7,

Avcoat 5026-99, and Silicone 480. Since the heat shield weight is such a small

proportion of overall vehicle weight, other factors will have a strong effect

on material selection. Among the factors are:

a. The stability of the material in a vacuum environment for 5 years.

b. Ease of fabrication, and

c. The influence of nuclear radiation on material.

Of the three items under consideration, least is known about the stability of

the materials since no long-term tests have been conducted and only extrapola-

tions can be made. The influences of the factors on the various materials are

discussed in the following sections.

6.2.3.3.1 Thermal Stability of Low-Density Charring Ablators--There are a num-

ber of charring resin systems which are stable to various degrees at 250 ° to

500°F. Among these are silicones, epoxies, phenolics, polyimides, polybensimi-

dazoles, etc. Of these resin systems only the first three have been successfully

used to formulate low-density ablative heat shield materials. The relative

stability of the heat shield materials formulated from these resin systems is

discussed below.

It should be noted that virtually no long-time stability tests have been performed

under vacuum/temperature conditions on the candidate heat shield materials. The

estimates of stability are based on engineering judgment in extrapolating thermo-

gravimetric analysis (TGA) data which measures only the short-time effects of

heating on weight loss. Most of these tests were conducted on the components

separately and were run in a helium environment instead of a vacuum.

A. SILICONES

Silicone Ablator Mod 7

This material consists of a flexible silicone resin (RTV 655) with

phenolic microballoons and silica fibers. The resin is comparatively

stable and from TGA of the components Mod 7 should be stable for long

times in a vacuum to about 300°F.
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Silicone 480

This is an extra-low-density ablator based on the same flexible silicone

resin as Mod 7 (RTV 655). Fillers are phenolic microballoons, silica

eccospheres and silica fibers. No long-time thermal stability tests have

been run on 480 yet, but from TGA data on its components, it should be

stable for 5 years in a vacuum to about 300°F.

Cork Silicone (893-23)

This is a medium low-density flexible silicone ablator consisting of cork

particles, silicone resin, and glass fibers. It should have stability

characteristics similar to 480 above.

B. EPOXIES

AVCOAT 5026-39/HC-G (Apollo Heat Shield)

This material consists of an epoxy-novolac resin with various flexibilizers,

phenolic microballoons, glass fibers and silica fibers. The mixture is

gunned into fiberglass honeycomb cells edge bonded to a substructure. Due
to the nature of the material and the fabrication sequence, it cannot be

post-cured above 250°F. Therefore, it is not dimensionally stable for

long times in a vacuum above about 150°F. If this ablator is bonded to

an aluminum substructure, it should be possible to post-cure it at a some-

what higher temperature than 250°F without cracking. This may improve

its elevated temperature stability enough to make it a candidate for IRV.

AVCOAT 5026-99

This is a low-density form of the 5026-39 ablative filler molded into

panels (no honeycomb matrix). Since it has no honeycomb matrix, it can

be post-cured at a higher temperature than 250°F. Therefore, it should

be possible to make this material stable in a vacuum to about 250 ° to

300°F.

C. PHENOLICS

Low-density Nylon Phenolic

This material has not been used to any extent on flight vehicles primar-

ily due to the complicated fabrication procedures required. Therefore,

no definitive data exists on long-tlme stability at elevated temperatures.

The presence of nylon powder in the formulation would tend to hurt the

stability somewhat. Basically the phenolic resin and the phenolic micro-

balloons should be stable to 300 ° to 400°F in a vacuum provided the com-

posite was post-cured at 400 ° to 475°F (in a vacuum or inert atmosphere).

6.2.3.3.2 Fabrication

Silicone Ablator Mod 7 and Silicone 480

These materlals are fabricated by first mixing up the components to form a

-140-



clay-like compound.This compoundcanbe die moldedor vacuumbagmolded
against a contouredmandril. In applying thesematerials to an actual vehicle,
the most efficient methodis to coat the vehicle surface with a silicone pri-
merand after it is partially cured, to apply the compoundby handputtying
(followed by vacuumbag curing and finally post-curing). Theheat shield is
thus self-bondedto the substructure. After final machiningto size, the heat
shield is complete.

Cork Silicone (893-23)

This material starts out as a very light, fluffy mixture of cork particles,

resin, and fibers. It must be compressed over seven times in volume during

molding to final density. Therefore, it is made only in rigid metal dies.

The normal method of fabrication is to mold a panel several inches thick and

one to two feet square and then to slice it into sheets of the desired thick-

ness which are, in turn, bonded onto the substructure using an epoxy resin.

The material is flexible enough to conform to most two-dimensionally curved

surfaces (cylinders, cones, etc.) However, for three-dimensionally curved

surfaces the sheets must be cut fairly small and pieced together before bond-

ing. It should be noted that the adhesive joints in low-density ablators of

this type usually have superior ablation resistance (compared to the base

heat shield) because the adhesive is about two to three times more dense.

AVCOAT 5026-39/Hc-G

This material was developed for and used on the Apollo vehicle. It consists

of a fiberglass honeycomb filled with a low-density charring epoxy ablator.

It is fabricated by first bonding the fiberglass honeycomb onto the substruc-

ture (with HT-424 adhesive tape) with the cells essentially perpendicular to

the surface. Then each cell is "gunned" full of ablator by operators using

air-powered, hand-held "guns". After a large area has been gunned full of

green ablator, it is vacuum bag cured. When the entire heat shield is com-

pleted, it is given one final post-cure and is finish machined.

AVCOAT 5026-99

This is a low-density form of the 5026-39 ablative filler used above but

without a honeycomb matrix. It is normally molded in dies into a flat or

contoured panel. Each panel must then be machined on all edges (overlapping

flanges) and on the inner surface to mate the specific vehicle contour for

its location. The panels are then fitted and bonded in place.

Low-density Nylon Phenolic

This is a NASA/Langley developed heat shield consisting of phenolic resin

and microballoons plus nylon powder. It is fabricated by mixing the compon-

ents in a vacuum blender. It is cast into a mold by placing the mold in a

vacuum chamber and feeding the above mixture into the chamber through a

funnel. This procedure is very awkward and the sizes of parts produced is

quite limited.
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6.2.3.3.3 Radiation Effects

Table 6.2.3-IV summarizes the threshold damage level for the various materials.

Since applicable data is not available on these specific materials, best esti-

mates were made from the available data on the constituents as obtained from

Reference 6.2.3-1. Since the expected dosage level from the heat source is

approximately 105 rads, no problem is anticipated. In addition, the materials
can withstand 1013 neutrons/cm 2 which is larger than the 1012 neutrons/cm2 ex-

pected from the heat source.

6.2.3.3.3 Summary--In view of the above factors, it appears that the best can-

didate for the IRV would be the Apollo material (AVCOAT 5026-39/HC-G) because

of the state of development, background in fabrication problems, and experience

in flight tests. However, the possibility of stability problems with this mater-

ial would dictate the existence of a back-up material with a silicone system

such as Mod 7 or cork silicone. In any case, it would appear that a ground test

program to determine the effects of long-time vacuum exposure on these materials

would be required before any final selection is made. Table 6.2.3-Vcompares

the relative performance of the materials from a structural and thermal property

standpoint. Low-density nylon phenolic has not been included in the table since

its fabrication complexity indicates it to be a less promising candidate.

REFERENCES

6.2.3-1 Space Materials Hand Book, Second Edition, Technical Documentary

Report No. ML-TDR-64-40 (January 1965).
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TABLE 6.2.3-1V

RADIATION THRESHOLD LEVELS FOR CANDIDATE MATERIALS

Material

AVCOAT 5026-39/HC-G

Cork Silicone

Mod 7

AVCOAT 5026-99

Low-density Nylon Phenolic

Silicone 480

Threshold Damage Level

(Rads)

2 x 10 9

10 7

10 7

2 x 10 9

8 x 10 9

10 7
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7.0 TERMINAL SURVIVAL SYSTEMS

_e analyses described in the previous sections defined IRV requirements in terms

of reentry survival. In addition, it is a desirable goal to ensure intact impact

of the HS, thereby minimizing potential nuclear hazards during and subsequent to

impact. To this end then, considerable effort has been expended in evaluating the

utility of drag augmentation (and recovery) system, impact attenuation schemes,
and location aids for inclusion in the basic IRV. At the conclusion of the

Phase IA effort a decision was made to cease investigation of aerial recovery

systems. Therefore, Phase IB effort has been limited to a review of parachutes

and ballutes as drag augmentation devices to limit terminal impact velocities.

It also should be noted that parachutes can exhibit an unacceptable failure mode,

i.e., a deployment failure in which the partially deployed parachute wraps itself

around the descending IRV thereby causing the IRV to become unstable and tumble

during descent. A tuck-back ballute system also shows potential as a drag aug-

mentation device and study of such a system was initiated during Phase lB.

Impact attenuation studies were based primarily on an optimization and parametric

study of the "Rotating Plate Concept" introduced in the Phase IA task.

This section also includes a brief review of location aid requirements for the

IRV system.

7.1 DRAG AUGMENTATION DEVICES

The application of drag augmentation devices to the IRV was originally intended

to allow for aerial recovery. The system under consideration included a main

chute, recovery chute, and the ancillary equipment to package and deploy these
devices.

During Study Phase IB, the requirement for drag augmentationto reduce impact

was identified. The impact attenuation system must be designed to protect the

heat source under the most extreme impact conditions (i.e., drag augmentation

failure). However, inclusion of a drag augmentation device can significantly

decrease the probability of failure upon impact by reducing the impact struc-
tural loads.

For this application, two drag augmentation devices have been examined briefly.

Further study will follow during StudyPhase II if applicable to the preliminary

design. The ring sail parachute system and the tuck-back ballute system have

been examined for a deployment at a dynamic pressure of 48 pounds per square

foot and terminal velocities of I00 feet per second and 50 feet per second as

shown in Figures 7.1-1 and 7.1-2. The ballute system was significantly heavier

and required more packaging volume than the parachute. This volume can take the

form of a toroidal package which is more easily packaged in the IRV. The ballute

has a better probability of inflation under off-nominal conditions such as a

rolling or tumbling reentry situation. The possibility of large angle of attack

oscillations at deployment due to wind gusts make the ballute a better selection

if the larger weight can be accommodated. The ballute, particularly the tuck-

back ballute, have had comparatively less development and represent a possibly

costly development program to achieve a comparable confidence level. The trade-

off between these two drag augmentation devices requires more study with the

particular IRV design selected for Study Phase II. The comparison is shown in

Figure 7.1-3.
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7.2 IMPACTATTENUATION

7.2.1 Summary

The Rotating Plate Concept, introduced and discussed in the Phase IA Report,

Section 5.4.5.4, has been modified by the addition of a "cold plate" (a struc-

tural honeycomb plate located below the insulation and the heat source). This

section presents the results of parametric studies conducted for the purpose of

determining the effect of the modified impact attenuation system on overall ve-

hicle weight and diameter.

7.2.2 Cold Plate Concept

Previously, the Rotating Plate Concept utilized a strengthened heat source plate

to enhance its own ability to withstand the impact loads. The heat source plate

however is operating at a low design bending stress (approximately 20,000 psi)

because of the severe thermal environment to which it is subjected. The Cold

Plate Concept takes advantage of the much lower temperatures which exist outside

the super insulation (see Figure 7.2-I). Consequently, different materials which

have much higher strength/welght ratios can be utilized.

The rotating maneuver proceeds as before, except that during impact, after the

supporting truss system has failed, the HS compresses the insulation and is sup-

ported in turn by the cold plate. Lateral motion is prevented by the peripheral

ring around the outside of the cold plate and friction. The heat source plate is

constrained to rotate with the cold plate until flat impact is achieved. The

cold plate is designed to withstand the shear and bending loads caused by the

localized loads at the edge of the plate and the inertial loads imposed on it

by the heat source. Inaddition, the cold plate aids in distributing and re-

ducing the flat impact loads transmitted to the heat source. It also will reduce

the concentrated loading effect due to sharp projections and surface irregularities.

7.2.3 IRV Optimization Study

Integration of the impact attenuation system with the IRV results in a direct

weight and increased diameter penalty. The increased diameter is geometrically

related to the crush-up stroke as seen in Figure 7.2-2. Consequently, a reduc-

tion in the stroke requirement can significantly reduce the IRV's diameter. A

decrease in stroke however means that a greater force must be transmitted to the

cold plate and this, because of the more severe structural requirements, results

in an additional weight penalty. This trend is further reinforced by the fact

that a smaller diameter vehicle will exhibit higher terminal velocities and will

consequently see even higher impacting loads. A tradeoff therefore exists be-

tween vehicle diameter and weight. This section presents the analytical approach

and the results of the indicated vehicle tradeoff optimization study.

The analytical treatment developed in Appendix E of the Phase IA report has been

modified to include the cold plate concept (see the Appendix). These equations

have been mechanized in order to determine the parametric relationships between

heat source geometry and weight, cold plate geometry and weight, terminal im-

pacting velocity, and required crush-up stroke. Typical results of these studies

are presented in Figures 7.2-3 and 7.2-4. For each heat source configuration of

interest (including assumed cold plate geometry), the cold plate weight has been
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determined for the entire range of terminal velocities and crush-up heights.

The terminal velocity is a direct function of the vehicle ballistic parameter

which in turn contains vehicle gross weight and diameter (see Figure 7.2-5).

Vehicle diameter is geometrically related to crush-up stroke as indicated by the

relationship presented in Figure 7.2-2. This expression considers all the per-

tinent design layout parameters including, specific design modifications such as

capsule recess, cylinder height, and cold plate corner recess. The corner recess

innovation has been instituted for the purpose of increasing the available volume

for crush-up material without the subsequent penalty of increased vehicle diameter

(see Figure 7.2-6). Total weight of the vehicle is the sum of fixed weights, the

impact attenuation system weight, and component weights which are a function of
the vehicle diameter. These include the structural and heat shield weights and

have been combined as shown in Figure 7.2-7.

Interrelated considerations have been combined to produce a graphical and analyt-

ical iteration procedure which allows the determination of point designs for the

basic weight-diameter optimization studies. The procedure also allows the isola-

tion and study of specific design modifications so as to determine their effect

on overall vehicle weight and/or size.

Data presented in Figure 7.2-8 is typical of the results obtained in these op-

timization studies and indicates the specific effect of variations in the capsule

mounting geometry. It is evident that employment of an exposed capsule config-

uration directly increases the available volume for crush-up material and there-

fore reduces the required vehicle diameter. It should be noted that these results

are representative of the IRV without the other possible modifications; i.e., no

corner recess and with the cold plate honeycomb thickness set at 25 percent of

the crush-up material height. This criterion is established by the fact that

25 percent of a typical crush-up material is unusable, and if full rotation is

considered necessary, without the cold plate itself contacting the ground, then

the thickness of the cold plate cannot be greater than 25 percent of the crush-

up height.

As is noted, capsule mounting geometry is one of the design options which have a

direct effect on the impact attenuation system and therefore on vehicle weight

and size. Another such parameter is basic heat sources weight. The effect of

reducing heat source weight is shown in Figure 7.2-9. This reduction could be

accomplished by modifying the fuel capsule to the vented capsule design. The

effect of corner recess is presented in Figure 7.2-10. The weight saving is not

significant, but the diameter reduction of i0 inches is, and the 2-inch recess

has been employed in the 85-inch-diameter circular planar (ORNL) design. The

parametric data of Figures 7.2-9 and 7.2-10 are also based upon the honeycomb

core thickness of the cold plate of 25 percent of the crush-up height. Fig-

ure 7.2-11 presents comparison data for the case where the core thickness is

held constant at 3.0 inches. A significant reduction in diameter can be

realized; however, the cold plate will now contact the ground before full rota-

tion has been achieved. This will result in some local failure but it is diffi-

cult to ascertain the overall effect without further study and possibly testing.

Figure 7.2-12 presents the effect that a reduction in terminal velocity would

have on the integrated vehicle design. Such a design, however, must be based

upon the successful operation of an active device such as an aerodynamic decel-

erator.
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If successful, it would increase the prohahility of impact survival of the HS by

significantly reducing the impact loading environment.

The data presented in Figure 7.2-13 considers the effect of combining four of the

pertinent design modification parameters: heat source weight, capsule mounting

geometry, cold plate honeycomb core thickness, and corner recess. The modifica-

tions are readily accommodated and the resulting vehicle designs are therefore
considered realizable.

7.3 LOCATION AIDS

The primary location aids are shown in Figure 7.3-1. The recovery beacon operates

in the 230 to 250-mhz region with standard aircraft direction finding equipment

over a 25 to 50-mile range. The antenna is a whip which is deployed at impact.

A beacon of this class has been used for many recovery operations, both land and

water, and is designed to survive land impact. The beacon is powered by a sealed

wet cell nickel cadmium battery, or if replaceability is possible, mercury bat-

teries can be used. The nickel cadmium battery must be continuously or periodi-

cally trickle charged to maintain its charge for the possible 5-year life in space.

Primary nickel cadmium or silver zinc batteries (dry charged with electrolyte

added remotely when power is needed) are a possibility, but represent a one-shot

active mechanism which reduces the reliability of the power subsystem.

A flashing light can be used as an auxiliary recovery aid for terminal recovery

operations at night. The flashing light has not proven to be an effective pri-

mary location aid unless the recovery beacon fails and then the payload is seldom

recovered. The search pattern necessary with a flashing light is restrictively
narrow.

Other location aids which are available are the use of luminous color on the

upper surface of the flotation balloon for water recovery, and the use of IR

detectors on aircraft or helicopters for land recovery. The forest rangers in

the northwestern states and Canada have been locating campfires and other small

potential fire hazards by this technique with great success during the last
5 years.
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8.0 IRV SYSTEM

This section summarizes the design and integration effort performance on the IRV

system, its associated S/C on Launch Vehicle interface and specific systems in-

tegration analyses completed during Task IB. It also includes a comprehensive

discussion of the HSHX Task IB design effort as well as a brief review of the

Task IA HSHX conceptual design ground rules and results. Specific details of the

IRVand HSHX conceptual designs, weights, and geometry constraints are presented
in the following discussion.

8.1 IRV DESIGN DESCRIPTION

A typical IRV vehicle is shown in Figure 8.1-1. It consists of a 49-inch-diam-

eter planar array heat source supported on a refractory tubular truss within an

85-inch-diameter, 60-degree conical aeroshell. The aeroshell thermoprotectlon

system consists of a low-density charring ablator supported by a bonded aluminum

substructure. The attachment of ablator to substructure is through an adhesive

system. The aluminum sandwich substructure is reinforced through the use of

ring stiffeners at strategic locations, i.e., at the heat source support juncture,

at the transition from cone to cylinder, and at the adapter interface to the

booster vehicle. In order to accomplish assembly at the heat source within the

aeroshell, a removable nose cap is utilized. This nose cap is bolted around its

periphery by a series of structural bolts protected by removable ablator plugs
(see Figures 8.1-2 and 8.1-3).

In addition to the 49-inch-diameter planar heat source configuration, a pin

cushion and vented capsule circular array heat source configurations were in-

vestigated and are shown in Figures 8.1-4 and 8.1-5 respectively. Figure 8.1-6

depicts weight and vehicle diameter for various configurations and a detailed

weight summary for the three reference configurations is shown in Table 8.1-I.

8.1.1 Heat Source Attachment

The heat source primary support is by a tubular truss arrangement terminating in

a continuous ring which interfaces with a mating ring within the aeroshell. This

tubular truss forms a four-point load path into the aeroshell and is attached

through the use of bolts accessible with the nose cap removed as described above.

This heat source attachment configuration is depicted in Figure 8.1-7. A

possible temperature problem is envisioned in the immediate locale of the heat

source truss attachment to the aeroshell ring and this local area requires

further detailed analysis. A change of material within the tubular struts may

be required to minimize heat leakage and ensuing temperature of the aeroshell

attachment ring. Insulators or thermal barriers may be required at the bolt

locations. If it is possible to maintain the desired temperatures at the heat

source/aeroshell interface, then an aluminum ring as shown in Figure 8.1-7 wi]]

be employed. Otherwise, titanium or other higher temperature materials must be

considered. Through the process of chemical milling or doubler attachment
(bonding), the inner face sheet of the aluminum sandwich aeroshell substructure

is reinforced, thickness wise, in the area of this support ring attachment

assuring proper distribution of the design loads. In addition to the face sheet

reinforcement it is expected that detailed analysis in Task II will dictate in-

creased density core material in this ring area.
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8.1.2 Abort/Deorbit System Attachment

In an effort to shorten the load pad and in the interest of weight saving, the

abort system attachment is located at the same points through which the heat

source is supported (see Figure 8.1-7). A circular fiberglass shear compression

pad is inserted through the heat shield and rigidly attached to the aeroshell

substructure. A metallic cup or pad through an explosive bolt attaches the

abort deorbit system tower to this fiberglass structural pad. A flexible RTV

gasket cast around the circumference of the fiberglass pad between the Dad and

the ablator will form a thermal seal and reduce transmission of loads into the

ablator which could result in structural deformation and/or failure. This design

applications is currently utilized on the Apollo spacecraft and has progressed

through fabrication and a series of successful flight tests.

In order to simplify and reduce the number of separation systems, the spin motors

can be attached to the abort tower and jettisoned with the abort tower. Otherwise,

they would require a separate release system if mounted directly to the IRV. A

detail of the spin motor attachment is shown in Figure 8.1-8.

8.1.3 IRV/Heat Exchanger Launch Vehicle Interface

A transition from the cone to a short cylinder (15 percent RB) is accomplished

at the aft end of the IRV. This short cylinder section is currently envisioned

as a stiffened aluminum skin construction, locally reinforced to resist launch

load conditions (Figure 8.1-9). The aft end of this section is terminated in a

"C" shaped channel as a primary structural member. This channel is used as the

main attachment to the spacer section which contains the hinging for the emer-

gency cooling mode as well as forming the attachment to the launch vehicle. The

aerodynamic fence utilized fence utilized for turning the vehicle around in the

case of a rearward reentry situation is also attached to the "C" channel. The

backface of the "C" channel is protected by a thin layer of structural ablator

material (fiberglass) and the separation of the IRV from the heat exchanger is

accomplished at this interface through the use of four explosive bolts.

8.1.4 Deceleration and Impact Attenuation

Within an annulus cavity in the back surface of the IRV surrounding the heat

source and insulation a ballute is packaged and deployed after reentry to augment

drag and ensure survival at impact. The aft cover over the area of the ballute

storage annulus will be separated and jettisoned from the vehicle through the use

of pyrotechnic devices to allow ballute deployment. The ballute system and other

deceleration devices are discussed in Section 7.0 of this document.

An impact attenuation system which utilizes the heat source support design to

provide rotation of the heat source for impact conditions other than vertical

in combination with a honeycomb crushup system is contained in the forward

portion of the aeroshell. The IRV design is such that it provides a stroke of

approximately 8 inches during the impact of the vehicle thus dissipating the

energy to ensure fuel capsule survival. A thick honeycomb sandwich is utilized

immediately outside the heat source insulation and is used to reduce the

possibility of heat source support plate breakup and distribute the load into

the honeycomb crushup system. Figure 7.2-6 shows a detail of the Rotating Plate

Concept attenuation system reference employed in circular planar HS array IRV's.
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Figure 8ol-9 DETAIL OF AFT CYLINDRICAL RING STRUCTURE
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8.2 HSHXDESIGN

System Definition

The HSNX is a part of the closed gas loop of the Brayton-cycle power conversion

system. The other major elements of the Brayton-cycle gas loop are contained

in a package as illustrated in Figure 8.2.1-1. They consist of the Brayton-

cycle rotating unit (BRU), the recuperator, and the heat-sink heat exchanger,

This package is referred to as the Power Conversion Module (PCM).

For the purposes of this study, the PCMpackage is assumed to be mounted in a

rectangular frame with the dimensions as noted in the figure.

The HSHX system includes the following items:

a. The HSHX itself

b. The ducting between the HSHX and the PCMpackage

c. The structural support between the HSHX and the PCM package

d. That portion of the insulation system which is removable with the

complete closed gas loop

The elements of the HSHX system are illustrated in Figure 8.2.1-2. It is seen

that the HSHX, ducts, structure, PCMpackage, and insulation form a single

integral unit.

System Requirements

The requirements imposed on the HSHX (summarized in Table 8.2-1) consist of

specified operational and performance goals. The overall power system is com-

prised of a single IRV-isotope heat source and two independent Brayton-cycle

power conversion systems (PCM) shown schematically in Table 8.2-1. Each PCM is

capable of delivering full outpu t power (6.8 kwe), but only one of the systems

is in operation at a given time. In order to provide inplace redundancy of the

Dower conversion system, PCM No. 1 and PCMNo. 2 must each be capable of opera-

tion without removal of the other. PCM No. 1 and PCM No. 2, including the

HSHX's, are to be separately removable as integral units. PCM No. 1 and PCM

No. 2 are to be interchangeable, or, stated another way, one PCM must be able

to be utilized as either PCM No. 1 or No. 2. The packaging configurations of

the PCM-HSHX are to be compatible with the Atlas/Centaur separate-launch-to-

orbit vehicle, and the SATURN-IB integral-launch MORL type of installation.

The differences between these two installations would be confined to the ducting

and the HSHX-PCMinterface only.

The performance requirements imposed on the HSHX, also listed in Table 8.2-1

consist of a set of specified temperatures, flow rates, pressure drops, etc.

which are required to obtain full electrical output power. In addition to the

internal performance of the HSHX, the HSHX system must keep the maximum fuel

capsule temperature below 2000OF during normal operation and keep the heat leaks

associated w_+h_• the HSHX system to less _"_L_ni '---_wt.
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TABLE 8.2-I

HSHX - SYSTEM RB_UIREMENTS

BRAYTON
PCS NO. I

000000

L HSHX NO. I j
HSHX NO. 2 I

f 1
j s.,ELo J

BRAYTON
PCS NO. Z

OPERATIONAL

• INPLACE REDUNDANCY

EITHER SYSTEM NO. I OR NO. 2 CAPABLE

OF FULL POWER OPERATION WITHOUT

MOVEMENT OF MAJOR COMPONENTS

• REPLACEABILITY

PCS'S INCLUDING HSHX'S TO BE REMOVABLE

AS A COMPLETE UNIT

• INTERCHANGEABILITY

PCS NO. I AND NO. 2 TO BE INTERCHANGEABLE

• COMPATIBLE WITH

ATLAS/CENTAUR (SEPARATE LAUNCH)

SATURN I-B (INTEGRAL LAUNCH-MORL)

PERFORMANCE

• RADIATION HEAT TRANSFER FROM ISOTOPE SOURCE

• 1600°F EXIT GAS TEMPERATURE

• 1200°F INLET GAS TEMPERATURE

• 23.5 KW t TRANSFERRED TO GAS

• MAX OPERATING SOURCE TEHP _ 2000°F

• _P/P _ 3.3_ (I.05 PSI)

• Xe-H% (83.8 MWt) _ 0.94 LB/SEC

• HEAT LEAK _ 1.0 KW t
A-33455
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During the Phase l-a studies, full power output from PCM No. 2 was required

when PCM No. i was inoperative. For the Phase l-b studies, this ground rule

was relaxed in preference to one which would require full power output from

PCM No. I but would accept less than full power OUtDut from PCM No. 2. The

maximum source temperature associated with full power output from PCM No. i was

treated as the maximum allowable source temperature for operation of PCM No. 2.

The resulting reduced power output from PCM No. 2 was accepted as the emergency

or standby Dower capability. This results in a significant reduction in re-

quired source temperatures.

8.2.1 Planar Circular Heat-Source Array

8.2.1.1 Source Description

The heat source for this system consists of a 49-inch-diameter planar array of

164 fuel capsules. A scalloped metal cover plate is used over the fuel capsule

as a part of the fuel capsule retention scheme. The temperature distribution

around the fuel capsule for this heat source is shown in Figure 8.2-1. The

design of the heat source heat exchangers (HSHX) is based on an effective source

temperature which is defined as

Tef f T s dA c
A c

1/4
(8-1)

where

Teff

A c

T s

In addition, to provide a conservative estimate of the temperature levels, the

effective temperature was set as equal to the temperature existing on the

capsule cover plate. Thus, for this system (referring to Figure 8.2-1) the

effective temperature is taken as

Teff = Tmax _ 120 ° (8-2)

where

= effective source temperature

= source surface area

= source surface temperature

Tmax = maximum fuel capsule temperature

8.2.1.2 Involute Tubular Heat-Source Heat Exchanger
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SURFACE OF

HSHX NO. I

T AT :_ 120°F

COVER PLATE
106°F

330

I ° I

92°F

0

TMAX

FUEL CAPSULE

CAPSULE DIAMETER = 1,55 IN.

COVER THICKNESS = 0.060 IN.
SPACING = 1.75 IN.

CALCULATION BASED ON TMA x = 2000°F

AT = TMA x -Ts

TS = SURFACE TEMPERATURE

TMA x = MAXIMUM CAPSULE SURFACE TEMPERATURE

Figure 8.2-1 TEMPERATURE GRADIENT AROUND NONVENTED FUEL CAPSULE
(CIRCULAR PLANAR HEAT SOURCE)
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Description

The detailed involute HSHX design is shown in Figure No. 8.2-2. The basic heat

transfer portion of the HSHX occupies a 49-inch-diameter circle to correspond to

the size of the heat source. The Brayton fluid both enters and exists from the

heat exchanger at the periphery and flows around the circumference in annular

manifolds. The inlet manifold has a constant diameter of 2.75 inches and a wall

thickness of 0.03 inch; it is located above the outlet manifold, which has a

diameter of 3 inches and a wall thickness of 0.042 inch. The 49-inch-diameter

active portion of the heat exchanger is composed of 18 tubes, each with an OD of

1.34 inches and a wall thickness of 0.030 inch. The weight of the heat exchanger

is 89 pounds.

The Brayton fluid flows along the inlet manifold, enters alternate tubes and

follows an involute path toward the center, where it enters a header box and then

reenters adjacent tubes, flows back out to the periphery, and leaves through the
outlet manifold. The central header box is 4.0 inches in diameter. This re-

quires that the tubes be staggered around the circumference, with the inlet legs

located above the outlet legs. Staggering is begun 4 inches from the center of

the header box, with the outlet legs undergoing a downward bend and the inlet

legs joining the header box above the outlet legs.

The inlet and outleg legs are separated by a gad of 0.056 inch and are joined to-

gether by a weld bead. The all-welded construction offers a structurally sound

approach to the HSHX design and permits thermal conduction between the hot and

cold legs, which results in a reduction of the maximum temperature on the heat

source.

The actual physical layout of the tubes for the involute HSHX design is not easy

to visualize. The design objective is to maintain the tube spacing at a specified

value in a direction normal to the tube axis, regardless of the radial distance

from the center of the circular HSHX. This arrangement is in contrast to align-

ing the tubes radially inward; it will result in a constant thermal resistance

for heat transfer within the heat exchanger regardless of the location along the
radius.

Let

2N = the number of tubes in the heat exchanger

D = the OD of each tube

= the radius of the smallest circle for which the specified tube spacing

can be maintained

Atube
= the ratio of projected tube area to total heat exchanger projected

At°tal area (a measure of the tube spacing)

Referring to Figure 8.2-3, _ is the angle the tube axis makes with a radial line

at a radius, r , and 4 is the angle the radial line makes with respect to some

reference line drawn through the center of the circle.
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Figure 8.2-3 PHYSICAL MODEL FOR DETERMINATION OF INVOLUTE TUBE LAYOUT
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Basedon the abovedefinitions, it can be seen that

2ND
= 2=r

Atube cos 0

Atotal

But based on the definition of

(8-3)

2ND

= 2_r i
Atube

Atotal

and therefore,

ri
COS 0 =

r

It can also be seen from Figure 8.2-2, that

dr
COS 0 ---- --

dt

where d t is a differential element of tube length.

rd4
dr---

sin 0

Therefore

&

de

and

sin 0 dr

rd_

dr
a¢, -- t_ o --

r

From Equation (8-5), tan 0-

and therefore

d_ = - r2

ri r ri

ri

'dr

From Figure 8.2-2,

(8-4)

(8-5)

(8-6)

(8-7)

(8-8)

(8=9)

(8-10)

for which the angle _ in radlans can be found to be
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//._i) 2 ri

r

= - 1 - arcos
r

(8-11)

Equation (8-11) completely describes the tube layout for the involute HSHX.

Design Analysis

The heat-source heat exchangers were required to exhibit inplace redundancy,

reDlaceability, and full power output from PCM No. 2 with PCM No. i in place.

The latter objective was to be met within the 2000°F temperature limitation

imposed on the fuel capsules, and therefore, it represented the HSHX design

point.

While this was the HSHX design point, operating PCM No. 2 at a reduced power

permits lowering the source temperature.

The design procedure of the HSHX's is discussed in the following paragraphs.

A design of the HSHX was first obtained on the basis of the pressure drop re-

quirements, and based on this design, the heat transfer performance of the

system was checked. Wall temperature and heat flux distributions in the HSHX

were obtained, and these values were utilized to refine the first design. The

following paragraphs describe a) the selection of a design which would meet the

pressure drop requirements, b) the thermal analysis of the heat transfer process

in the heat source-HSHX cavity, and c) the procedure used in designing the inlet

and outlet manifolds.

i. Pressure Drop

The available pressure drop imposes a severe restriction on the HSHX and is

the primary consideration in undertaking the design. Neglecting entrance

effects, turning losses, and momentum changes, the pressure drop in the HSHX

is equal to the frictional pressure drop, i.e.,

AP : APf =

2 G 2 fL

qpD

(8-12)

Let

N = the number of "in" legs = number of "out" legs

L = the combined length of an "in" leg and "out" leg

D : the tube ID = tube OD

D = the overall diameter, less manifolds, of the HSHX
O

D. : the diameter of the inner circle where staggering of the tubes begins
!
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Atube

Atotal_= the ratio of the projected tube area to the total projected area of
the HSHX

Therefore, neglecting the thickness of the tube wall,

nDi Atube
ND = (8-13)

2 Atota I

also

NDL- 4 Atota I
(8-14)

4 Wtota 1
G = (8-15)

nND 2

where WtotaI ffithe total Brayton fluid flow rate in the HSHX

The friction factor, f , can be represented by the following expression for
turbulent flow

f = 0.046 Re -0"2 (8-16)

where

GD
Re =

Utilizing Equations (8-13), (8-14),
(8-12) becomes

1.8 02
0.000983 (Do2 - D_) Wtota 1 tz"

/(p =

2.8 ( Atub_._.__e) 2.8 D 3p D i \ Atotal

(8-17)

(8-15), (8-16), and (8-17), Equation

which may be rearranged to yield the tube diameter.

(D2 _ D.2_ W 1"8 ',,0.2 7
_. u -..-it i . t°ta----.!

1/3

D = 0.0995 | 2.8 /Atube _2.8 J/ AP p D i |--/

t \ At°tal /

Selecting values for D O , D i AP, and Atub----_e
' Atota 1

t!on of the tube diameter based on pressure drop considerations.

(8-18)

(8-19)

pe_--mlts a straightforward ca!cu!a-

The number
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of tubes comprising the heat exchanger and their length can be determined by

going back to Equations (8-13) and (8-14). After the NSHX design has been

selected, additional pressure drop due to entrance, turning, and momentum

effects can be calculated and added to the specified frictional losses to yield

the total pressure drop.

2. Thermal Design

An analysis of the heat transfer between the heat source and the HSHX should

consider the radiant heat interchange between the heat source and HSHX No. i,

as well as between HSHX No. 1 and HSHX No. 2; the conduction across the heat

exchangers; and the convection between the Brayton fluid and the walls of the

HSHX in operation. The interaction between radiation, conduction, and con-

vection results in a very complex heat transfer process. Therefore, an accurate

determination of the temperature distribution over the heat source and the HSHX's

requires the use of computers.

A thermal analysis was carried out for the present case (planar circular heat-

source array and an involute tabular heat exchanger). The diameter of the heat

source as well as the heat exchangers was taken as 49 inches. It was assumed

that full output power from PCM No. 2 is required when HSHX No. 1 is inoperative,

i.e., outleg gas temperature from HSHX No. 2 is 1600°F.

The physical model treated in this analysis is sketched in Figure 8.2-4. The

heat flow in the system is simulated by a thermal-resistance thermal-capacitance

network. Each element in the system is represented by a node in this electrical

analog.

The surface of the heat source facing HSHX No. i is divided into five elements

of equal areas. It is assumed that all the heat generated in the fuel capsules

is radiating from this surface and is distributed uniformly over the surface.

The heat-source temperatures in this analysis should be considered as effective

source temperatures. Therefore, any temperature drop in the fuel capsules

should be added to these temperatures to get the maximum source temperature.

Since HSHX No. 1 is not in operation, heat is transferred primarily by con-

duction between the various portions of the heat exchanger. Each of the upper
and lower surface areas of NSHX No. 1 is divided into five circular elements of

equal areas as shown in Figure 8.2-4. Heat is transferred between these two

halves by conduction and radiation.

The Brayton fluid flows in and out of the tubes of HSHX No. 2 as shown in

Figure 8.2-4. Both the fluid and the wall temperature as well as the wall heat

flux vary along the tube. An accurate determination of these variations is

necessary for the proper design of the HSHX. Therefore, the upper and lower

halves of each tube are divided into several elements along the tube. Each of

these elements is thermally connected, through convection, to the Brayton fluid.

Heat is transferred between the upper and lower elements of the tube by con-

duction. Neat transfer between inlet and outlet tubes is important and is taken

into consideration in the thermal network.

-190-



\

U.J

aC

0
u')

j-.
<
U_

0
Z

X ¢2

¢/3 IJ.I

LI.I
r_
Z
<
Z

X
W

I--
<
W

14.1

0

I
I--
<
LU
"r"

W
l--

--J
0

Z

0
I.L

.--I

0

--I

W
-r"

d

g
i2

-191-



Theassumptionsusedin the analysis are summarizedbelow:

a. Eachelementis isothermal and assumesone discrete temperature.

b. Eachsurface is gray.

c. Theradiation reflected andemitted from eachelementis diffusely
distributed. Thefact that the radiating surfaces of these elementsare
gray and that heat is emitted as well as reflected by eachelement, is ac-
countedfor by assumingan effective emmissivity _eff = 0.74.

d. Thetomsurfaces of the heat source, the side walls, andthe lower
surface of HSHXNo. 2 are perfectly insulated. (This assumptionis un-
necessaryand canbe eliminated in the analysis of the final system.)

e. A prescribed anduniform heat flux exists at the elementsof the heat
source.

f. Heat is transferred betweenthe two halves of the heat exchangerby con-
duction andradiation. A suitable value of the thermal resistance between
the twohalves wasdeterminedby separately analyzing the tube andfin
combination.

g. TheBrayton fluid in HSHXNo. 2 is also divided into elements. Heat is
transferred betweeneachelementand the two halves of the HSHXby convection.

h. Theheat transfer coefficient inside the tubes of the HSHXis constant
and is predicted by fully developedturbulent-flow correlations for moderate
temperaturedifferences suchas the Dittus-Boelter correlation.

Usingassumptions(a) and (c), the radiation view factors betweenvarious ele-
mentsin Figure 8.2-4 are computedby a computerprogramCONFAC-II(Reference
8.2-1). Knowingthese view factors and using the remainderof the aboveassump-
tions, the various elementsare representedas discrete nodesin an electric
networksimulating the heat transfer processes. This, in turn, is analyzed
using a secondcomputerprogramMLFTHAN-MARK-I(Reference8.2-2) to obtain the
temperaturedistribution for the physical systemshownin Figure 8.2-4.

It maybe noted that somemodification of the MARK-IIprogramwasnecessaryto
allow for the large numberof the radiation resistances in the present applica-
tion. A brief description of this programand the modifications is given in
Reference8.2-3.

3. Manifold Design

Based on structural considerations, the inlet and outlet manifolds were made

with a circular cross section. The manifolds must be Judiciously sized to keep

the maldistribution of the flow to the heat exchanger tubes within acceptable

limits. As fluid is drained from the inlet manifold into the tubes, conserva-

tion of momentum will result in a tendency for the static pressure to increase

in the direction of the manifold flow. Proper selection of the inlet and outlet

manifold sizes along with a U-flow configuration will result in the momentum
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recoveryalong the inlet manifold offsetting pressuredrops dueto cumulative
inlet manifold friction and outlet manifold friction andmomentumchanges.
Experiencehas shownthat if the manifolds are sized so that, by assuminguni-
form flow distribution, the calculated pressure drop incurred by flowing along
a path from the inlet flange, through the nearest heat exchangertube, and back
to the outlet flange is the sameas for flowing betweenthe flanges but through
the furthest heat exchangertube, the calculated flow maldistribution due to
varying pressure drops for other flow loops will be less than 5 percent.

Analgebraic representation of the flow distribution problemtakes the following
form. Considerthe flow diagramin Figure 8.2-4. It is a U-flow pattern con-
sisting of the inlet and outlet manifolds and the first, middle, and last tubes
of the heat exchanger. Assumeuniform flow distribution _priori. For the first
flow path, i.e., path 1-2-3-4-5-6,

Pl - P6 = (Pl - P2 ) + (P2 - P3 ) + (P3 - P4 ) + (P4 - P5 ) + (P5 - P6 )
(8-20)

While taking the last flow path, i.e., path i-2"-3"-4"-5"-6,

Pl - P6 = (Pl - P2 "') + (P2"" - P5 '') + (P3"" - P4 "') + (P4'" - P5 "') + (P5""- P6 )

(8-21)
where

PI - P2" = APf, I-2 + APmom, I-2

P2 " - P3 "' = APent loss, 2 "'- 3""

P3"- P4" = APf, 3"-4"' + APheader, 3"- 4""

P4'" - P5"" = APexitloss, 4"'- 5""

P5 ""- P6 = APf, 5"'-6 + APmom, 5"'-6

and for the middle flow path, i.e., path 1-2'-3'-4'-5'-6,

Pl- P6 = (Pl- P2 ") + (P2'- P3 ") + (P3"- P4 ") + (P4'- P5 ') + (P5"-P6)

(8-22)

where

P1 - P2' = APf, I-2" + APmom, I-2 "

P2" - P3" = APent loss,2 "- 3"

P3' - P4" = APf, 3'-4" + APheader, 3"- 4"

P4"- PS' = APexit loss, 4'- 5"

Ps'- P6 = APf, 5'-6 + APmom, 5'-6
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For the inlet manifold

APmom, inlet man. = -(qin, o - qin )

where qin,o is the velocity head at the entrance to the inlet manifold, and

is the velocity head in the inlet manifold at the entrance to a particular tube.

In the outlet manifold,

APmom, outletman. = 2(qout, o - qout)

In this case, qout,o is the velocity headat the exit of the outlet manifold,

and qout is the velocity head in the outlet manifold at the exit of a particular
tube.

Inspection of the foregoing equations reveals that in order to make the pressure

drops through the first and last legs equal, the inlet manifold size must be

smaller than the outlet manifold size. There are actually an infinite number

of combinations of inlet and outlet manifold sizes that will result in equal

pressure drops for the first and last legs. Setting a value for the total

oressure drop between the inlet and outlet flanges, however, will result in a

single combination of inlet and outlet manifold sizes.

The amount of maldistribution can be estimated by comparing the pressure drop

for the flow path through the middle tube with the pressure drop for flow paths

containing the first or last tubes, i.e.,

APl-2-3-4-5-6 - _APl-2 "-3 "-4 "-5 "--6
maldistribution _- (8-23)

j ]2 Pl-2-3-4-5-6 + APl-2 c3 %4'-5 c6

Installation

i. Fixed Insulation Concept

Figure 8.2-6 illustrates the general approach to the installation of the HSHX-

BHXU with the IRV system. A fixed superlnsulation system forms the boundaries

of a cavity between the IRV and the radiation shield. Openings on either side

of the cavity are provided to accept the two system HSHX's. Insulation panels

attached to the HSHX are sized to overlap the openings on the fixed insulation

so that, when the heat exchangers are in place, the cavity is completely closed.

The HSHX's are supported on one end by a bracket attached to the PCM and on the

other end by brackets attached to the radiation shield for the bottom heat ex-

Changer and to the IRV support ring for the top heat exchanger. The PCMpack-

ages are offset in a supporting frame network to allow the two heat exchangers

to overlap each other in the cavity.

Figure 8.2-7 shows the installation of the 49-inch-diameterclrcular involute

HSHX in a configuration suitable for the separate launch concept; the insula-

tion approach shown schematically in Figure 8.2-6 is incorporated. A truss and
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ring framework beneath the shield provides the support for the two PCM packages

which slide in on tracks and are locked into place to the truss framework.

2. Heat Dump System

An alternate approach to the rotation of the heat source for the emergency heat

dump mode could be provided by removing a portion of the fixed insulation from

under the IRV. The advantage of this approach is that it would be simpler to

move a few pounds of insulation than to move the complete IRV.

Figure 8.2-8 shows the involute HSHX installation incorporating a heat dump

system. A portion of the fixed insulation on either side of the cavity slides

down to expose the source to space. Since the large manifolds associated _vlth

the involute HSHXwould still be between the heat source and the outside, it was

necessary to increase the separation distance between the source and NSHX _o. 1

from 5 inches to about 12 inches. This gives better view factors between the

heat source and the outer environment and, hence, results in a reasonable rmaxl-

mum source temperature (1900°F) in the heat dump mode.

3. Heat Leaks

The main areas to be insulated are the heat exchanger cavity, the inlet and out-

let ducts to both heat exchangers, and the structural supports to the heat ex-

changers.

The Linde Super Insulation, a product of Union Carbide Corporation, was assumed

as the insulating material for the heat exchanger cavity. The thermal con-

ductivity of the superinsulation is at least one order of magnitude less than

any of the available conventional insulating materials. Moreover, superinsula-

tion systems have shown excellent performance while withstanding rigorous condi-

tions of mechanical shock, vibration, and severe radiation and temperature en-

vironments.

Thermal conductivity performance data for load-bearing and non-load-bearing

superinsulation is presented in Figure 8.2-9. Load-bearing insulation has higher

thermal conductivity due to an increased solid conduction. This difference is

less significant at the higher temperatures, where radiation becomes the dominant

mode of heat transfer.

The superinsulation covers the shield at the bottom of the HSHX cavity as well

as the inner surface of the side walls of the cavity. In the fixed insulation

concept, the side walls are made of a fixed part and two movable parts, as

shown in Figure 8.2-6 and Figure 8.2-7. In the heat dump concept, the super-

insulation consists of a fixed part and two sliding parts, as shown in Figure

8.2-8.

A certain number of penetrations through the superinsulation are required a_

locations where the various parts of the insulation are joined. Conservative

estimate has been made for the heat leak at these joints.

Flexible MIN-K 2000, a product of Johns-Manville, has been selected to insulate

inlet and outlet ducts and flanges. MIN-K is a fibrous material which contains
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appreciable quantities of exceedingly fine particulate matter. The pore struc-

ture of MIN-K is so minute that it has a thermal conductivity lower than the

molecular conductivity of still air. The thermal conductivuty decreases appreci-

ably at higher altitudes. For example, at an altitude of i0 miles, Figure 8.2-9

shows the conductivity decreases by as much as 50 percent. This characteristic

is directly attributable to the extremely small pore size of MIN-K. Figure 8.2-10

shows the thermal conductivity of MIN-K 2000 versus temperature in air.

Figure 8.2-11 shows the various areas of heat leaks and the recommended insulating

materials at these locations. A minimum thickness of 2 inches of superinsulation

is used to cover the cavity boundaries. At the aft support see Figure 8.2-11,

Denetratlons through the insulation are necessary for installation purposes.

Therefore, the thickness of the superinsulation is increased to about 3 inches to

limit the heat leak in this area. A thickness of 2 1/2 inches of flexible MIN-K

2000 was estimated to be satisfactory for the insulation of the ducts and to

cover the flanges and the outer mounting brackets. The MIN-K will have stainless

steel with gold coating as a facing material. This will decrease the heat loss

by radiation to the environment. A thickness of 1 inch of asbestos is used be-

tween the flanges of the inlet and outlet ducts to reduce the heat conducted

along the tube walls. While the HSHX is not in operation, the asbestos minimizes

the heat conducted to the PCM. The supports of the PCM act as heat leaks, dis-

sipating the small amount of heat conducted to the PCM through the ducts. As a

result, no significant temperature rise will occur in the inoperative PCM unit.

Assuming a sink temperature of 0°F, the magnitude of the heat leaks are listed

in Figure 8.2-12.

The larger heat losses in the heat dump system are caused by the larger HSHX

cavity and the sliding portions of the insulation.

Performance

A typical temperature distribution along one of the tubes in HSHX No. 2 is

depicted in Figure 8.2-13. The Brayton fluid temperature rise is also shown in
o

the same figure. The fluid enters the tube at 1200 F; the temperature gradient

along the tube is large in the first pass due to the high heat flux in this pass

and decreases gradually in the second pass. The fluid outlet temperature in
• o

thls case is 1600 F which corresponds to full output power from PCM No. 2.

The results of the effective and maximum heat-source temperature distribution

and the temperature distribution on HSHX No. 1 on the side facing the heat source

are also shown in Figure 8.2-13. The AT from the effective radiating tempera-

ture to the fuel capsule hot spot is taken from the capsule thermal analysis

as 120°F. It is obvious in this figure that the design temperature limitation

of 2000°F is exceeded by approximately 60°F. This can be attributed to: a) a

slight increase in AT around the fuel capsule due to the smaller capsule spacing,

b) an increase due to the 17-percent decrease in radiating area attendant in

going from a 53- to a 49-inch-diameter, and c) an increase in temperatures in-

dicated by the more accurate machine calculations over the previous hand calcula-
tions.

-201-



_K oJ

1
!
I
I
l
l
l
l

o|
-|

I
|
|
I
I
I
I
I
|
I
I

0
0
0

0
0
C,_

0
0
00

0
0

o

,0 I---
<

0 W
uO p-

Z

<

0
0

0
0

0
0
(M

z
0

0
cJ

>-
I-

I.-
(J

Z
0

/

n,,
W

I--

0
,-4

!

I,

6 6 6 6 o 6

3 0 _H 13 _SI'NI n±s _AIlAI13AQN03

0
0

0--

6

-202-



/
i,i

-v-
L/1

w
F-

w

v

.J

o
u.

z
o
F-

g
.--

,0
0
0

-203-



q 4.41.----

HEAT-SOURCE HEAT EXCHANGER

CAVITY

Sii I L,
qs q2 q3

q I = heat loss from side walls of HSHX cavity in watts

q 2 = heat loss from base of HSHX cavity in watts

q 3 = heat loss from aft support in watts

q 4 = heat loss from inlet and outlet ducts in watts

q 5 = heat loss from mounting brackets in watts

System q w +q 2 q 3 q _ q s Tr_tal

255 61 404 202 922Fixed insulation system

(no heat dump)

Heat dump system 324 61 404 202 991

Figure8.2-12 HEAT LEAKS -- PLANARCIRCULAR HEAT SOURCE
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At the conclusion of the Phase IA studies, the ground rule which required that

the second power system operate at full power with the 2000°F capsule limit was

relaxed in favor of one in which a reduction in power level on the second unit

would be traded for a reduction in source temperature. In other words, the

full output power requirement would only be imposed on the first HSHX. Figure

8.2-14 shows the temperature distributions with HSHX No. 1 operating at full

turbine inlet temperature. The data presented in this figure are not a result

of a computer calculation; they were estimated from the computer results shown

in Figure 8.2-13. It is clear in this figure that, under such a condition, the
maximum source temperature is 1870°F which is considerably lower than 2000OF.

The maximum source temperature was shown in Figure 8.2-13 to be 2060 ° when HSHX

No. 2 is in operation and full output power is required from PCM No. 2. The

reduction of this temperature to the 2000°F limit can be accomplished by one or

more of the following ways:

a. Increase the diameter of the HSHX

b. Increase the diameters of both the HSHX and the heat source

c. Increase the wall thickness of the HSHX tubes

d. Relax the requirement of full output power from PCM No. 2.

The effect on the maximum source temperature of increasing the diameter of the

HSHX is shown in Figure 8.2-15 for a source diameter of 49 inches. An increase

in the diameter of the HSHX results essentially in an increase in the geometric

shade factor between the heat source and the HSHX. As shown in this figure,

the diameter of the HSHX has to increase to about 61 inches to reduce the maxi-

mum source temperature by 60°F.

A more effective way to reduce the source temperature is to increase the diam-

eter of both the heat source and the HSHX. This increases the geometric shape

factor between the heat source and the HSNX, and at the same time, it decreases

the heat flux per unit area of the heat source. The maximum effective source

temperature is shown in Figure 8.2-16 versus the HSHX diameter when either HSHX

No. 1 or HSHX No. 2 is in operation, in both cases, the turbine inlet tempera-

ture is kept at 1600°F. If HSHX No. 2 is in oneration, to have a maximum

effective source temperature of 1880°F (to allow for a 120°F temperature drop

in the fuel capsules), the diameters of the heat source and the HSHX have to be

greater than 55 inches.

A third way to decrease the maximum heat-source temperature consists of a) in-

creasing the wall thickness of the HSHX tubes to reduce conduction losses and

b) providing a better thermal conduction path between the hot and cold legs by

depositing additional weld material between the tubes. A simple relationship

can approximately describe the source temperature reduction. Temperature

degradations due to conduction effects can be cut in half by doubling metal

thickness. Figure 8.2-17 indicates the reduction in heat-source maximum tem-

perature based on the preceding assumption.

The effect of relaxing the full power requirement for the PCM No. 2 is revealed

in Figures 8.2-18 and 8.2-19. Figure 8.2-18 shows the decrease in the maximum
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effective source temnerature as a result of the decrease in the Brayton fluid

outlet temperature in HSHX No. 2. It is clear in this figure that decreasing
O

the gas outlet temperature by 80°F results in about a 60 F decrease in the maxi-

mum effective source temperature, and hence the maximum source temperature would
not exceed 2000°F. A reduction of the turbine inlet temperature from 1600°F to

1520°F results in a reduction of electrical power output of about 12 percent

(from 6.86 to 6.05 kw c) as indicated in Figure 8.2-19

Reducing turbine inlet temperature is accomplished by increasing the system

pressure level, as shown in Figure 8.2-19 in terms of the required compressor

inlet pressure. The gas management system would be utilized to effect this

pressure level change. This approach offers a potential for reducing source

temperatures at some penalty of operational capability.

8.2.1.3 Rectangular Heat-Source Heat Exchanger

Description

The rectangular HSHX for the 49-inch-diameter heat source is shown in Figure

8.2-20. The active portion of the heat exchanger consists of 48 tubes, each

with an OD of 1.0 inch and a wall thickness of 0.030 inch. A spacing of 0.021

inch is left between tubes to provide for a weld bead. The fluid enters alter-

nate tubes along the length of the 3.0-inch-diameter inlet manifold, flows

across the face of the heat source, enters a 1.5-inch-diameter header, is turned,

enters adjacent tubes, flows back across the face of the heat source, and enters

the 3.0-inch-diameter outlet manifold. The wall thickness of the inlet and out-

let manifolds are 0.030 inch and 0.042 inch, respectively. The length of the

outer legs is 37 inches, and the center legs are 49 inches long. The wall thick-

ness of the tubes is 0.030 inch, and the overall weight of the heat exchanger is

85 pounds.

Design Analysis

The same design procedure described for the involute tubular HSHXwas used for

the rectangular HSHX.

i. Thermal Design

The thermal analysis of the heat transfer process in the heat source HSHX cavity

was carried out using the approximate method described in Reference 8.2-3.

Profiles of the wall temperature and heat flux along the tubes of HSHX No. 2

are depicted in Figure 8.2-21. These profiles were calculated for the tubes in

the center of the HSHX. The source temperature distribution shown in this

figure is along the centerline of the heat source in the Y-direction.

The ratio of the local heat flux for various tubes of HSHX No. 2 to the local

heat flux in the center tube is shown in Figure 8.2-21 versus the distance from

the center. This distribution is shown for locations i, 2, 3, 4, and 5 depicted

in Figure 8.2-22. At location 2, for example, which is at a distance ± i0 inches

from the y =0 plane, the local heat flux in a tube located 16.2 inches from the

plane x = 0 is about 48 percent of the local heat flux in the tube at the center.
At locations close to the end of __**e tubes, the variation of the local heat flux
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among various tubes becomes more severe. Figure 8.2-22 reveals that, for a tube

located at a distance x = 16.2 inches and at a location y = 18.5 inches, the heat

flux is about 7 percent that of the center tube. Hence, these portions of the

tubes are contributing very little to the required heat transfer area.

2. Pressure Drop

Figures 8.2-21 and 8.2-22 describe the heat input to the various flow paths across

the face of the heat source. It can be seen that the amount of heat input along

any particular flow path is aovroximately proportional to the distance that the

fluid traverses across the face of the heat source in that region. On this basis,

the Brayton fluid, in order to have a constant exit temperature as it enters along

the length of the outlet manifold, should also be distributed in proportion to the
distance it traverses over the face of the heat source.

Let

N = the number of "in" legs = number of "out" legs

D = tube OD = tube

n = number of "in" legs away from the center flow path (center path = 0)

The half-length, y , that leg n traverses across the face of the heat source is

4n 2
y = r I - -- (8-24)

N 2

Therefore, the local Brayton fluid flow rate through leg n should be

4n 2
= WO 1

N 2

where W o is the Brayton fluid flow rate through the central leg.

(8-25)

Therefore

N/2 N/2 /
Wto t = 2 Wdn = 2W 1 - -- dn

o N2
O O

rt Wo N

4 (8-26)

where Wto t is the total Brayton fluid flow rate to the HSHX.

-216-



Y

'I37 IN.

5

!

)'L,o
IN.

•-,..--.-x= 16.2 IN.

F LOCATION I

o
_,w_ _ /---LOCATI0, 3

"
o,s \

0
0.5 1.0

x/X

Figure 8.2-22 RECTANGULARHEAT-SOURCEHEAT EXCHANGERCIRCULAR PLANAR
SOURCE-VARIATIONOF HEAT FLUXALONGVARIOUSTUBES

-217-



Utilizing Equations (8-12), (8-15), (8-16), and (8-17) the frictional pressure

dron through any leg becomes

A Pf = 0.00442

2 _/1.8# • L (8-27)

p D 4"8

Utilizing Equations (8-24) and (8-25)

I 4n 2 ]
L_/1"8 = 4rW1.8 1

N 2

1.4

(8-28)

while

D = r/N (8-29)

and by apDlying Equations (8-26), (8-28), and (8-29) to (8-27)

2 18 [ 4o2114# " tot N3 1 (8-30)

AP, = 0.0273 P r3"8 - --_j

Now for the center leg, n = o , and therefore Equation (8-30) can be rearranged

to give

I/3

_. r 3"8 APf p 8] (8-31)N= L°'°2'32:
tot _a

Eauation (8-31) permits calculation of the number of legs comprising the heat

exchanger, while Equation (8-29) yields the tube diameter. The flow distri-

bution can be calculated from Equations (8-25) and (8-26).

3. Manifold Design

Equations (8-25) and (8-26) yield the desired flow distribution based on the

thermal energy input to each leg of the HSHX. It can be seen from Equation

(8-30), however, that the pressure drop due to friction will vary greatly for

various legs of the heat exchanger; therefore, additional means have to be

utilized to obtain the flow distribution specified by Equations (8-25) and

(8-26). It would ideally be desirable to achieve proper flow distribution by

utilizing the appropriate inlet and outlet manifold design. Due to the unusual

distribution of flow that is required, however, it is more realistic to orifice

the flow to each leg, with the orifice size for each leg resulting in the

desired flow distribution. The inlet and outlet manifold diameters have there-

fore been set at 3.0 inches, and the orifices are relied upon to yield the

desired distribution of flow. The 3.0-inch manifold diameter is large enough

so that the manifold pressure drop represents only a small portion of the

pressure drop through the HSHX.
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Installation

i. Heat Dump System

The heat dump concept with the rectangular HSHX is illustrated in Figure 8.2-23.

The large inlet and outlet manifolds are now located on one end of the heat ex-

changer, and they do not block the view of the heat source when the two side

panels are moved down in the heat dump mode. In fact, radiation can occur both

from the heat source and from the surfaces of the heat exchangers in the heat

dump mode. At the nominal 5-inch separation distance from the source, the maxi-
O

mum source temperature is only 1700 F. A sliding panel was selected, instead

of a hinged door, to eliminate interference with the shroud around the vehicle.

In operation, the system would be launched with the doors open. After a very

short time, the shroud would be ejected, and the temperature of the heat source
would climb to 1700°F.

The installation concept for the rectangular HSHX with heat dump capability is

shown in Figure 8.2-24. Two sides of the insulation cavity are rectangular

panels that slide down and expose the heat source, the four surfaces of the

heat exchangers, and the shield insulation surface (the manifolds do not obstruct

the view of these surfaces to space in that direction). The equilibrium maxi-

mum source temperature under the heat dump condition is approximately 1700°F,

which is 150 ° to 200°F below that for the circular involute HSHX for the particu-

lar geometries analyzed.

2. Heat Leaks

The insulating materials and the thicknesses in this system are identical with

those shown in Figure 8.2-11 for the circular HSHX. Assuming a 0°F sink tem-

perature, the magnitude of the heat leaks at various locations in the system

are shown in Figure 8.2-25.

Performance

The temperature distribution in HSHX No. 2 was shown in Figure 8.2-21 when

HSHX No. i is inoperative and the outlet temperature of the Brayton fluid is

1600°F. The maximum source temperature was shown to be around 2020°F.

In a manner similar to that utilized for the involute HSHX, the maximum heat-

source temperature can be reduced either by relaxing the requirement of full

output power from PCM No. 2 or by increasing the wall thickness of the tubes of
the HSHX.

Figure 8.2-26 shows the reduction in the maximum effective source temperature

as a result of the reduction in the Brayton fluid outlet temperature in HSHX

No. 2. Using this figure and Figure 8.2-19 one can conclude that a reduction

of 20°F in the source temperature results in a reduction of about 5 percent in

the electrical power output from PCM No. 2.

A reduction in the maximum source temperature also can be obtained at the

expense of increased HS}IXweight. Figure 8.2-27 which has been obtained for

the rectangular HSHX, shows the penalty in HSHX weight as a function of the

reduction in the source temperature.
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q5

HSHX

CAVITY

q3

--_ q!

qf = heat loss from side walls of HSHX cavity in watts

q2 = heat loss from bottom surface of HSHX cavity in watts

q3 = heat loss from aft support in watts

qa = heat loss from inlet and outlet ducts in watts

q5 = heat loss from mounting brackets in watts

System q! + q2

220Fixed insulation system

(no heat dump)

Heat dump system 258

q3 q4

51 404

51 404

qs Total

212 887

212 945

Figure 8.2-2Li HEAT LEAKS
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8.2.2 Pin Cushion Heat-Source Array

8.2.2.1 Source Description

The pin cushion heat source is a 39-inch-diameter cylindrical unit made up of 13

parallel rows of axially mounted fuel capsules. The rows of fuel capsules form

cords of different lengths on the circular source plate. A cross section of a

typical fuel capsule is shown in Figure 8.2-28which also shows the temperature

distribution around the capsule and in one of its adjoining auxiliary coolant

heat exchanger (ACKX) passages. In this design, there is no coverplate between

the fuel capsule and the HSHX; consequently, the difference between the maximum

capsule temperature and the effective source temperature is only 70°F.

The HSHX design for this system represented a significant departure from the HSHX

approach developed in the Phase IA studies. Figure 8.2-29 shows the design

approaches used for the HSHX's for the Phase IA and Phase IB pin cushion heat

sources.

In the Phase IA configuration, heat was extracted from both sides of the fuel

capsules, and two heat exchanger legs were placed between each row of capsules.

In an effort to reduce the source diameter to a minimum, however, the Phase IB

configuration shown in Figure 8.2-29 was adopted. This configuration has a

single heat exchanger leg between each fuel capsule row. A single leg picks up

heat from two rows of fuel capsules. HSHX No. 1 and HSHX No. 2 are offset in a

horizontal plane and occupy the space between alternate rows of fuel capsules.

The spacing of the rows of fuel capsules is set by the OD of the HSHX tubes plus

a clearance of 0.5 inch.

8.2.2.2 Heat-Source Heat Exchanger Design

Description

The general arrangement of the HSHX and the rows of fuel capsules is shown in

Figure 8.2-30 and the arrangement of the two HSHX's and the heat source array

is shown in Figure 8.2-31. The heat exchanger legs are inserted between alter-

nate rows of fuel capsules, and each leg is heated by two rows of fuel capsules.

Figure 8.2-30 presents pertinent design data for the HSHX; the weight of the

HSHX is 39 pounds. The number of tubes and the lengths and diameters of the

tubes vary in the different sections of the heat exchangers. Both HSHX No. 1

and HSHX No. 2 include seven banks of tubes. Because of the alternate spacing

of sections of each HSHXbetween the rows of capsules, operation of either HSHX

No. I or _SHXNo. 2 is equivalent from the standpoint of heat transfer and heat-

source operating temperature. The HSHX layout is shown in Figure 8.2-32.

The active heat transfer portion of the HSEX consists of banks of tubes that are

inserted between the rows of isotope fuel capsules. Brayton fluid flows along

the primary inlet manifold and through the secondary inlet manifolds to the tube

banks. The fluid enters alternate tubes and flows the length of the isotope fuel

capsule rows. It then enters a tubular header, executes a 180-degree turn, re-

enters the active portion of the heat exchanger through the adjacent tubes, and

flows back along the rows of isotope fuel capsules. It then exits from the HSKX

via the secondary and primary outlet manifolds.
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Figure8.2-28 FUEL CAPSULE TEMPERATURE GRADIENT IN A VERTICAL PIN CUSHIONARRAY
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Design Analysis

I. Thermal Desisn

Figure 8.2-33 shows the distribution of the wall temperature and the effective

and maximum source temperature for a pin cushion heat-source array. This system

is characterized by a lower maximum source temperature (1790°F) because of I) the

absence of a second radiation gap and 2) the absence of conduction temperature

drop in the inactive HSHX. Moreover, the maximum capsule temperature is only

70°F above the effective source radiating temperature instead of the 120°F dif-

ference that occurs in the involute-tube design. The heat-source temperature

distribution remains the same whether HSP_ No. 1 or HSP_ No. 2 is active.

2. Pressure Drop

The desired distribution of fluid among the various sections of the HSHX is

determined hy the thermal input from the rows of isotope fuel capsules. Utilizing

the flow values given in Figure 8.2-30 each section of the HSHXwas designed to

yield a specified pressure drop, in a manner similar to that outlined for the

involute and rectangular HSHX's.

3. Manifold Desisn

Because of the complicated flow arrangement involving both primary and secondary

distribution manifolds, it may be necessary to incorporate orifices to obtain

proper pressure profiles in the manifolds. This possibility was not studied in

detail during this phase of the design study effort.

8.2.2.3 Installation

The vehicle installation of the pin cushion HSHX is shown in Drawing 8.2-34.

Comparison of the concept shown on this drawing with the other concepts reveals

that this is a considerably more compact arrangement. In this design, the PCM's

are displaced in the horizontal plane rather than in the vertical to allow the

HSKX legs to fit down between the rows of fuel capsules. This installation con-

cept may place some restrictions on the back side of the IRV because of the

proximity of the HSHX ducts to the IRV. This aspect of the problem has not been

fully explored for this configuration.

The insulating materials and thicknesses are identical to those shown in Fig-
ure 8.2-11 for the 49-inch circular HSHX. The heat leaks at various locations

in the system are listed in Figure 8.2-35. The total heat loss is estimated to

be 823 watts.

8.2.3 Planar Circular Heat-Source Array (Vented Capsule)

8.2.3.1 Source Description

The vented capsule heat source consists of 164 fuel capsules arrayed on a 39-inch-

diameter source plate. A scalloped coverplate is employed to hold the fuel cap-

sules to the source plate. A cross section of a typical fuel capsule, indicating

the temperature distributions, is shown in Figure 8.2-36. For the design of the

HSHX's, the effective radiating temperature is taken as the minimum source

surface temperature.
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q4_

HEAT-SOURCE HEAT EXCHANGER

CAVITY

i I I
,H:

qs
q2 ;: q3

.'_,_

q,-"- I

ql = heat loss from sidewalls of H.III{cavity in watts

!l._'i

q2 = heat loss from base of HSHX c_ty in watts

l
q3 = heat loss from aft support in{_tts

q4 = heat loss from inlet and out|;Wducts in watts

qs = heat loss from mounting brack_i

System ql + q2

Fixed insulation system 210

in watts

q_' q4

!_

o !:_< 37J

!

qs Total

181 907
i

_. _._,_:::...............

r,

Figure8.2-35 HEAT LEAKSFOR PiNCUSHIONSYSTEM
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Figure8.2-36 TEMPERATUREGRADIENTAROUNDVENTEDCAPSULE (CIRCULAR PLANAR
HEAT SOURCE)
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8.2.3.2 Involute Tubular Heat-Source Heat Exchanger

Description

Figure 8.2-37 shows the HSHX for the 46-inch-diameter heat source. The design of

this HSHX is essentially equivalent to the involute HSHX that is employed for the

49-inch-diameter heat source that utilizes nonvented isotope fuel capsules. The

tube diameter and spacing is identical, as is the cross section of both the inlet

and outlet manifolds. The only difference between the two designs is that the

diameter of the active portion of the former is 49 inches while for the latter

it is 46 inches. The smaller heat exchanger has a slightly lower pressure drop

than the larger, but it is not enough to warrant a redesign. The weight of this

heat exchanger is 79 pounds.

Installation and Heat Leaks

The installation of the HSHX-BHXU with the IRV system is shown in Figure 8.2-38.

The heat dump system approach, described in Section 8.2.1 for the 49-inch system,

is used in this case. The main areas to be insulated are the heat exchanger

cavity, the inlet and outlet ducts to both heat exchangers, and the structural

supports to the heat exchangers. The thicknesses of the insulating materials

are the same as those shown in Figure 8.2-11. The magnitudes of the heat leaks

at various locations in the system are listed in Figure 8.2-39.

Performance

The design of the HSHX's was carried out in the same way described in the pre-

vious sections. The thermal analysis resulted in the temperature and heat flux

distributions presented in Figures 8.2-40 and 8.2-41. Figure 8.2-40 shows the

fluid temperature, wall temperature, and heat flux profiles in HSHX No. 2 when

HSHX No. 2 is in operation and full output power is required from PCM No. 2.

Figure 8.2-41 shows the effective and maximum source temperatures when either

HSHX No. 2 or HSHX No. 1 is in operation. In both cases, full output power is

assumed to be required, i.e., outlet gas temperature from the HSHX in operation

is 1600°F. For the case with HSHX No. 2 in operation, the maximum source tem-

perature is 2115°F which is 55°F higher than the maximum for the 49-inch system.

This increase in source temperature is due to the decrease in the heat source and

in the HSHX areas and to the increase in the temperature drop in the fuel cap-

sules. For the case when HSHX No. 1 is in operation, Figure 8.2-41 shows that

the maximum source temperature is considerably lower than 2000°F.

Figure 8.2-42 shows the maximum effective radiation temperatures as a function

of diameter for circular sources with a matching involute HSHX. The top curve

is for full output power on the HSHX No. 2, and the bottom curve is for full out-

put power on the HSHX No. I. To obtain the maximum fuel capsule temperatures,

the temperature drop in the fuel capsules (AT) must be added to these curves.

This AT also increases as the diameter gets smaller; it is 120°F at 49 inches

and 155OF at 46 inches. Decreasing the diameter below 50 inches results in a

significant power drop of HSKX No. 2, but considerable reduction below 45 inches

is possible with HSHX No. i yielding full power output.
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q_

qs q2 q3

HEAT-SOURCE HEAT EXCHANGER

CAVITY

mb_

v q!

ql = heat loss from sidewalls of HSHX cavity in watts

q2 = heat loss from base of HSHX cavity in watts

q3 = heat loss from aft support in watts

q_ = heat loss from inlet and outlet ducts in watts

q5 = heat loss from mounting brackets in watts

System q0 + q2 q3 q4 qs Total

240 61 404 202 907Fixed insulation system

(no heat dump)

Heat dump system. 304 61 404 202 971

Figure 8.2-59 HEAT LEAKS --CIRCULAR PLANARHEATSOURCE(VENTED CAPSULES)
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8.2.4 Structural Analysis

8.2.4.1 Introduction

The structural characteristics of the three design approaches under consideration

(involute, rectangular, andpin cushion) were compared. This preliminary analysis

indicated that all three were acceptable from the standpoint of structural integ-

rity. Analyses were performed for pressure containment and for thermal loads.

The pressure containment analysis was performed to determine preliminary wall

thicknesses for the various designs. Typical mechanical loads in the tube arrays,

caused by restraint of free thermal =_xpansion, were determined to indicate one of

the major design considerations for operation for the HSHX at elevated tempera-

tures. The tube loads in the unwelded transition from the basic array to the

collector manifolds were shown to be highly dependent upon unwelded length.

8.2.4.2 Structural Design Criteria

A variety of load conditions, stress conditions, and possible failure modes will

be experienced by the HSKX during its 5-year service life. The detailed set of

design criteria discussed below will be used to design the various components.

Allowable Stresses for Internal Pressure Containment

The design pressure for the heat exchanger is 56 psi, and design temperatures,

as noted in the calculations, are associated with a gas inlet temperature of

1200°F and outlet temperature of 1600°F.

The Cb-IZr material properties that must be considered for components operating

at temperatures below about 1300°F are the short-time yield and ultimate strength

properties. For higher operating temperatures, the stress-rupture properties at

temperature for the 50,000-hr service llfe will govern the design.

The standard design practice employed by AiResearch for pressure containment in

the low-temperature regime is to use proof pressures of 1.5 times the working

pressures and burst pressures of 2.0 times the working pressures. The structure

must not yield at proof pressure or rupture at burst pressure. This implies

that the proof pressure is the governing design condition if the ratio of yield

stress to ultimate stress is less than 0.75 and that the burst pressure will

govern if the ratio is greater than 0.75. The allowable stress at working

pressure is, therefore, the lesser of the following:

aal I = (ftu)/2 (8-31)

aall = (ftY)/1"5 (8-32)

The extended life requirements of the unit demand that creep deformation and

stress rupture also be considered. These stress limitations are more stringent

than the allowable stresses obtained from the short-time properties. Standard

industrial practice on pressure vessels is to employ factors of 1.5 on 1-percent

creep and 2.0 on stress rupture. Allowable stresses at working pressures must,

therefore, be the lesser of the following:
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Oal 1 = (1-percentcreep stress)50,O00 hr / 1.5

aal 1 = (creep-rupture stress)50,O00 hr/2

These must be compared with the short-time allowable stresses to determine the

governing design condition.

At elevated temperature, material properties are very sensitive to temperature.

For Cb-IZr, an increase in temperature of 100°F leads to a decrease of approxi-

mately 30 percent in creep- and stress-rupture strengths. Therefore, an allow-

ance must be made to account for the possibility of over-temperature. The de-

sign temperature used to establish allowable stresses is taken to be the maximum

operating temperature plus 100°F.

One modification to the above will be made for bending load designs that will be

governed by the material creep properties. The maximum bending stress occurs at

the extreme fibers, and creep relation will cause a redistribution of the load

across the bending section. It is desirable to modify the allowable bending

stress to take advantage of the increased creep-strength capability. Assuming

that a constant stress is achieved on both the tension and compression portions

of the section, the bending stress allowable will be 1.5 times the above creep-

and stress-rupture allowables.

Allowable Stresses for Inertia Loads

Launch and liftoff loads, supplied by NASA for the Atlas/Centaur launch vehicle,

were:

Maximum acceleration 6.4g

Maximum normal acceleration 2.3 g

Limit load factors 1.25 times acceleration g's

The inertia loads on the HSHX may be experienced during any phase of the operating

cycle of the unit. The mounting brackets must therefore be designed to carry the

inertia loads at elevated temperature. Since the maximum loads occur for a rela-

tively short time during vehicle launch, the short-time material properties will

be used.

The design allowable stress used for the inertia loads is therefore the short-

time tensile yield stress at the design temperature that is expected at the

bracket location:

aalI = u_/
(8-33)

This will lead to a conservative bracket design because the above criteria call

for simultaneous application of the various inertia loads discussed below. In

practice, these loads will not occur at the same time, and the peak loads ex-

perienced by the mounting system may he considerably less than the quoted com-

bined maximum values. For example, application of the shock load and vibration
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load at different times wouldproducemaximumbracket loads of about 50 percent
of the design load capability.

Allowable Thermal Fa_tigue Stresses

The design temperatures for steady-state conditions were based on temperature

distributions for two-pass configurations given in the previous topical report.

An assumed temperature lag of the headers of 400°F was used to illustrate possible
transient conditions.

The magnitude of thermal stresses developed during the rapid heat-up cycle of the

system will result in plastic deformations in various components. The minimum

operating life requirement of the HSHX is I00 thermal cycles. A minimum calcu-

lated design life of 400 cycles will be used to ensure that the 100-cycle oper-

ating life is achieved.

The required analyses will be based on the accumulated plastic strain approach

for estimating fatigue life. The number of cycles to failure, N , is determined
from the formula:

2C 2
N = (8-34)

%)21-2 + ('P)23-4

where

N = cycles to failure

C =

plastic strain

ductility constant

The constant, C , is determined from the formula:

C = (0.7905 _f)3/4 (8-35)

where

_f =

RA =

true reduction of area = - In (i00 - percent RA)/100

reduction of area

The fracture ductility is determined from material properties, and the plastic

strain is estimated from a typical load cycle for the material. Two examples

of loading sequences are shown in Figure 8.2-43 with the associated expressions

for determining _R " Cumulative effects for different load cycles during the
material life are handled by a fatigue damage rule similar to Miner's rule.

This may be expressed as
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<-- = 1.0

i = 1 (Ni)2

(8-36)

Material Properties

The pertinent available physical and mechanical properties of Cb-iZr are shown in

Table 8.2-11. The design allowables based on the above criteria are shown in

Table 8.2-111 for stresses due to internal pressure and inertia loads.

8.2.4.3 Pressure Containment Analysis

Preliminary pressure containment analysis was performed to estimate tuhe and

header wall thicknesses. Required thicknesses were determined from the formula

for a uniform cylinder under internal pressure. The maximum stress is:

o = Pdt (8-37)

so the required thickness is

tre q = pr/oal I (8-38)

where

P = the internal pressure

r ffi the cylinder radius

A summary of tube and header estimated wall thicknesses along with the governing

criteria and estimated maximum is presented in Table 8.2-IV for the three

candidate designs at operating temperature. A preliminary tube wall thickness
of 0.030 inch was selected as a reasonable minimum fabricahle size.

The material thicknesses shown in the table do not reflect possible departures

from straight tubular geometry. Curvature of the tubing, partlcularly in the

case of the involute tubing, will require increased thickness since the stresses

at outer fibers in these tubes are somewhat higher than those computed by the

above cylinder equation. Joints between the tubes and manifolds will also re-

quire either local reinforcement or general wall thickness increases.

8.2.4.4 Thermal Stress Analysis

A preliminary thermal stress calculation indicated that substantial tube loads

are possible in the unwelded transition region from the welded tube area to the

inlet and outlet headers. The headers and tubes operate at different tempera-

ture levels in all three designs, and the unwelded lengths of tubing must accom-

modate the differential thermal movements. Calculations were performed for two

lengths of unwelded tubing and two operating conditions : steady-state and a

typical simulated heat-up condition. In the heat-up case, the headers were

assumed to be 400°F lower than their steady-state operating temperatures.
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TABLE 8.2-1V

TUBE AND HEADER SUMMARY

Part

Involute HSHX

Inlet header

Outlet header

Inlet tube

Outlet tube

Rectangular HSHX

Inlet header

Outlet header

Inlet tube

Outlet tube

Pincushion

Inlet header

Outlet header

Inlet collector header

Outlet collector header

Inlet tube

Outlet tube

Wall

Thickness

0.030

0.042

Governing Criterion

Minimum gage

°all

O. 050

O. 030

O. 050

Minimum gage

Minimum gage

Minimum gage

0.042

O. 050

O. 050

0.031

O. 065

O. 050

O. 030

O. 050

O. 050

°all

Minimum gage

Minimum gage

Oall

°all

Minimum gage

°all

°all

_all

Maximum

Temperature_
o F

1425

1620

1604

1620

1480

1620

1628

1628

1550

1660

1560

1650

1620

1646
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Themaximumtube bendingmomentsoccurring for eachof the three designs is given
in Table 8.2-V. Distancesof 3.0 and 5.25 inches radially inward from the header
to the edgeof the weldedtube region wereused. Theallowable tube momentbased
on Cb-iZr allowable stresses for internal pressurecontainmentis shownin
Table 8.2-V. Thebendingmomentrequired to initiate tube yielding is also in-
cluded. Thesteady-state operating conditions are related to the pressure-
containmentallowable bendingstresses that are governedby creep-rupture prop-
erties; the transient conditions are relatedto the short-time yield properties
of the material.

Theresults in Table 8.2-V showthat increased tube length decreasesthe applied
bendingmomentin all cases. Furthermore,there is an acceptableunweldedtube
length for each design. The involute design is acceptable both for steady-state

and for the assumed transient conditions with a 5.25-inch radial transition length.

The other two designs will require unwelded tube lengths greater than those shown

in the table, and the pin cushion design would be acceptable with a smaller length

increase than that required for the rectangular design.

REFERENCES

8.2-1

8.2-2

8.2-3

Toups, K. A., A General Computer Program for the Determination of Radiant

Interchange Configuration and Form Factors - CONFACT II, Report No. SID

65-i043-2, North American Aviation, Inc. (October 1965).

Fick, J. L., MLFTHAN-LMSC Thermal Network Analyzer Mark I, Distribution
No. 1295.

Coombs, M. G. et al., Heat-Source Heat Exchanger Design Study, AiResearch

Topical Report No. 68-3257.

8.3 IRV/BRAYTON CYCLE/LAUNCH VEHICLE INTEGRATION

The integration of the IRV vehicle with the heat exchanger and associated sys-

tems is as depicted in the exploded configuration shown in Figure 1.0-I. The

heat exchanger is supported in its proper position relative to the heat source

hy a tubular support structure. This structure also supports the PCM package

and is the primary load carrying structure between the NASA Lewis radiator

(launch vehicle) and the IRV. The hinged spacer discussed in Section 8.1.4

above is attached to the forward ring of this support truss. For the emergency

cooling mode the IRV with its heat source is hinged away from the heat exchanger

and radiates to space and is shown in Figure 8.3-1. An alternate method of

emergency cooling, currently planned to be incorporated in conjunction with the

IRV hinging is shown in Figure 8.3-2. This is accomplished by hinging or sliding

insulation panels out of position and allowing heat rejection to outer space.

This concept complicates the design of the primary support structure as well as

adding an active actuating system but appears to warrant consideration in the

preliminary design phase. The tubular support structure is designed to allow

insertion and/or removal of the PCM package at any time once the aerodynamic

shroud has been jettisoned. This is accomplished by mounting the PCM package

at any time once the aerodynamic shroud has been jettisoned. This is accomplished
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hy mounting the PCM package on a track within the support truss and carrying the

launch loads around the required structural envelope. Insulation and radiation

shielding is packaged immediately aft of the heat exchanger.

8.3.1 Abort and Deorhlt Analysis

This section describes an investigation of the abort and deorbit performance of

the IRV. Three candidate configurations are compared on the basis of their rela-

tive spin-rate requirements, ease of integration, reliability, weight, volume,

and operational features. The calculation of required spin-rate draws upon the

general analysis of spin-stabilized thrusting presented in Appendix A.

The possibility of using the deorbit spin-up and thrust rockets for pad-abort is

examined and found to be feasible for two of the three candidate configurations.

The nominal deorbit thrust level (2800 pounds) was chosen with this possibility
in mind.

8.3.1.1 Candidate Configurations

Three essentially different deorbit system configurations have been considered

(see sketches in Figure 8.3-4). They are:

I. Tower-mounted retrorocket - In this configuration, a single combustion

chamber feeding three canted nozzles is mounted on a tower attached to the

heat shield.

2. Nose-mounted retrorocket - In this configuration, a single rocket is

mounted directly on the heat shield. The thrust vector direction is opposite

to that of Case i.

3. Peripheral-mounted retrorockets - In this configuration, three separate

rockets are mounted on the periphery of the vehicle. The thrust direction
is the same as in Case I.

8.3.1.2 Required Spin-Rate

Appendix A summarizes some useful approximate solutions which describe the de-

viation of the spin axis away from its initial direction, caused by initial trans-

verse rates and a transverse torque associated with a thrust misalignment and/or

a c.g. offset. Normalized curves for the long term average deviation and the

maximum deviation due to transverse torque are plotted versus inertia-ratio in

Figure 8.3-3. The curves are normalized by the dimensionless ratio m/_ 2 where

= spin rate

m == MT/I T

MT = transverse torque

IT = transverse inertia
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The average deviation, _, is a measure of the thrust application angle error.

Detailed examination of the complete solution shows that if thrusting lasts for

a few revolutions or longer, the average value _ is close to the plotted curve,

except when the inertia ratio, IX/I T , is near unity.

The required spin-rate is given by

mma X

_Oreq, d = IX/I T
(8-38)

where mma x is the maximum expected value of MT/I T and _allowed is the allowable

thrust application angle error. The maximum expected value of transverse torque

is given by

M Z = d sin _ T

for Configurations 1 and 2, and

r

ME = -- AT
3

(8-39)

(8-40)

for Configuration 3. In the above equations

d = the axial distance from the c.g. to the point of application of thrust.

r = the radial distance from the c.g. to the point of application of thrust.

= the angular deviation of the thrust vector from its nominal llne through

the c.g.

T = the nominal thrust magnitude

AT = the deviation in thrust magnitude.

gines differs from the other two.)

(We assume one of the three en-

Table 8.3-1 summarizes the moment arms, inertia, transverse torque estimates, and

required spin-rates for the three configurations. The torque estimates shown in

the table correspond to a thrust direction error (_) of 0.5 degree and a thrust

magnitude error (AT) of 5 percent of the nominal value. The allowable error in

the thrust application angle error (_) was taken to be 5 degrees. Figure 8.3-3

shows that holding ff below 5 degrees corresponds to holding ffmax below 40 degrees

as long as the region (0.70 <Ix/I T < 1.3) is avoided. This limitation on ffmax is

necessary in order to prevent uncontrolled tumbling and also to prevent unaccept-

able AV losses associated with the difference between unity and the cosine of the

deviation angle. Trajectory dispersion data shows that thrust application angle

errors of 5 degrees cause reentry point dispersion errors on the order of I0 to

20 nautical miles.

The points indicated by A, O , and [] in Figure 8.3-4 correspond to the three

configurations covered in Table 8.3-1. The solid curve8 plot Equation (8-38)

for two values of mmax, except that they have been faired sharply upward in the
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vicinity of Ix /IT = i. These curves show graphically the effects of inertia-

ratio and transverse torque on the required spin-rate.

8.3.1.3 Comparative Evaluation

Configuration 2 (nose-mounted retrorocket) has the smallest spin-rate require-

ment and is the smallest, lightest and most easily integrated design. It is

also the most reliable deorhit system since it contains a single rocket with a

single nozzle. The other two configurations, however, enjoy the following opera-

tional advantages:

I. The deorbit rocket can double as a pad-abort rocket.

2. Retro can occur immediately after separation from the parent vehicle,

without danger of collision.

3. Reentry into the earth's atmosphere begins with a smaller angle of attack.

Figure 8.3-5 illustrates the relative disadvantage of the nose-mounted configura-

tion in entering the atmosphere with a large angle of attack. This comes about

because the nominal central angle of travel from retro to entry is approximately

120 degrees.

Table 8.3-11 summarizes the relative advantages and disadvantages of the three

systems.

8.3.1.4 Pad-Abort with Deorbit Rockets

The tower-mounted and peripheral-mounted configurations contain the possibility

of accomplishing launch-pad aborts using the same thrust and spin-up rockets

needed for deorbit. It is impossible to use the exact sequence of firings used

in the deorbit case since the IRV must immediately thrust clear of the booster,

without waiting for the completion of a spin-up maneuver.

The idea under consideration is to turn on both the thrust and spin-up rockets

simultaneously; the spin-up rockets burn out first, allowing most of the thrusting

to take place during a constant-spin-rate period. The total thrusting time period

(0 , T 2) is thus divided into two parts: Phase I (0 , T I) during which the spin-

rate, _ , is steadily building up; and Phase II ( T I , T 2 ) during which the spin-
rate remains constant (see sketch on the following page).

The applied torques are the spin-torque, M x , and the unwanted transverse torque,

M T , due to thrust misalignment and/or c.g. offset. We are concerned with the

time-history of the deviation of the thrust (spin) axis away from its initial

direction during this maneuver. This deviation time-history during Phase II is

affected by both the action of M T during Phase II and the "initial conditions"

in the transverse body rates and the Euler angles describing the deviation at

time T 1 . These initial conditions are caused by the Joint action of M T and M x

during Phase I.
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W

0

M

0

Mx

TI T 2

Mz

TI T 2

_t

In the deorhit case there is no appreclahle MT during spin-up, and the only im-

portant cause of misdirected thrust is the direct effect of M T during the constant-

spin-rate phase. In the pad-abort case, therefore_ the deviation in thrust direc-

tion must be larger since there are additional terms associated with the "initial

conditions" at T 1 . The question is : How quickly must the required spin rate be

achieved before these additional contributions become intolerably large?

This problem was attacked by numerically integrating the exact equations of motion

(see Appendix A) for various combinations of values of M x and M T . The following

design procedure has emerged:

i. Estimate the maximum expected value of transverse torque, M T , which

might occur during thrusting.

2. Choose the spin-rate, 0JI , required to accomplish the deorbit maneuver

with acceptable accuracy, as in Section 8.3.1.2. This determines the total

impulse of the spin-up system, hut not the spln-up time, T 1 .

3. Choose a trial value of spin torque, M x , in the range, 5 to i0 times Mz,

and the accompanying spin-up time, T 1 = _I _x •

4. Numerically integrate the equations of motion with MTand M x until T 1 ,

then with M T alone until T 2 . If the angular deviations and average devia-

tion are larger than desired for pad-abort, increase M x and decrease T 1 for
the next trial and repeat Steps 3 and 4 until a satisfactory result is ob-
tained.

-263-



An exampleset of calculations is as follows:

Ix = 180slug ft 2

IT = 120slug ft 2

MT ffi 120ft ib

_I = 2 rad/sec

Mx = 72Qft ib

T 1 = 0.5 sec

= 15 deg

@max = 60 deg

The above values of _ and _max would be too large for deorbit, but are probably

acceptable for pad aborts. They could, of course, be reduced by spinning up

faster.

8.3.2 Abort and System Integration

There appears to be two practical alternative approaches to the abort/deorbit

rocket location; the first and generally more desirable is the utilization of a

single solid propellant motor which can be utilized for either abort or the

application of deorbit AV. This approach is shown in Figure 8.3-i and is com-

prised of a spherical three nozzle canted solid propellant motor supported on a
tubular tower structure. As discussed in Section 8.1 the attachment of this

tower is accomplished through the same discrete hard points at which the heat

source is attached to the aeroshell. The reliability of a single motor and its

thrust application on the center line of the IRV make this approach more
desirable.

The second approach utilizes separate abort and deorbit propulsion motors and is

shown in Figure 8.3-6. The deorbit motor is mounted with its thrust vector

rotated 180 degrees from the previous system with support supplied by a shorter

truss structure, since there are no impingement problems on the IRV ahlator.

The attachment can be made to the IRV in a similar manner as mentioned pre-

viously and has the advantage of a thrust vector aligned with the IRV axis.

The abort motors are mounted to the periphery of the IRV or for the specific

design discussed to the spacer section between the IRV and the heat exchanger/

power conversion package. In this design, a minimum of two motors is required,

and from a reliability standpoint three or more abort rockets are advantageous.

Details of this analysis are given in Section 8.3.1 above.

The sequence of separation of the IRV and the abort and deorbit systems would be

more complex for this configuration. To minimize the separation systems require-

ment for independent, both the spin motors and abort motors would he attached to

the spacer. A separation plane would exist between the two sections of the

spacer, and after application of spin and abort thrust the four explosive bolts
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discussed in Section 8.1 above would separate the IRV, jettisoning both the spin

and abort motor cases with the spacer. The deorhit motor would he jettisoned in

the same manner as in the previous system.

8.3.3 Emergency Cooling

A problem which was given consideration in the Phase IB study was the determina-

tion of the peak capsule temperatures while the heat source is in a deployed

state in space during periods of Brayton cycle shutdown. Scoping calculations

for planar arrays indicated that the peak capsule temperature would he less than

ll00°F with radiation to space, and a detailed analysis was not required. Pre-

liminary calculations for the pin cushion arrays indicated, however, that very

high capsule temperatures would he experienced because the capsules would be

facing each other and radiation cooling would be deterred significantly. Since

it was apparent that this deployed state would provide a constraint on the mini-

mum row spacing, a detailed analysis was performed to determine minimum allowable

spacings for this deployed state for the two pin cushion designs.

A nodal model was used as shown schematically in Figure 8.3-7. Taking a typical

node designated by T 2 which represents a section of the capsule row, the internal

heat generated is conducted to and from adjacent nodes. Heat is also radiated

to and from nodes representing the adjacent capsule row, the heat source base,

and space. By an iterative procedure, the temperature profile is determined as

a function of nodal height, length, and thermal resistance and as a function of

row spacing.

Two pin cushion arrays were compared: one being an array of fuel capsules stand-

ing vertically in rows with a 2-inch centerline distance between adjacent cap-

sules in a row and the other being a log-type array of capsules stacked hori-

zontally four high in rows. Figure 8.3-8 presents a plot of the peak fuel

capsule temperatures of the vertical and horizontal capsule arrays as a function

of row spacing and support metal thickness. The vertical array was found to

have lower capsule temperatures at corresponding spacings for a combination of

three reasons: I) a shorter channel height, 2) a larger projected radiation

area, and 3) less conduction path resistance. Based on a 2000°F capsule tem-

perature limit for a long-time deployment, the row spacing could be as small as

1 inch for a vertical pin cushion array and 1.5 inches for a log-type pin cushion

array with an 0.075-inch support metal thickness. HSHX hydraulic and thermal

constraints indicate that a minimum of 1.5-inch spacing is necessary for the

long rows of fuel capsules; however, shorter rows can be spaced closer. Based

on these constraints, both arrays required the same heat source diameter. The

more favorable beryllium oxide weight and distribution requirements for the

vertical array resulted in its recommendation as the preferred design.

8.3.4 Launch Vehicle Integration

8.3.4.1 Separate Launch (Atlas-Centaur)

Figure 8.3-i depicts the separate launch configuration considered in this study.

A radiator design (furnished by NASA-LeRC) is used. It has been assumed that

the radiator has load carrying capability and mates with the Atlas-Centaur on

the 60-inch diameter payload attachment ring. The heat exchanger/power conver-

sion unit support truss in the IRV are attached to the forward end of the radiator.
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A critical problem in the integration with the launch vehicle appears to be one

of aerodynamic shroud limitations. The OAO extended shroud was the primary con-

sideration for utilization and for a limited length provides a dynamic clearance

envelope of 120 inches in diameter which is compatible with the radiator design

as shown. H_ever, the length of the IRV and associated systems is such that

OAO mid and aft fairings, or other means of lengthening the effective shroud

total length are required. The current methods of accomplishing this do not

appear to provide the 120-inch dynamic envelope clearance required. The OAO

shroud can be extended through utilizing existing design, fabrication tooling,

etc., hut would not then reflect a proven and qualified shroud system and would

in all likelihood require future testing. The dynamic envelope can be controlled

and reduced by the utilization of snubbers or resilient support cushions between

the shroud and the payload package. These are considered and shown in Fig-
ure 8.3.1.

8.3.4.2 Integral Launch (Saturn I-B-MORL)

Figure 8.3-9 depicts a possible integration concept for the MORL vehicle. The

IRV system is mounted perpendicular to the MORL longitudinal axis and utilizes

the same basic packaging configuration as that of the Atlas-Centaur Vehicle

integration. Deployment to the emergency cooling mode or for abort and deorbit

maneuvers would require external indexing of the IRV to the MORL with a track or

guide system. Once this is accomplished the IRV could be pivoted about its hinge

as shown by dashed lines in Figure 8.3-9 or separated from the heat exchanger,

spin stabilized, and the deorbit motor ignited. This launch configuration could

be a more serious radiation hazard than the separate launch and appropriate in-

sulation and radiation shielding must be provided for crew protection. Waste
heat radiators in this case are located about the external surface of the MORL

power supply compartment.
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APPENDIX

DYNAMICS OF THRUSTING WHILE SPINNING

AI.0 EQUATIONS OF MOTION

The body-rate equations of motion for an axially synnnetric (Iy = IZ = IT )
body (assuming constant inertia) are:

S X

_x =-
Ix

rigid

(A-l)

Ix. coz + -- (A-2)
C_y = - _T ex IT

_T cox OJy + _ (A-3)IT

We consider the effect of a constant transverse moment which arises because the

resultant thrust vector does not pass through the center of mass, and take the

Z body axis to be that axis along which the transverse moment lies. The equations
reduce to:

_x = 0

C_y = -Coo xco z

_z = C _x _y + m

where

C I Ix --= IT IT )

(A-la)

(A-2a)

(A-3a)

and

m = Mz/I T

We define the angle set (0, _, 4) Which relate the body axes (x, y, z) to an

inertial axis System (xI' YI' zI) according to the sketch below.
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Z8_ Z' ZI

yiBwY YB

Start with set (x I, YI' zI)

I. 0aboutYl (x',y', z')

2. _ about z" (XB' YB' ZB)

3. (_ about x B (x, y, z)

The body rates can be expressed in terms of the angle rates as follows:

cox = 6 + 0sinCt

COy = 0cos_cos_6 + _sin

which can be manipulated to yield:

__ *
cos@ (COYcos6 - C_zsin_)

= COy sin_ + COzC°S

(A-4)

(A-S)

(A-6)

Equations (A-l), (A-2), (A-3), (A-4), (A-5), and (A-6) are an exact set of non-

linear differential equations which can be integrated to describe the angular

motion of a vehicle under the action of an applied torque.

Assuming that cos@ = i and that 0sin <<
reduce to :

(_ = COycos6 - COzsinq_

= COy_i. 6 + COz_°_6

J = COX

Equations (A-l), (A-2), (A-3), (A-7),

_x ' Equations (A-4), (A-5), and (A-6)

(A-7)

(A-B)

(A-9)

(A-8), and (A-9) are an approximate set of

differential equations which remain valid as long as the angle _ remains reason-

ably small and the spin-rate o x remains reasonably large. Note that 0 and

describe the deviation of the body spin-axis, x, from its initial direction X I.
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A2.0 USEFUL SOLUTIONS

This section summarizes some useful closed-formsolutions to the equations of the

previous section for the constant spin-rate case (M x = O, toXo _ 0). That is,

toX constant
= = toXO

In this case Equations (A-2) and (A-3) become linear equations with constant

coefficients. Linearity permits us to consider separately the effects of the

initial conditions (toYo and toZo) and the forcing function (m) ; we can then super-
pose the various effects.

Integration of Equation (A-9) yields

= tot (to_ tox = toxo)

The set of Equations (A-2), (A-3), (A-7), and (A-8) then become a linear set with

some time varying coefficients:

toy = - kto z (A-2b)

toz = ktoy + m (A-3b)

= toy cos _t - toz sin tot (A-7b)

= toy sin tot + °z cos tot (A-8b)

Again we can superpose the separate effects of Oyo, tozo , 8o , _o, and m. In the

solutions summarized below the body rate solutions are exact (assuming constant

inertia) and the @ and _ solutions are approximate valid only when Equations

(A-7), (A-8), and (A-9) are valid as discussed previously.

i. Effects of toYo Note: k=_ - I

= cos kt (A-IO)
toy (t) toYo

Oz(t) = COy° sin kt (A-II)

O(t) = --toY° sin(o+k) t (A-12)
to+k

°y o

¢ (t) - [1 - cos (to + k) t] (A-13)
to+k
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2,
Effects of coZo

coy (t) = - coZo sin kt

'"z (t) = COZo cos kt

COZ °

O(t) [1- cos (co+k) t]
to+ k

COl °

4_ (t) -
co+ k

sin (co + k) t

(A-14)

(A-15)

(A-16)

(A-17)

3. Effects of m

COy(t) = -m/k[1 -coskt]

coz(t) = m/ksinkt

-m m

0 (t) - sin cat +
kco k (co + t)

Note: m = Mz/IT

sin (co + k) t

(A-18)

(A-19)

(A-20)

--m m

_b(t) = -- [1 -coscot] +
k co k (co + k)

[1 - cos (co + k) t ]

4. Combined Effects (coYo' coZo ' 0° '_o 'm)

m

coskt sin kt - _ [1- coskt]
COy (t) = coYo - coZo k

m

sinkt + cos kt + -- sinkt
coz (t) = coYo coZo k

C°yo. cozo

O(t) = 0o + sin (co+k) t -
co+k co+k

[1 -cos(k+co) t]

(A-21)

(A-22)

(A-23)

(A-24)

m m

- -- sin cot +
kco k (.co + k)

sin (o + k) t

_b(t) = '_o

coYo
+ [1- cos (co+k) t] + --

co+k
sin (co + k) t (A-25)

m m

- _ [l-coscot] +
ko k (co+ k)

[1-cos(co+k) t]
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5. Averase Values

The 0 and _ expressions above can be integrated once more to yield average

value expressions. For example

r

O(T) = --rl_0
0 (t) dt

is the average value of 0 over r •seconds. The average values O and _ are a

good measure of the pointing error in the direction of AV due to thrusting.

1 C°Yo

O(r) = 0 o + [1 -- cos (co +k) r] (A-26)

r (co + k)2

C°Zo 1 C°Zo

co+k r (co + k)2
sin (e + k) r

1 m 1 m
[1 - cos cot] + [1 - cos (e + k) r] (A-27)

r k_2 r k(co+k) 2

coYo 1 coYo
(r)= _o + sin(co+ k)r

co+k r (co+ k)2

1 coZo m I m

+ [1- cos (co + k) r] - _ +-- _ sin cot
r (c_+k) 2 r kco2

m 1 m
+ sin (co + k) r

k (co + k) r k (co + k)2

As r becomes large (many revolutions) the above expressions asymtotically

approach:

and

_r "9'oo

coz° (A-28)
= 0° - co+k

coYo m

= _o + (A-29)
co+k co(co+k)
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A3.0 NONDIMENSIONALIZED RESULTS

Figure A-I summarizes the effects of a transverse moment on a spinning vehicle.

Assuming that all initial conditions (oJv ,o , 0^ _o ) equal zero, EquationZ v _
• . O O

(A-29) shows that the resultlng magnltude of the long-term average deviation of

the x-axis is

m m= - (A-30)

o (o + k) o2 ix/IT

Dividing _ by the nondimensional ratio

m rad/sec 2

co2 rad/sec 2

yields

n

m/oj 2 Ix/IT

radi an s

therefore

57.3

m/o 2 Ix/IT
degrees

which is plotted in Figure A-I.

With IX/IT

m/o 2

= 1.42, for example, the value on the curve is approximately

- 40 degrees

Therefore, if m ffi1/2 and o = 2,

= 5 degrees .

Detailed examinations of Equation (A-27) shows that after a few revolutions the

average value, _, remains close to the value given by the assymtotlc expression

(A-29), except when the inertia ratio, IX/IT , is near unity.

The same curve could be used to indicate the effect of an initial transverse

rate. Equation (A-29) shows, for this case,

°y o °y o IT

=
o + k oI x

(A-31)
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Therefore,

coYo

57.3 IT

I x

degrees

which is the plotted expression.

Extending the previous example, if IX/IT -- 1.42, co = 2 and coYo 0.2,

= 4 degrees

We return, now, to the effects of a transverse moment. Examination of Equation

(A-21) shows that the maximum magnltude of _ is given by,

2m[2lI._1 - . k (co + k------_- 1 - Ix/I T $ where Ix/I T < 1 (A-32)

and

2m / 2 _ where lx/I T > 1

r-

I_'lmax = k--o [Ix/Iy - 1

These expressions were used to generate the _ma, curves in Figure A-I. It is

important to consider these _max curves in addition to the _ curve. They provide

an indication of when the small angle assumption might become invalid. They also

provide an indication of the AVmagnitude loss which occurs when the cosine of

the deviation angle differs from unity. The figure clearly shows the danger in

having an inertia ratio Ix_ T near unity.

A4.0 FAVORABLE BURN-TIMES

This section discusses some favorable choices for the burn-time. Assuming that

the effects of transverse moments are larger than initial conditions, there are

two opportunities worth considering. The first is always available; the second

is available when the inertia ratio has tertian special values.

Equations (A-18) and (A-19) show that due to a transverse moment, the (coy, Oz)
"state space" trajectory appears as shown in the sketch below, circling

WZ

Wy
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about the point (coy = - m/k, _z = 0), and returning to the origin every time kt

reaches a multiple of 2=. The quantity k = (Ix/I T- l) co is the natural frequency

of the transverse rate oscillation and is smaller than the spin-rate, co. There-

fore, by choosing the burn-time

or any exact multiple of that value, the transverse rates remaining after the

thrusting maneuver will be, theoretically, zero. The coning motion associated

with such rates will, of course, also be zero.

The second opportunity to be considered is that of bringing the deviation angles

and _ to zero simultaneously with oy and o z. This is possible only when the
ratio

IX
-- -- I

IT

is an integer or a rational number (preferably a small integer). For example,

suppose

mr

_0 = 2 tad/see (spin period = -- _ 3.14 sec),
CO

and

IX/I T = 5/3; -Ix = 3.

- i

Then,

Ix ) 1 2
1 co = - rad/sec

IT 3 3

so that the transverse oscillation period is

2_

- 3n = 9.42 see.
k

The third frequency appearing in Equations (A-20) and (A-21) is

o +k =co
IX ) 4 8

i = -- o = -- rad/sec.
1 + IT 3 3
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Suppose, now, the burn-time, eb ffi9.42 sec, is used. At this time the transverse

rates, coy and coz, return to zero for the first time; the sin wt and (I - cos wt )

terms in the 0 and _ expression return to zero for the third time; and the

sin (co + k ) t and [1 - cos(co + k) t] terms return to zero for the fourth time.
Thus,

COy(tb) = coz(tb) = 0(t b) = _(t b) = 0,

and not only is there no coning motion, but also, the x-axis is directed along

its initial direction. (Note that there is still a AV pointing error since _ is
not zero.)

A more physically motivated explanation of this phenomenon proceeds as follows:

i. The angular momentum vector, H, returns to its initial position at the

end of each spin period. This happens because the torque vector M z sweeps

out a circle in that time and AH = dt 0.

"0

2. Whenever the transverse rates, Oy and coz, go to zero, the x-axis must
point along the H vector since

= Ix cox + Iyoy + IZoo z.

3. If i and 2 above can be made to happen at the same time, then the x-axis

coincides with _ which coincides with Ho which coincides with the initial

x-axis direction and the angular velocity is pure spin, cox"

4. The simultaneous occurrence of I and 2 above will happen if the two

natural periods are rationally related, thatis

Ptr. osc. m

Pspin n

where m and n are integers.

The first such occurrence is at,

t = In[ Ptr. osc. = mPspin.

In the following table of examples of special cases, m is the number of spin

cycles which must take place before these events occur for the first time.

IXA T 1/2 2/3 3/4 5/4 4/3 3/2 2 3/5 5/7 9/7 7/5 1017

m 2 3 4 4 3 2 1 5 7 7 5 7

n -i -i -i i 1 1 i -2 -2 2 2 3
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Cold Plate Design Analysis

The basic relationships for the rotational plate concept have been modified from

those presented in Appendix G of the Phase IA Report as shown below.

4Fee
M = (A-33)

27

2

V T MR

Fc = -- (A-34)
8h¢

MR = Mf + Mp (A-35)

Mp = n/2t2pftf + n/2 t" 2 rPc (A-36)

Pc = k pf (A-37)

M C t

"c = 7 (A-38)

I T e r2 tf (A-39)

(A-40)
M = Me + MHs

Substituting (A-39) into (A-38) and (A-37) into (A-36) into (A-35) and the results

and (A-40) into (A-33) gives:

2 54 he MHS

V T (Mf + n/2 e2 pfkr) -

tf = (A-41)
2

V T

54 h ea cr - _ rrg2
2 Pf

Equations (A-41) and (A-36) were progran_ed and parametric results were obtained

as presented in Figures 7.2-3 and 7.2-4.

In the Equations (A-33) through (A-41):

M = peak bending moment

F c ffi local force transmitted by the crush-up material

e ffi heat source and cold plate diameter

V T ffi terminal impact velocity
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M r = mass of the rotating components

h¢ = crush-up height

Mf = fixed mass of the rotating components

M D = cold plate mass

pf = cold plate face sheet material density

tf = cold plate face sheet thickness

r = cold plate half core thickness

Pc = cold plate core material density

= proportionality factor

Gc = cold plate face sheet material design bending stress

M c = cold plate maximum bending moment

I = cold plate cross sectional moment of inertia at point of maximum

applied bending moment

MHS = bending moment capability of the heat source

-281-



REPORT DISTRIBUTION LIST FOR CONTRACT NAS3-I0938

NASA Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attention:

Lloyd I. Shure (3)

Mail Stop 500-201

J. E. Dilley (I)

Mail Stop 500-309

W. T. Wintucky (I)

Mail Stop 500-201

P. E. Foster (1)

Mail Stop 3-19

H. O. Slone (I)

Mail Stop 500-201

Library (2)

Mail Stop 60-3

B. Lubarsky (I)

Mail Stop 500-201

T. A. Moss (I)

Mail Stop 500-201

Report Control Office (i)

Mail Stop 5-5

Technology Utilization Office (I)

Mail Stop 3-19

NASA Lewis Research Center

Plum Brook Station

Taylor Road

Sandusky, Ohio 44870

Attention:

J. C. Nettles

Mail Stop 7141-6

(1)

National Aeronautics & Space Adm.

Washington, D. C. 20546
Attention:

B. Leefer RNP (I)

T. B. Kerr RNS (I)

T. Hagler MTY (I)
H. Rochen RNP (I)

NASA Scientific & Technical Information Facility (I)

Post Office Box 5700

Bethesda, Maryland 20014

Attention:

Acquisitions Branch (SQT-34054)

NASA Ames Research Center (I)

Moffett Field, California 94035

Attention: Library

NASA Manned Spacecraft Center (I)

Houston, Texas 77058

Attention: Library

V. Peterson (I)

E. Katzen (I)

G. Goodwin (I)

NASA Marshall Space Flight Center (I)

Huntsville, Alabama 35812

Attention: Library

NASA Goddard Space Flight Center

Greenbelt, Maryland 20771

Attention: Library

(1) Air Force Systems Command (I)

Aeronautical Systems Division

Wright-Patterson Air Force Base, Ohio
45433

Attention: Library

-282-



PowerInformation Center (1)
University of Pennsylvania
3401 Market Street, Room 2107

Philadelphia, Pennsylvania 19104

NASA Langley Research Center

Langley Station

Hampton, Virginia 23365

Attention: Library

(1)

NASA Manned Spacecraft Center

Houston, Texas 77058

Attention:

Tony Redding EP-5 (i)

E. Oiling EP-4 (I)

Jet Propulsion Laboratory

4800 Oak Grove Drive

Pasadena, California 91103

Attention: Library

(1)

Battelle Memorial Institute

505 King Avenue

Columbus, Ohio 43201

Attention: Library

(1)

Institute for Defense Analyses(l)

400 Army-Navy Drive

Arlington, Virginia 22202

Attention: Library

Aerojet-General Corporation

Von Karman Center

Azusa, California 91702

Attention: Library

(1)

The Boeing Company

Aero-Space Division

Box 3707

Seattle, Washington

Attention: Library

98124

(1)

Aerospace Corporation

P. O. Box 95085

Los Angeles, California 91745
Attention: Library

(1)

General Electric Company (i)

Reentry Systems Department
3198 Chestnut Street

Philadelphia, Pennsylvania 19104

Attention: Mr. R. Brast

SAMSO

Los Angeles Air Force Station

Los Angeles, California 90045

Attention: Library (I)

Maj. H. M. Butler (1)

Douglas Aircraft Company (I)

3000 Ocean Park Blvd.

Santa Monlca, California 90406

Attentlon: Library

General Electric Company

Flight Propulsion Division

Cincinnati, Ohio 45215

Attention: Library

(1)

McDonnell Douglas Corporation (I)

Missile & Space Systems Division
3000 Ocean Park Blvd.

Santa Monica, California 90406

Attention: Library

General Motors Corporation

Indianapolis, Indiana 46206

Attention: Library

(1)

Lockheed Missiles & Space Co.

P. O. Box 504

Sunnyvale, California 94088
Attention: Mr. H. Greenfield

(1)

Pratt & Whitney Aircraft

400 Main Street

East Hartford, Connecticut

Attention: Library

Sunstrand Denver (I)

2480 West 70 Avenue

Denver, Colorado 80221

Attention: Library

(i)

06108

Martin Marietta Corp.

P. O. Box 988

Baltimore, Maryland21203

Attention: Mr. Barney Mead

Mail Stop 836

(i)

McDonnell-Douglas Corp.

Lambert Field

St. Louis, Missouri 63166

Attention: Library

(i)

-283-



NASA-Langley Research Center

Langley Station

Hampton, Virginia 23365

Attention:

Mr. W. Hayes, MORL Studies Office (I)

Mr. P. J. Bobbitt, Applied Mech. Br. (I)

TRW Systems Division (I)

One Space Park

Redondo Beach, California 90278

Attention: Library

U. S. Atomic Energy Commission

Space Nuclear Systems Div.

Washington, D.C. 20545

Attention:

Dr. L. Topper (I)

Mr. R. L. Carpenter (I)

Mr. G. Newby (I)

Dr. J. A. Powers (I)

Sandla Corporation
Sandia Base

Albuquerque, New Mexico 87115

Attention: Library (I)

Mr. A. J. Clark, Dept. 9330 (I)

Mr. R. W. Hanke, Dept. 9331 (I)

Mr. J. W. McKiernan, Dept. 9331 (I)

Donald Douglas Laboratories

McDonnell-Douglas Corp.

Richland, Washington 99352

Attention: Library

Bellcomm, Inc.

II00 17th St. N.W.

Washington, D. C. 20036

Attention: Mr. C. Witze

Department of the Navy

Naval Facilities Engineering Command

Nuclear ENgineering Div.

Washington, D. C. 20390
Attention: Mr. M. Starr

Atomics International

P. O. Box 309

8900 DeSoto Ave.

Canoqa Park, Calif. 91304
Attention: Mr. W. Botts

USAF Aeropropulsion Lab.

Wright-PattersonAFB, Ohio 45433

Attention: Mr. G. Thompson (APIP-I)

(1)

(1)

(1)

(1)

(i)

-284-



NASA Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attention: R. N. Weltmann MS6-2

Mound Laboratory

Miamisburg, Ohio 45342

Attention: C. Henderson

Navy Space Systems Activity

Air Force Unit Post Office

Los Angeles, California 90045

Attention: R. Silverman

Research Library - Lowell

Research Library - Wilmington

Reports Distribution Center

(1)

(1)

(i)

(3)
(i)

(46)

285/286



P

I. ORIGINATING ACTIVITY (CO_ORIte OU_)

Ayco Government Products Group

Space SystemsDivision
201 Lowell Street

l Wilmington I Massachusetts 01887
'3. REPORT TITLE

Isotope Reentry Vehicle Design Study

Conceptual Design -- Phase IB--Topical Report

Unclassified

SecurLt_ Clsssificstion
DOCUMENT CON:rROL DATA . R & D

, (Security cleee|flcitlon ol title, body o! abstract and IncleRIn8 annotation mu*f be entered when the o_rall report la cleeelfled_

4. DESCRIPTI VE NOTES ('_po of feint Md Inclusive dates)

Topical Report
II. AUTHOR(S) (First _, mlddre Initial, Ilet neme)

|* REPORT OATE

October 1968

_. CON TRACT ON GRANT NO.

NAS 3-10938

b* PROJECT NO.

¢.

741. TOTAL, NO. OF PAGE0 17b. NO. OF NEFS

302 J 22
INto. ORIGINATON*S REPORT NUMEER|S_

AVSSD-OI93-68-CR

lib. OTHER REPORT NO(S) (Any Ok INmld_lNI Ihmf IMy INl' NIIIIIHId
eble mpo.)

NASA CR-72463

10. DISTRIBUTION 0TATEMENT

tt. BUPPLEMEHTARY NOTES

10. SPONSORING mLtTAR_ AG_IV|TY

Technical Management
NASA Lewis Research Center

Cleveland, Ohio

|S. ADOTNAC T

This document summarizes the Task IB conceptual design effort on the Isotope

Reentry Vehicle (IRV) study. The major objective of the study is to develop a

preliminary design of a 25 KW t Pu 238 IRV. Major design emphasis is on system

safety and develoDability. The IRY is configured to meet minimum practical

diameter and weight limits. During Task IA various IRV, heat source, and heat-

source heat exchanger concept combinations were developed and evaluated.

Three IRV systems have been studied in a detailed conceptual design evaluation in

Phase lB.

i. A minimum diameter circular planar Heat Source (HS) Array (with nonvented

capsules)

2. A minimum diameter circular planar Heat Source (HS) Array (with vented

capsules)

3. A minimum diameter _in cushion HS Array (with nonvented capsules)

The primary objective of Task IB has been to develop candidate designs to the

level required forperformance comparison and then to recommend one IRV for

preliminary design.

DD ,'0 .ol 4 73 Unclassified
SecurityClauINcEUcm



t

Unclassified

t4.

Security Clsssificotion

KEY WORO$

Isotope Reentry Vehicle

Brayton Cycle Power Supplies

Plutonium 238 Fuel Capsule

Neat Shields

Refractory Metal Structure

Impact Attenuation

I

Unclassified

Ssc_rlW Classification


