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FOREWORD

This report is submitted to the NASA Manned Spacecraft Center by the
Lockheed Palo Alto,Reseaféh‘Laboratory, Lockheed Missiles & Space Cdmpany,
Inc. The work was performed undér Contract NAS 9-12991 and was administered
by the Manned Spacecraft Center, with Mr. R. A. Vogt as technical monitor.

, The final report provides a technical summary of the work performed
from June 30, 1972 to October 10, 1972.

The authors wish to acknowledge K. W. McGee for his efforts in developing
the Thermal Mathematical Model used in the program and R. K. Wedel for his
part in establishing portions of the modeling criteria.
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NOMENCLATURE

Surface area ratlio for incident radiant heat rates
Surface area ratio of element i
Area ratio normal:to conductive heat flow

Ratio of model spedific heat to prototype specific heat

- Specific heat at constant pressure

Ratio of Grashof Numbers in the model and prototype

Ratio of gravitational fields

Ratio of convective heat fransfer coefficient in model to that in
prototype

Ratio of incident radiant heat flux
Ratio of model normal thermal conductivity to prototype conductivity

Ratio of conductivity of gas in model to the gas in the prototype

Length ratio of model to prototype
Ratio'bf'molecular welghts

Ratio of pressures

Ratio of Prandtl Numbers

Ratlo of energy transfer

Ratio of Reynolds Numbers

Ratio of insulation thickness
Eqﬁivalent skin thickness

" Model temperature

Prototype temperature
Gas temperature'

Volume ratio, Velocity ratio
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Greek Letters

B -- Orbit orientation

€ -~ Emittance

aé - Solar absorptance

p -~ Density ‘

p* - Ratio of densities

6* - Time scale ratio

p* - Ratio of fluld viscosities

SubScriEts

L/T "=~ TLaminar flow in model and turbulent flow in prototype

c -~ Convective coefficient

sub -~ Substrate

ins -~ TInsulation

n -~ Normal direction

-Suggrscrigt:

* -- . . Indicates the ratipiof-propertiés'op the scale model to pfoperties

on the prototype.
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Section 1

Summary

_ The objective of thils contractual effort was to assess the capabilities
and sensitivies of a Space Shuttle Thermal Scale Model (TSM) to support the
Shuttle Orbiter integrated thermal control design, define a test article and
preiiminary test plan, and provide cost and schedule information for final
design and fabrication of the TSM. To accomplish thls objective the study was
divided into five major tasks as follows:

Task 1: Shuttle Vehicle Design Review and Study Plan
Task 2: Thermal Scale Model Design

‘Task 3: Preliminary‘Test Plan Development

Task L: Shuttle Thermal Scale Model Cost and Schedule
Task 5: Program Reports and Documentation

‘The program was originally scheduled to be a T-month effort beginning on
June 30, 1972, and ending on January 30, 1973. On October 10, 1972, approxi-
mately 3 months and 10 days after receipt of contract, IMSC was notified that
the'pfogram was being cancelled at the convenience of the Government. During
the period of.performhnce prior to terminatibn, the activity on Task 1 had
.been_completed and work has started on Task 2 which involved detailed design
of the thermal scale model. Technical progress had included development of a
coarse thermal mathematical model for the entire Shuttle Orbiter, temperature
calculations for_fhe extreme hot,'cbld, and wbrst‘tfanéient orbital cases,
and development of scale model design and test requirements. In addition,
the level of detail for modeling various subsystems was established, several
potential applications for the scale model were idenfified, and a list of
trade studies to aid the TSM detailed design was developed. The project was
oﬁ schediule and within budget at the time of termination.

The purpose of this repoft is to document the progress on the projéct and
to present the results of the completed studies. Since the project was not

1-1
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_oompleted,'manypof the questions regarding the application and sensitivity'of

‘a TSM for use in Shuttle thermal design remain unanswered.' Hooever, several
significant items, especially those involving TSM design criteria for model- j B
ing convection in the crew cabin and modeling of the conduction-radiation :

‘heat flow paths throughout the vehicle, were established.

Results of the 1nitial .studies indicate that a thermal scale model with
',an overall scale ratio of 1/3 would be feasible to construct and would provide
-valuable information during preliminary. thermal design of the Shuttle and ,
. would serve as a useful tool throughout the entire thermal design and verifica-
tion program. The studies also show that a 1/3,TSM could be tested in the '
NASA/MSC Chaﬂber A test facility under solar simuletionvwith‘reérrangement of
the present side and top solar lamp bank systems. For a TSM to be of maximum
benefit to the Shuttle design effort, final design and'fabrication‘of the test
rticle must be completed early in the program such that test results can be
obtained prior to the PDR. ‘

Included in this report as Appendix A is the Analysis and Study Plan which
was generated at the conclusion of Task I, but was not released due o contract
termination. Appendix B containe an-outline of a design review meeting held
with NASA/MSC to review the results of Task I and to present the approach to
_be followed in accomplishing future work on the contract. The outline contains,
in summary form, the major conslderationsin modeling the conduction-radiation-
convection fields, the level of detail for.modeling_variouspsystems, prelimin- -
ary test requirements, and a list of potential applications for the TSM. '

1-2
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Section 2

INTRODUCTION

2.1 Background and Program Objectives

The Space Shuttle concépt defihition of Phase B defined a number of
critical thermasl control problems., These problems include: crew compartment
temperature control and thermal loading, external insulation bond line tem-
peratures and rate of temperature change, payload bay heat balance and tem-
perature control, OMS and RCS propellant tanks and RCS thruster‘temperature
control, thermal radiator performasnce, landing gear minimum temperatures,
elevon'acfuator temperature'conirol, minimum temperature of hydraulic fluids
throughout the véhicle, and payload/orbiter thermal interface effects. These
and cher potential thermal problems can be investigated by analytical means
if a thermal mathematical model (TMM) can be developed that pro&ides exact "
definition of the internal and:ekternal heat flow fields. Verification of
the'analyticél design on a total systems basls is not possible, however,
due to the massive size of the Shuttle vehicle, as compared to existing ther-
mal vacuum test facilities.  Thus, a differeﬁt approach to verification of
the‘thermal’design, as compafed with that»employed for previous spacecraft,
is negesééfy. This combiﬁation of circumstances leads to cénsideration of a

sméll-séalé thermal model.

The potential for use of small-scale thermal models during spacecraft
preliminary deéign and in design verification stuﬂiesfhas'been under investi-
_gation for a number of years. A varlety of analytlcal and experimental
'programs has demonstrated the aavantages and limitations of using such models.
These prOgraﬁs involved a wide range of complexity -- from studies of simple
.geometries that lend themselves to rigorous analytical verification of test
résulfs, to studies of complete sﬁaéecraft where every effort was made to
xinclude all design details of the prototype vehicle. A summary'of'findings
from all studies cbmpletéd to date leads to the conclusion that a thermal
séale modeling program can be a valuable tool for assessment of the strengths

and weaknesses of a thermal design approach.
2-1
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With this background in mind, the presenﬁ program was undertaken to
determine the utility of a thermal scale model in the overall Space Shuttle
thermal design and thermal verification program. Specifically, the applica-
tion of a TSM ﬁo assist in the development of a thermal math model and to
aid in design of critiéal thermal control areas for the Orbiter were to be
studied. In addition, the study had the objectives of determining the
utility of é TSM for thermal verification testing of the final Shuttle design
and the application of a TSM for thermal testing of the Shuttle in combination
with typical payloads;

2.2 Technical Content

Reference 1 presénts the plah.by whiéh the Shuttle thermal scale modeling
application study was to be accompiished.' The program plan document (Ref. 1)
describes the specific tasks and subtasks and the approach for accomplishing
the program objectives. In terms of the major tasks, the technical work

planned for this study is outlined as follows:

Tagk 1: Shuttle Vehicle Design Revlew and Study Plan

Review of Phase B Shuttle Orbiter configuration
Establish Thermal Analysis Requirements
Development of prototype preliminary TMM
Establish preliminary TSM design requirements
Establish preliminary TSM test requirements

Define role of TSM in the Shuttle thermal design plan
Preparation of Study plan for use in Task 2

o O O O O O o

e2=2

LOCKHEED PALO ALTO RESEARCH LABORATORY

. LOCKHEED MISSILES & SPACE COMPANY
A GROUP DIVISION OF LOCKHEED AIRCRAFT CORPORATION

et s s v v w2 e m et e g e P b e e e e A e et e e e g e



Task 2: Thermal Scale Model Design'

Finalize prbtotype ™M
Thermal ahalysis using prototype T™MM
Trade studies to define TSM design criteria
Finalize TSM design requirements
Establish'test_facility requirements
" Develop T™M for scale model
Detailed design of TSM |
Documentation of TSM design and specifications

0O 0 0O O 0O O O ©o

Task 3: Preliminafy Tést‘Plans

o Develop test requirements document
o Establish post test analysis requirements

'Q, Develop requirements for correlation of test results\

' Task b:  Shuttle TSM Cost and Schedule

"o Definition of tasks and preliminary WBS for final design -
and fabrication

o Develop preliminary task schedule

o Establish cost estimates for final design and fabrication of
Shuttle. TSM-

‘253_ End Product

" The énd producf plénned for this ¢ontractual effort ﬁas to be a complete
~ documentation of the application of a TSM to Space Shuttle Orbiter thermal

design,~ Specifically, a complete set of preliminary engineering design draw-
ings for a Shuttle Orbiter TSM was plénned. Scaling factors, model‘materials,

assésSmént and identification of the level of detail in the area of subsystems,
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assessment of applicabllity to the Space Shuttle Orbiter integrated thermai
control design, and identification of seﬁsitivities in terms of the model's
ability for predicting prototype thermal behavior were to be specifically
addressed. Details of test plans, test facility requirements, and schedules
and tofal cost of a TSM final design and fabrication program were to be es-
tablished. |

Because of project termination before completion, the final objectives
of the study were not realized. Work completed to date of cancellation in=-
cluded those ltems listed under Task 1. This effort included preparation of
an analyslis and study plan for use in accdmplishing Task 2. The contract
was terminated before the plan could be formally issued; therefore, in order
to document all work accompiished,~the study plan is included in Appendix A
of this report. 'In addition, work had begun on Task 2 with refinement of '
the TMM and initiation of TSM detail design. Results of this effort are re-
ported herein. No work had been done on Tasks 3 or 4 to date of contract

termination.

2-k

LOCKHEED F’ALO ALTO RESEARCH LABORATORY

LOCKHEED MISSILES & SPACE COMPANY
A GROUP DIVISION OF LOCKHEED AIRCRAFT CORPORATION



Section 3

SHUTITLE PHASE B ORBITER CONFIGURATION REVIEW

3.1 Shuttle Orbiter Configuration

The. proposed Shuttle configuration'was reviewed in detail to fémiliérize
personnel assigned to the program with the vehicle design and to establish
the depth of thermal analysis required to éupport the scale model design
activity. The vehicle's thermél design requirements were reviewed to identify
critical thermal control areas, natural heat-flow boundaries, and areas

-with unique thermal response characteristics.

Per NASA and LMSC agreement the Shuttle Orbiter concept as proposed by
IMSC 1n the Space Shuttle Technical Proposal, Volume IITI,. IMSC/D15736h May 12,

1972, was used as a ba31s for the thermal modeling application study.

' Use of the IMSC Shuttle concept was selected because of the immediate
avallabillty of design informatlon to IMSC personnel and due to the compressed
schedule required for the TSM program. Teking this approach would not impede
achieving the primary objective of the study which was to prove feasibility
and utility of a TSM to support the integrated Shuttle thermal'design/verifica-
~tion program. Major differences in critical thermal control éreas between
the IMSC concept and the final Shuttle design were to be considered during this
study to assess their impact on.the model'sAfinal configuration and'test per-
formance. NASA agreed to keep IMSC informed of maJor differences which should
be considered during the modeling program.

The Shuttle concept, shown in Figs. 3.1 and 3.2, shows the major sections
_.and eystems of the vehicle. As shown in Fig. 3.1, the vehicle structure can
be divided into six major sections; These include the forward fuselage,

‘ A center fuselage, aft fuselage wings, payload bay doors, and the fin and rudder

3-1
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sections. Fig. 3.2 shows the location 6f major equipment and systems within
the vehicle. The overall prototype Orbiter dimensions as given in Fig. 3.3
are 119.4 £t. long by 78.34 ft. wide by 52 ft. high.

The IMSC concept proposed the use of a honeycomb skin structure. How-
ever, for burposes of the TSM study a solid aluminum skin structure was '
assumed per NASA request, with equivalent t (average thicknesses) for this
structure provided by NASA. The equivélent t values used in the analysis
are shown in Fig. 3.k ﬁith updated values giVen in Fig. 3.5. The t  values
inciude ﬁhé skin.and skin stiffeners., Material for the prototype skin struc-
ture was assumed to be 2024-Th. Other major structural materials included
6AL-4V Titanium for the landing gear and 4340 steel for the elevon and fin

‘actuators.

LI-1500 with an infrared emittance of 0.84 and a solar absorptance of
0.80 was assumed for the external thermal protection system (TPS). Further

details on this and other thermél control components'are described in Section

Ll-o

3.2 Critical Thermsl Control Areas

Various critical thermal control areas for the Shuttle Orbiter were
identified during the Task 1 studies. These areas are listed along with their

temperature requirements in Section U4 of Appendix A.

3.3 Level of Detall for Modeling Systems

- During Task 1 én'assesément was made regarding the level of detail required
- for modeling various systems and subsystems within the Shuttle Orbiter. This -
level of detail is presented in Section 8.3 of Appendix A. '
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Section 4

THERMAL ANALYSIS

4.1 Thermal Analysis Requirements

During the initial phase of the program, a plan was developed forAthe
enalytical studies to determine the required complexity of the TMM in terms
of_the support it would pfovide to: (l) assessment of the feasibility and
‘usefulness of a thermal scale model, (2) performance of trade studies, (3)
design of the thermal scale model, and (4) definition of test facilities and
source simulation requirements. The requirements for developing the TMM in-
cluded definition of the nodel network for all internal and external sections
of the vehicle and definition of the orbital cases to study for determination
of external heat rates. Requirements were also defined for includlng a

typical payload configuration in the TMM

A‘thermal.analyier model is considered as one of the basic todols in
 design of a TSM. Development of the preliminery T™M was initiatea as soon
'as possible after contract go-ahead and was essentially completed during
Task 1. Early develoPment of the TMM was considered necessary in order to
complete a satisfactory design for the scale model within the specified time
schedule. ' | |

» In aeveloping the TMM, the -approach followed was to construct a math
model only invsufficient detail to support this study contract. Thus, &
coarse nodal network was constructed for purposes of defining 1mportant heat
flow paths and temperature flelds throughout the vehicle. A detailed TMM,
'typlcal of,that,requlred for vehicle thermal design, was not required for
this . study. The TMM was set up to include the three dimensional conduction,

' radlation, and convective networks for each major-area of the Orbiter. Pro-
visions were made for incorporating a typical payload configuration in the. .

~T™MM. Temperature performance of the vehlcle was obtailned for the extreme hot,

©ld, and worst transient orbital cases as described in Section 4.k.
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To éid.inATSM design and to provide a means of comparing scéle model re~-
sults with proto%ype results, a requirement for developing a TMM of the
thermal scale model was established. Computer analysis were planned as the
TSM design.progréssed to support decisions regarding any necessary deviations
from exact. thermal scale modeling.

4.2 Thermal Math Model Development

DevglOpment of the TMM was accomplished in two stages. The first stage
consisted of a preliminary TMM developed during Task 1, and included 450 internal
and external.thermal nodes connected by approximately 700 conduction resistors
and 1500 radiation resistors., The second stage incofporated a typical payload
configuration and various deéign refinements that were defined as a result of
Task 1 studies. 'This math model consisted of 550 thermal nodes connected by
 approximately 800 conduction fesistors_and llQO,radiation registors. The re-

vised T™M was about 90%.complete when the program was terminated.

Figures L4-1 fhrough 4-8 show the nodal breakdown for various sections of
the vehicle, The TMM is symmetrical about a plane passing vertically through
-the logitudinal centerline of the vehiclé. All nodes on the pilot's left are
 0dd numbered, while corresponding nodes on the right are even numbered. The’
right side value of each corresponding node is one unit greater than thése on
~the left side. Flgures 4-9 and k-10 give the surface and underlying structure

node numbers, the node area, and the average aluminum skin thickness assumed.

4.2.1 Basic Assumptions

Various assumptions were made during construction of the TMM to'simplify
the model and speed its development. These assumptions were divided into two
Q1general“catégories:‘

L-2
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l) ‘structural in whlch the physical shape of the vehicle was altered or
- distorted, and '

2) thermodynamic, in which the overall vehicle heat transfer was altered
without affecting the orbital temperatures.

Structural Assumptions

The general shape and physical relationship between surfaces and components
of the Shuttle Orbiter were maintained: Some of the exterior surface contours

were altered as follows:

1. Thebregion in front~of the crew cabin was changed to a conical sur-
face. ’ o o _ -
2. The vertical stabilizer was assumed to be & trapez01d rather than in
”flts true shape. _
3. 1The body cross section aft of the payload bay was changed to a
_::‘ rectangular shape.

"h, ‘The wing upper and lower surfaces were assumed to be flat, with the
o upper surface canted down 1° to account for the taper of the wing.
'5. .The base area where the orbiter main engines are located was modeled
"as a flat plate and modifiled to account for the engine cutouts. The .
modifications included a thinner aluminum structure and reduced sur-

face infrared emittance and sbsorbtance to- account for shading by

‘the engines.

' The interior structure was assumed to be one of two types, either shear
Web or trusswork construction. Inside the wing'and the fuselage lower surface,
0.032 1nch thick aluminum shear webs spaced on 30 inch centers were assumed.
Between the fuselage outer surface and payload bay inner surface, trusswork
structure was assumed. Figure 4-Ilshows the assumed construction. ‘The truss-
uOrk was assumed;to be at the same stations as the shear webs in the body lower
surfacerand consisted of 1.5 -inch 0.D. tubes with 0.030 inch wall thickness.

b-13
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All structural material used in the T™MM was assumed to be EthJP3 aluminum
throughout, except for the landing gear bogeys where 6 Al1-4V Titanium was used.

By NASA directive, a solid aluminum skin structure was assumed throughout
the vehicle in place of the honeycomb structure proposed by IMSCI in Ref. 2.
Equivalent skin and structural thicknesses (t) as furnished by NASA (Figure 3-1h)

'Were used in the ™M development.

The landing gear thermal model was based on the IMSCI Orbiter details. Main.
gear weight wae>35hl 1bs. per aide, including three wheels per side at 210 1bs.
each. vFor the nose gear, 183 lbs. was allowed for the two wheels and 875 1lbs.

- for the boéey. Titanium waslassumed for the landing gear bogeys and rubber
(C = 0. h8 BTU/LB F, h 75 lbs/ft3) for the tires.

,Thermodynamic Assumptions

Thermodynamic assumptions used in develOping the TMM have been directed
toward simplifying the computer model while maintaining the correct thermodynamic
relationships and orbital temperature response of the vehlcle. The'following

assumptions were ‘made:

l) Heat conduction through the LI-1500 parallel to the surface is negligible
compared to conduction through the aluminum skin structure. This was
verified by hand calculations and computer analysis. Hand calculations
showed that for the thickest LI-15OO (l T4 in.) on top of the thinnest

~ aluminum skin (0.060"), the ratio of the heat conducted through the
:-1500 to that eonducted through the skin was 1 to 30. Therefore, for
the same temperature difference between two points, 30 times more
energy would be conducted through the skin than through the LI-1500 in
~a direction parallel to the vehicle surface. Computer analysis showed
that for two edjacent LIFlSOO nodes on the Orbiter, the temperatures
were +37.3°Fuand -67.6OFAwith or without the lateral LI-1500 conduct-

ance.

4-15
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3)

L)

5)

The payload bay doors and landing gear doors were assumed not to be
connected to the structure by any heat conduction paths. Although

these doors are secured by hinges and latches, these items were

- assumed to have high thermal resistance. Before any other assumption

regarding hinge thermal resistance can be made for the thermal model,
it will be necessary to obtaln data on the resistance across the

actual hinges proposed for the prototype

Nouascent aerodynamic'heating effects are included since these effects
are assumed to be non-critical in determining the orbital temperature

response of the Space Shuttle for the modeling program.

The crew cabin with its interior equipment was input to the TMM as an
insuiated she2l with an interior convective environment. The cabin
insulation was assumed to be 0.75 inch thick polyurethane foan with an )
internal convective heat transfer coefficient of O 25 BTU/Ft Hr. No

) windows were added to the cabin since they have their own coollng

-systen. and movahle shades. The structural concept consisted of a

single pressure shell on the upper surface where the inside cab1n
contour matches the hody contour and a pressure shell and aerodynamic

shell on the gsides and lower surface where the two contours do not

‘coincide. The internal atmosphere temperature was set at 70 F.

Optical pr0perties of the various materials used on the Space Shuttle
are shown in Tablell. On the 1nter10r structural surfaces, such as
the wing upper and Lower surfaces, the emittance (¢) was assumed to be
0.8, which is characteristic of a surface painted for corrosion con-

trol. The payload bay interior surfaces were assumed to have an ¢

.of 0.9, as directed by NASA. Radiation coupling between various nodes
in the TMM was assumed not only between exterior surfaces, but also

. between interior structural nodes such as wing upper and lower surfaces,

vertical stabilizer sides, and body structure and payload bay sides.
This radiation heat transfer was found to be the primary mode of heat

transfer in these areas.
h-16
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| TABLE 1 ‘
OPTICAL PROPERTIES OF MATERTALS USED IN THE SPACE SHUTTLE

Material Location ' dé, e afe
LI-1500 . 80 .8 .952
Payload Bay Interior Surfaces 0.9 - 0.9 1.0
Structure Interior Surfaces - ' 0.8 -
Carbon/Carbon Nose Cap 09 - 0.9 1.0
TABLE 2
LI-1500 THICKNESSES
Body Lower Surface : _ Body Upper Surface
STA 250 to 575 - 1.56" . - . STA 250 - 575 0.63"
375 to 1025 1.66" 575 to 1500 0.40"
o ) " .. o ] .
1025 to 1500 . .1.62 - Vertical Stabilizer R
Wing Lower Surface - - 1.74"- Wing Upper Surface 0.k
Elevon Lower Surface - 2.,00" o  Elevon Upper Surface O.h"
Base S 1.6"

h-17
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6) The onLy gource of power dissipation included in the model to date of
program termination were the radiators which dissipate a total of
’ _67000 BTU/Er to space. Other heat sources which were to be included
at a-later\date fnclude the Reaction Control System propellant, stor-
age areas, fuel cell units, and avionics packages not actively cooled.
The 67000 BTU/Hr heat dissipation for the radiators is the maximum ‘
' value, and any additional heat load would be handled by waste water
sublimators. The minimum radiator heat load was assumed to be O BTU/
" Hr for a docked condition with no personnel aboard.

v 7) LI-1500 thicknesaeé used for the TMM_are shown in Table 2, with the
Orbiter stations;snown in Figurelh-la. The thickness ranges from O.L
“inch on’the upper vehicle surface to 2.0°in. on the elevon lower sur-

- faces

'4.2.1° Payload Configuration
o Per agreement betWeen NASA and-LMSC,:a typical payload was defined for
inclusien in the thermal analytical studies. The configuration and properties

o of the payload are as follows:

© Cylindrical shaped payload 60 ft. long by 15 £t. 0.D.
202k aluninum skin with a thickness of 0.03 inch.
- Bmittance of payload external surface of O. 9
: Emittance of internal payload bay surfaces of 019.
Passive payload with no internal energy generator...
- Assume only radiation coupllng between payload and.orbiter |

. Assume multilayer insulation. on the interior of the payload bay as
follows (Refer to Fig. h-l3 for statlons) ’ .

0.0 g © 0 o
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Surface No. MLI Thickness (in.)

1 0.85
2 0.58
3 0.58
L 0.58
5 0.58
6 0.58
T 1.98
8 1.98
9 A 2.h1
10 - 2.4
n 1.98 .

12 1.98

0 Assume properties for the multilayer insulation

o @ 70°F

P

.315 BTU/LB °F |
1.58 1BS/FTS (70 layers/in.)

Temp (°F) ¢, (1)/c,(T0°F)

-360 0.16°
-310 0.23
-210 0.35
70 1.0
K @O0 atm. @ TO°F = 0.7 x 107> BTU/FT-HER-°F
Temp (°F) K(T,P)/x(70°F, O ATM)
~300 . .338
-200 <375
“125 . o 438
- 50 . B .588
o ' .725
150 ©1.312
225 L.75
350 B 2.475
L-el
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4.3 Orbital Conditions

Heat rates and vehicle temperatures were calculated using the TMM for
the extreme hot, cold, and worst case transient orbital conditions. The

three orbital cages are as follows'

" Hot Case: B =-90°,'solar oriented with the vehicle rolled MSO to
provide_theAmaximum projected area of vehicle top side
toward the sun, payload doors closed, radiators open.

’ ;Cold'Case; ‘ BA¥ 90 bottom of vehicle earth oriented tail facing sun,
B A payload bay doors open._

Worst Transient Equitorial orhit, payload bay doors open and facing
v - sun in solar orientation, vehicle to piteh or roll 90 »
depending on initial orientation, as it enters earth's
 shadow and to remain earth oriented with bottom facing the
~earth while in. shadow, then pitch or roll 90 to repeat

solar exposure of open payload region.' ‘
b.4 TMM Results o
!

Steady state temperature'results for the hot and cold orbital cases are
presented in Figs. h—lh through 4-20. . For. the hot. case, the aluminum skin

temperatures ranged from approximately 190 F on the wing upper surface to - lhOO

on the fuselage lower surface.. For the cold case, all structural temperatures

are in the range of -200 FtoO F except for the sun 1lluminated aft section

‘and radiator area.

Results were obtained for a short transient run which demonstrated that the

: computer program was operating correctly._ The data was not reduced prior to
contract termination, end therefore, will not.be,presented_in this report.

h-22
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STEADY STATE TEMPERATURES (F)

HOT CASE ORBIT

FAYLOAD BAY STRUCTURE
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4.5 Internal Power Sources

‘As discussed in Section 4.2, the initial TMM assumed only power dissipa-
tion due po'the erew cabin and ifs associated equipment. Prior to contract
términatiqn, various other sources of internal power generation that may have
affected internal temperatures were identified. These would have been included |
in the revised TMM had the program continued. A discussion of these are in
the following sections.

4,5.1 RCS and OMS

The Reaction Control System (RCS) and Orbital Maneuvering System (OMS)
propéllants have an allowable temperature range during storage of-+50°F to
+90°F. For the TMM, a thermal node insulated from its surroundings with 2;5>
in. of TG-15000 was assumed. A heat source (or sink) was provided such that
when the temperature exceeded the set limits, enough heat would be provided
or allowed to dissipate to keep 1t within the stated limits. Although the
RCS thrusters have a catalyst bed which is maintained gbove lSOoF, the heat
leak éffect was neglected since the thrusters are well insulated and any heat
leak from this source can be assumed to keep the propellants warm. A schematic
of the thermal model would look like this

RCS
7777 77777777

' /]
2.5 1n TG-15000 +—~—"""# 50° < T < 90°F % » Q to surroundings
-Q/71/////7///Z' - radiation

- conduction

Two of these systems will be placed in the aft structural compartment and one
- forward of the crew cabin. The two located aft would encompass both the RCS

and OMS on one side of the vehicle into one node.
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4,5.2 Fuel Cells

The fuel cell plants, operated continuously in orbit, are actively cooled
with most of their excess heat being rejected by the space radiators. Some
excess heat will escape in the fuel cell area, however, since they operate at
temperatures around 180°F. For the TMM, the recommended approach was to
seleqt a thermal node that is maintained at the fuel cell operating temperature

of 180°F and insulated from its surroundings as shown below.

FUEL CELL
V/[//77gf///]////A0’
2.0 in TG-15000 -» % . b q to surroundings

2 T =180"F /] s
/] . - Radiation
% 7 .

2.0 I g // - Conduction

e 7 v /ﬂ/;

One of these units would be placed between the crew cabin and payload bay.
4.5.3 Avionics

" Avionics in the space‘shuttle‘concept studied during this program are
loéated in three areas, 1) the crew cabin, 2) clustered around the orbiter CG,
and 3) in the area behind the payload bay. The crew cabin avionics are actively
cooled by the cabin air and are not included as a separate node, in the TMM.
Passi&e_cooling is assumed for the other two avionics packages, with all heat
produced being absorbéd:by theAsurréundings.. Power diééipafion for the aft
electronics is 137 watts. TFor the CG avionics, the power dissipation is.

estimated as 200 watts. The recommended setup for the TMM is shown below:

: Q ' Q
/S L LS ) ///////////////
1 ‘ /)
; Qout ~ 200 watts ¢/ Yout = 137 watts'/
TT7T77 7 77727 g7 7777
CG avionics ~ aft avionics
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4.5.4 Hydraulics

The hydraulic system fluid has a lower temperature limit of -40°F. When
the fluid temperature reaches this point, pumps are started to circulate the
fluid until the temperature goes above —20°F, at which time the pumps are

shut down. Due to the small size of actuators and lines inslide the vehicle

extremities, these items were not planned for inclusion in the TMM. The pumps

were assumed to be located in the region behind the payload bay where other
heat producing items are located. This would provide the pumps with enough
heating such that they would need no active thermal control of their own. Due
to the fact that their primary duty cycle is during ascent and entry only, the
heat dissipated during their orbital operation was assumed to be small enough

such that it can be neglected.
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Section 5

TSM DESIGN

Detaiied design of the scale model was to be accomplished during the
second phase of the program. This effort had Just started when notification -
was received of contract termination. However, enough progress had been made
~ to select'a desién scale.ratio of 1/3 and some of the materials for modeling
the conduction heat paths. dAlso; relatively firm requirements were established
for modeling thepcrew cabin atmosphere apd candidate gases were selected for

" convective modeling.

TSM design was to be accomplished in accordance with the standard modeling
laws developed for the "temperature preservation approach. The general
criteria for thermal scale modeling in the space environment has been esta-
blished and reported by numerous authors, and thus, will not be repeated in
great detail.in this report. The baslc approach to be followed in design of
the TSM was to select a scale ratio that appeared to satisfy the majority of
the model's reqpirements and then proceed to model all areas of the vehicle to
. meet that scale ratio. It was antlcipated that various compromises in model-
ingrwouid be_required for some areas of the vehicle that could not be scaled
'1exactly. It is also a pOSSibillty thet the scale ratio of 1/3 would have to

~be adjusted + 10% as the process of selecting model materials progressed.
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Had the program been completed, the end résult of the model design
activity woﬁld have been the specification of materials, size, shape, weight,
' internai power séurceé,‘external heat flux requirements, details of critical
thermal conduction joints, details for modeling the crew cabin atmosphere,
and‘details of modeled components and their location relative to each other.
A complete set of specifications and engineering drawings was planned to

document details of the TSM'design.

5.1 Design Requirements

During Task 1, ﬁreliminéry TSM design requirements were established.
This effort involved considération of which modeling approach té follow (i.e.
temperature preservation, materials preservation, etc.), scale ratio, mat-
erials, modeling of coﬁvective heat flow, TSM size in relation to that of
avallable test facilities, important conduction and radiation heat flow paths,
vlevel of'detail for modeling various systems and compoﬁents, and the potential
applications of the TSM. The désign_criteria established during this initial

phase are listed in Appendix A, Section A.6.

5.2 (Conduction - Radiation Modeling

- From Ref. 3, the ceriteria for modeling the conduction and radiation tem-

perature fields are. as follows:

*V*C*T* * _* % K: A: T* * -)(-L" ,
Q""’a’e“_ = AI I =Q =—p— = AiT (1)
] L ‘
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* :
For temperature preservation, T = 1, and Eq. 1 becomes

n n
.g-—_—.er = AI = Q = '————L* = A ol ( 2)

For the model to represent prototype behavior, Eq. 2 must be satisfied for gll
conditions and for all heat flow paths. This would be an easy task if an |
infinite number of materlals were available with thermophysical properties that
spanned the entire range. However, in reality this is not the case, therefore,
compromises must be made in the scale eriteria. Theée compromiges generally
are involved with distortion of the conduction heat flow path by adjusting the
cross segtional areas or the lengths of heat flow paths to pr0perly'scalé the
amount of energy conducted. Such distortions must be done in such a manner so

that the important radiative heat transfer areas are not adversely affected.

Approximately 98% of the Shuttle Orbiter's external surface is covered
with insulation termed the thermal protécfion system (TPS) that protects the
vehicle structure ana internal components from the severe heating during the
ascent and entry stages of flight. For purposes of this study,.theALMSC
 material - LI-1500 was assumed for the TPS. Theé thermal conductivity for
this material 1s 0,01L42 BTU/Hr Ft °R at O°F and is essentially isotropic.
The density is approximately 15 Ibs/ft3, and the thickness ranges frém a

minimum of O.l4 inch to 2 inches over the Shuttle surface. .

Because of the wide usage of this material on the Orbiter, particular

attention was paid to modeling the LI-1500 in combination with the underlying
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afﬁminﬁﬁ substrate. For purposes of this study, 2024-T3 aluminum was assumed
for the sgkin and mﬁch of the other structural components. This aluminum

alloy has & thermal conductivity of 70 BTU/Hr Ft °R at 75°F. In modeling

" conduction through the II-1500 and alumium skin,.certain assumptions have

tb be made due fo thls combination of materiasls and due to the materials avail-
éble for use on a thermal model. The required assumptions result in distor-
~tion of ‘the thickness écale ratio. Based on results from the TMM analysis,

the assumption can be made that heat flow in the LI-1500 is one-dimensional
(i.e. pérpendicular to the skin surface) and that heat flow in the aluminum
skin is two dimensional (i.e. circumferential and longitudinal in the aluminum

skin).

Designating LI-1500 . ag material No. 1 and the alumlnum skin as material
No. 2, and equating the various dimensionless groups in Eq. 2, the following

equations are obtained:

: ‘ *
For the case of heat flow perpendicular to the vehicle surface Anl =L

* *
and L1 in Eq. 2 becomes the thickness ratio tl'

Thus, _
¥ *
K .= tl
n,"
R SV T
6 = o ClKl
1

I*
¢ -
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For the case of heat flow parallel to. the vehicle surface, the alumlnum
. Skln is the predominate mode of heat transfer and the following 1dentities

result:

* . L2
K = ——
- t
2
8 = o Cotr
TP tate
% _
I =1
2

Q@ represents the heat flux by comduction, internal
radiation, or any internally generated heat flux within.

the vehicle

Therefore, to be more general

- % . - ' T o :
where L 1s the overall length scale ratio which for .

the Shuttle TSM 1s equal to 1/3.’

In attempting to model the LI-1500, it was found that very Lew materials
are available which have a conductivity lower than LI-lSOO. Multilayer in-
- sulation does however the conductivity of this material 1s not isotropic.
One candidate material for modeling LI-lSOO is a thns-Manville insulation
" called MIN-K - - . This material has a thermal conductivity under vacuum con-
ditions that is approximately 1/2 that of HI-lSOO at room temperature There-

fore, from the equation K : tl, Y
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This means that the thickness of insulation on the thermal model would be
1/2 that of the prototype.

For modeliné the aluminum skin structure it was found that some of the
stainless steels can be used; however, in using stainless steel for this
application, distortion of the skin thickness ratio is required to model the
heat flow because the conductivity of stainless stell is not exactly 1/3 that

of aluminum.

Additional problems occur when trying to model the transient response.
The full impact of compromises that may have to be made to predict transient

behavior of the spacecraft were not determined prior to contract termination.

5.3' Convective Modeling

The important criteria for convective modeling are derived in Ref. I, There

it is shown that the criteria can be determined from the general equation:

L * % % % : * ® R
* % _* * lA* ¥ oV ¢ T ¥ I* K Ay T

From this it is foﬁnd that the similitude criteria are

* % *
h =k (1/n°)
In order to meet the above criteria the Reynolds, Grashof and Prandtl

numbers must remain invariant. If this is done. then the exact temperature

preservation criteria becomes

However,.in order to meet these criteria a suitable'gas must be found which
will preserve the Prandtl number while at the same time have a conductivity
ratio equal to L*. The Reynolds number can usually be preserved by adjusting
"the flow velocity while the Grasholf number can be preserved by adjusting the

gas pressure according to
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1/2 3/2
* *, ¥ * % ) *
P =(y/M)(/es) (1/1")

Generally it is difficult to find a suitable gas which meets the above
criteria. To overcome this problem a system using "Scaling Compromises" was
derived by Shannon (Ref. 5). These compromises involve the so-called "heat
transfer coeffocient preservation" method and the "mass flux preservation”
method.

These two methods use the samé gas in the prototype and model and adjust
to flow conditions in 6rder to attempt to maintain similitude. It was shown
in Ref. 5 that if either mass flux or heat transfer coefficient were preserved

then reasonable similitude could be obtained.

Both temperature préser?ation technigues and scaling compromises techniques
were investigated durihg Task I of the piogram. The results of these studies

are given in Appendix B and will be reviewed briefly here.

Thé preliminary analysis of the prototype heat transfer coefficients showed
-that'iq a 1-g l-atm test the free convection heat transfer coefficient would be

=
I

0.43 BTU/Hr Ft° OF while the forced convection coefficient would only be

c
. 5 . _
0.25 BTU/HT Ft° °F. That is free convection would be dominant in both

=

P
cp _
prototype and model.
.The "Scaling Compromise" method of heat transfer coefficient preservation

' *
could be used with reasonable results in a 1l-g test for scale ratios of L. = 1/3
(Figure 5.1) and Reynolds greater-than‘103; Likewise the mass flux preserva-
tion would also give good results at any Reynolds number., Therefore, either

" method could be used to model the prototype in a l-g test.

In order to simulate zero-g conditions the pressure of the gas in the
- model would have to be lowered. If the pressure is lowered so that free con-
~vection is eliminated then very good fésu;ts could be obtained using scaling
compromises (Fig.vs.z). | ' |
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However, if the pressure is lowered then flow velocities must be in-
creased to maintain the correct Reynoldfs ratio for thermal similitude. This

creafes a problem ags shown on Figure 5.3.

For a scale ratio of L* = 0.3 it is found that the velocity of the gas
in the model must be lncreased so that V* ® 18. Since the anticipated proto-
type flow rates are around 30 fps this would give a model flow rate approaching
Mach' 0.5. At these velocities compressibility comes into play, and the similitude

criteria do not hold

Therefore, we find that Scaling Compromises can glve good results for
demonstrating l-g performance, however, it is 1mpractical to use them to

demonstrate anticipated O-g performance in the Space Shuttle.

- A different situation arises when strict "temperature preservation"
method is used. With this method the main problem is to find a suitable gas

which will meet the criteria )

* * *
Kg =L and Pr =1
Orice this is done the.Reynolds_and Grashof numbers can be adjusted by

varying the flow velocities and pressures.

: During the study it was found that sulfur dioxide (SO ) could be used if
. the scale ratio was L =1/2.5. With this scale ratio and sulfur dioxide
strict temperature preservation could be mainfained in a one-g test if the
velocity ratio was reduced to V* = 0.575 and the pressure ratio increased to

.
P = 1.65, both obtainable values.

In addition zero—grav1ty performance could be simulated by reduclng the

- model pressure so that P = 0.21 and increasing the velocity ratio to V = 2.8,

. . ,
Similar conditions can be found using Freon 11 and a scale ratio of L. = 1/3.

However, Freon 11 has some problems associated with its use.
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In conclusion the convective studies showed that all three methods
"Mass Flux", "Heat Transfer Coefficient"” and "Temperature" preservation could
be used with good results to simulate a l-g combined forced and free convect-

ion prototype. However, only the Temperature Preservation method would be-

practicable for O-g simulation.
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Section 6
TSM TEST REQUIREMENTS
An important objectivé of the study was to define the requirements for
testing the thermal scale model once the design had been completed. Pre-

liminary test requirements were established and are presented in Appendix B.

6.1 Solar Simulation

At the beginning of this program, the thermal control surfaces proposed
for a major portion of the Shuttle Orbiter's external surfaces had values of
sqlar absorptance and infrgyed emittance that gave an asle of near unity.
However, the crew cpmpartment windows and the deployable radiators have as/e

values that are different from the other surfaces and are not unity, and in

éddition, it is desirable to test the model under conditions where the payload'

bay doors are both open and closed. Considering thesgse factors and the pos-
sibility that a change to a low as/e thermal control surface for the TPS may
be made as the Shuttle design progresées, it is highly desirable that the

incident solar heat flux on the model duplicate the solar energy spectrum.

The use of infrared lamps for simulating the external incident heat flux
was considered but not thoroughly investigated. Applying this technique re-
quires either duplication of adsorbed energy into the surfaces using analyti-
cal methods as a basis for determining the heat flux required, or it requires
that the external surface temperatures be controlled to analytically pre-
dicted levels dﬁring the test. Both of these methods present limitations in
testing of the thermal model. The use of infrared lamps for this application
should not be entirely ruled out, however, further study is required to com-
pletely evaluate the problems associated with their use.
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6.2 Test Facility

Due to the size of the Shuttle vehicle, the desirability to design a-
thermal model with a scale ratio of near 1/3,.and the potential necessity
for testing the model using exact solar simulation, NASA/MSC Chamber A test
facility would be required for the test program. The present solar simulator
.in Chamber A is too small for testing a 1/3 scale model, and thus, would have
~to be modified to meet the requirements of this'program. There are two pos-
gibilities that could be considered for modification of the solar simulator.
The first would be to increase the total number of lamps to provide a side
sun of 40 ft. by 26 ft. and a top sun of 26 ft. in diameter. The second
approach would be to re-arrange the present lamps bank system in a modified
triangular shape as shown on pages B-32 and B-33 in Appendix B. This shape
corresponds to the geheral shape of the shuttle orbiter.

6.3 Test Requirements

A list of preliminary test requirements for the TSM program is presented
on page B~3L4 of Appendix B. '
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Section T

POTENTIAL APPLICATIONS OF THE TSM

The primary advantage of using a physical scale model as described
herein is that it would provide test data on both a system and subsystem
level during the early design stages in order to gulde the thermal design and
to ggsure that an optimum design was accomplished for the entire shuttle
orbiter. In addition, final verification of the thermal design could be
achieved on a complete system level. .A list of potential applications for

the TSM is presented on page B-36 of Appendix B. -
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Section 8

CONCLUSIONS

Due to termination of the contract before its completion, all the ob-
Jectives could not be achieved. However, from the results obtained during
the initial studies that were completed, the following can be concluded:

1. A 1/3 scale model can be designed that models the conduction,
radiation, and convective heat flow fields for steady state con-
ditions.

2. The basic modeling:approach to be followed would be that of tem-~
perature preservation. Some distortions in the scale ratio would
be required due to limitations in available materials, however,
the major heat floﬁ paths and important temperature fields would
be preserved. | _ '

3. ‘The thermal math model proved to be a useful tool in establishing
the criteria for modeling the conduction heat flow paths. It
was concluded that for steady state conditions, one dimensional
heat flow perpendicular to the vehicle surface can be assumed in
modeling the low cdnductivity TPS while neglecting the heat flow
in the aluminum substrate in this direction. Results from the

- T™MM indicated that the circumferential and longitudinal heat flow
- 1s predominately due to the aluminum substrate, and the heat flow in
the TPS in these directions can be neglected. :

4. Materials afe évailable for modeling the conduction heat paths.

5. The radiation paths would be modeled‘by preserving geometrical
identity of the major surface areas and by using identlical thermal
control surféces. : | . |

6. Gases are available for modeling the convective fields in the

crew compartment area.
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There would be sbme problems associaﬁed with modeling the
transientAconditions, however, the extent and ramifications
of these problems were not fully éxplored due to the con-
tract termination.

The preliminary studies indicated that it would be desirable
to test the model usiﬁg a solar simulator which closely
approximates the solar spectrum. For a 1/3 scale model, the
solar simulator in NASA/MSC Chamber A test racility would
have 0 be modified to accommodate a model of this size. The
trade off in using other means of applying the external incid-
ent heat flux, such as tungsten lamps, was not determined.
Several. potential applicationé of the TSM, beneficial to
achieving an optimum thermal design for the shuttle, were
identified. '
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APPENDIX A

ANALYSIS AND STUDY PLAN

The Analysis and Study Plan was prepared to describe the approach to
be used in accomplishing Task 2. It was in the procees of being prepared
- when the Space Shuttle TSM contract was terminated. Since it was not sub-
mitted, it is included here as Appendix A. '

A=l

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHETED MISSILES & SPACE COMPANY
A GROUP DIVISION OF LOCKHEED AIRCRAFY CORPORATION

S e R PR . e - . B v



ANALYSIS AND STUDY PLAN
NAS 9-12991

1.0 INTRODUCTION AND SUMMARY

The overall objectivé of the scale modeling application study is to
assess the capabilities and sensitivities of a Space Shuttle thermal scale
model (TSM) to support the integrated thermal control design, define a
test article and a preliminary test plan, and to provide cost and schedul-
ing information for final design and fabrication of the test article. The

study consists of five major tasks as follows:

Task 1: Shuttle Vehicle Design Review and Study Plan
Tésk 2: Thermal Scale Model Design ' |

Task 3: Preliminary Test Plans

Task 4: Shuttle TSM Cost and Schedule

Task 5: Study Reports

The primary activity oﬁ thé progrém to date has been on Task 1, which
is now complete with the issuance of this document. Task 1 was involved
with preliminary studies to define the role of a TSM in the overall Shuttle
integrated thermal design and verification plan. The activities under Task
‘1 consisted of: 1) a complete review of the.Phase B Shuttle Orbiter con-
figuration and systems; 2) development of a. thermal mathematical model (TMM)
for the prototypé;'3) view factor and'heét rate calculatibns; h) development
of preliminary TSM design and test requirements; and 5) preparation of an
analysis and study plan for use in Tésk 2. '

The analysis and study plan presehted herein describes the approach to
be used in accomplishing Task 2 which is the detailed design of the TSM,.

'Referende 1, which'presented the program plan for the entire contractual effort,
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‘and provides an overall schedule and WBS to be used for all Tasks including
Task 2. The present document deals only with Task 2 and describes in detail
each of the subtasks to be accomplished for Task 2. In addition, the major
results of Task 1 studies are presented. These include 1) a listing of the
important thermal control areas and their temperature requirements, 2) TsM
design criteria ) 3) preliminary TSM test requirements, 4) Level
of detail for modeling the various subsystems, 5) a tentative list of trade
studies to be performed, and 6) a list of potential applications for the TSM.

2;0_ TASK 2 WORK BREAKDOWN STRUCTURE AND SCHEDULE

' The work breakdown stfucture for Task 2, showing the major subtasks and
their'ihterrelationships, is preéented in Fig. A-1, A séhedule for Task 2
activity is presented in Fig. A-2. FEach subtask is described in detail in
the following section of this document.

3.0 THERMAL MATH MODEL (TMM) REFINEMENT AND CALCULATIONS

A TMM of the prototype Shuttle Orbiter was developed during Task 1.
In develoﬁingvthe M, the approach followed was to construct a ™M in suf-
ficient detail to support this study. Thus, a course nodel network was
constructed for purposesﬁof'defining important heat flow paths and tempera- '
ture fields throughout the vehicle. A detailed ™M, typical of that required
fbr'véhicle~thermal design,'is not required for this study and is certainly
' beyondAthe scoPe‘of this contracfual effort. Background information and
details of the TMM development for this program may be found in Reference 1.
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TSM DESIGN

'3 e v
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Figure A-1 Task 2 Work Breakdown Structure
A=k

LOCKHEED PALO ALTO RESEARCH LABORATORY

"LOCKHEED MISSILES & SPACE COMPANY
A GROUP DIVISION OF LOCKHEED AIRCRAFT CORPORATION



Auﬁﬁwomom ueIfoxd 2°V *91d

e

v erow

A-5

wve | 27a | AON 150 | ad3s | mav { aiar [lowew
EENEEE _ i ;w_u.tsﬂ. L “ “ . naTHAROY AalaY KIO1oua L, AN JO Aiowwng e
IR L N o Gororeni o o
L Rttt IEEE IR SN - ST CTTTT moda ould e
tead lw...l_u_..m $rmmmme - - - ——m - .ﬂozﬂa_u&am ouBULIOP ad fut133Q o
R !
[ .. _ a4 A | A Hoda] Raprg jlo-pral @
) bttt —at £ 141" ~a . - oduy MW euEp rINEd LIYTION @
. ' b AT e arg wadory e
a1 ‘.rH - .;..4».! 1A T AT T T T T T T weday wnadland | WAL Ao .
| " : ; _ " L ' SLIOJIY AQLLS 6 Tewy
A= Shanes e et o |} T e Sunuwne g 60D WaiTold ONTIUGLS WAL @
e T | T e o v e«
.».A_.LA — _ 1 ¢..NL i1 B —— e e wouwdoraaaq $2M Lrnuniad o
e T T T T T T T T T e s s
_ _ “ n b : _ _ _ . _ i . ) TINAIUDS.Y 1HOD ML TILLNUS ¥ weuy
i Pl ot [ .
Arvteeimion = ;_.T«cl.l.i. p_ _.ol »4 - e gyusumI mbOY BPONS W BOTITALIDY CUNSCY 191 @
%1_1 m ﬁ ! i : hh ; Mr ot ‘_| 9 nlol\t,..a. .;u — - UORTIYIN Y SWIUMI MY C18LITVY WIL-1w0d @
M ns....u.!... arendiras i 4.“ it .TA.. T TTTm s e et wopugag swdmby Moding L e
i i e - T w P H ; e s — - gomugag TwewaImuy S-NIIYY WL e
| ~ o — - _' B H B “Supurny wopue) WAL e
~ * m n ! w _ I m i m _ ~ ! pemiaeeNd fund waL KSL e
_ SEREREEE SEEEE w _, SNVId LSIL AUYNINTIZUS € qewy
M AT T RN aopoy uMeag iy @
& : i ' T T : vopenswnso] WlkaQ WSL e
L - i J N “ 1 o “» Tuswidsfaad] N INSL @
" . v . : P Cy o ; .. PIORTY WAL WL Jo Wiex] palimdg e
t ’ * 4 -.._.!.mlnr Tmm Tt mm e — gyuswmennbey @ RONITGeg QINIL el ¢
[ onmee TVl T TS T T easowesniang wBinagg pomieg KSL e
L & FTyTTI T dojoang #119111) WNSAG NSL @ -
i o i - i h _ amUoHN] Wheag nyen o
L . * i ” + T ﬂ S e e— s O[PS eDus ) war) Wisag WRL e
e —— ST T T T T T evopemon fepey TR oLl o
. “ nE _ i - T T mewaugey (apuW QT pRALIL .
E ' : Pt PO1pruS pes ) B ik TlY Wised OIS @
' : M _ i NDI¥SQ 1300 TTVDS TYRUIKL ‘T w3l
i . mowy shrag Lomwisag o
il P T T T T mopwulay wRe Apmg @
. _ _ w i ! Wls ORIy, PetRiTag) ) WS JO SOy SUURg @
- SR T T T e e TTemLWINLAY 143) RSL e
_ , L : m e e TTT oAy Uuliex] WEL e
o Py ,. A R AT A ) FuowRIMbOL Ba) ¥ Wisaq KL Lniwiald e
o I R ik A A SuOnYNIIE) 3 Il B J0PTY AIAA @
i _ P! m po 4«....&.)141;.._!..\' mONENOTEY B MAWKOLIANT (IDOK IRYIK (HULISEL o
m " “ _ m _ __ : - sacwalmbay eiskjruy (Uil e
m . _ . _ N ) ORI el vrd APy T BisA|suY ¢
m __ aE w ._ " —— WMpis B UONRINYu0) € HECYY JO MIAIY @
| ; w _ “ _ “ ) p NYIE AQALE % MTIATH NOINIQ FIONIA TTLLANS 1 xewl
xve Uova T oaow | ozoo ozl g i




During the initial stages of Task 2, the T™M will be refined to take into
consideration further detailS’of the Space'Shuttle thermal design and changes
resulting from the Task 1. studies. Computer calculations will be performed
using the up-dated TMM to stud& steady-state and transient vehicle'response
for the extreme hot, cold, and worst transient orbital cases as defined in
Ref. 1. These analyses will form the basis for detailed TSM design. Speci-
fic refinements in the TMM will include,but not be limited to the following:

a) The revised set of t for the aluminum skin structure received from
NASA/MSC on August 25, 1972, willvberincOrporated into the T™MM provded that
'hand calculations show these changes mayihave significant affects. ,

b) Additions to the TMM in the crew cabin region, with specific consideraf
tions given to modeling window effects, will be added as requlred to accomplish
TSM design. ) _ _
| c) Heat generated from internal sources will be incorporated in the TMM.
o d) A cylindrical shaped payload with properties as agreed upon by NASA
and LMSC will be incorporated into the TMM.

e) Changes will be made to include multllayer insulation on the interior -
Walls of the payload bay region.

To-eid in TSM design and to provide a means of comparing scale model re-
sults with prototype results, a TMM of the TSM will be developed. Computer
analysis will be conducted as the TSM design progresses to support decisions

regarding any deviations from exact scale modeling that may become necessary.
4.0 IMPORTANT THERMAL CONTROL AREAS AND TEMPERATURE REQUIREMENTS

Varlous important thermal control areas for the Shuttle Orbiter were
1dentif1ed during Task 1. These areas are listed along with thelr temperature

requirements as follows:

A-6

LOCKHEED PALO ALTO RESEARCH LABORATORY

"LOCKHEED MISSILES & SPACE COMPANY
7 ‘A GROVP DlVISION OF LOCKHEED AIRCRAFT CORPORATION

o



. O.
1) Crew compartment (Tpgw Maxoto 113°F)
2) Payload bay (-100°F to 150 F)
3) landing gear and tires (-65°F to 350°F)
4) Avionics (-65°F to 160°F)

5) Elevon and rudder actuator system hydraulics
(~65°F to 250°F)

6) Propellants (50°F to 90°F)

T) Payload/Orbiter thermal exchange

 8) Radiators

9) External insulation bond line (-250°F to 350°F)
10) Structure temperature prior to entry (100°F max)
11) Auxiliary power units (APU)
12) Fusl cells
13) Transients for various subsystems
14) Cryogenic tanks
15) RCS thrusters

5.0 TRADE STUDIES

A trade study as defined for this program is any study iﬁ which one ap-
proach is evaluated sgainst another for purposes of establishing an optimum
thermal scale model for utilization in Shuttle thermal design. Trade studies
will be perfofmed to establish the degree of complexity required for the model
design,.test facility requirements, and a testing program that best meets the
needs of the overall shuttle‘thsrmsl design réqpiremeﬁts. The objectives of
the trade studies are threefold: (1) totprqvide a gulde to the model designer
in terms of final selection of scale ratio, msterials, scaliné sensitivities
for- varlous thermodynamic features, level of detall for scaling systems and
subsystems and - defining the degree to which distortion in temperature fields

and - compromises in eact modeling can be tolerated; (2) to determine whether
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~ the model can be used as a thermal testbed for evaluating certain materials
and thermal-control systems proposed for use on the prototype; and(3) to
determine thevproposed complexity of the model design and test program in
terms of the effect on manufacturing difficulties and costs involved, as

well as the impact on the overall program schedule.

The TMM will be utilized during the trade studies largely to determine
the iﬁpact of distortion of various heat flow fields, The TVM will show
vhich thermal paths are critical and which can be dlstorted without affect-

ing vehicle performance,
6.0 TSM DESIGN CRITERIA DEVELOPMENT

Before startihg final TSM design, definitive deéign criteria will be
established to provide firm guidelines for the model ﬁesigners. The criteria
'will be developed from the analyses and studles performed during Task 1 and
from initial results of the trade studies. The.critéria will include defini-
tion of overall modeling approach (e.g., temperature preservation, materials .
nreservation, etc.) overall:scale ratio, level of detail for modelihg sys-
téﬁs’and subSystems;and the approach to use in-modeling the various radiation,
conduction, énd conVectioh heat flow paths. Design'criteria established during

Task 1 are as follows:

1) Use "temperature preservation" approach, P = 1, for conduction-radiation

. modeling. S |

' 2)' Study both pure "témperature preservation" and '"scaling compromises"
approaches for convection modeling.

3) oOverall length scale ratio to be between 1/2.5 and 1/k.

h) Assume 6ne-dimensional modeling for external insulation and internal MLI
wherever possible.

5) - Assume two-dimensional modeling for the aluminum skin structure.

' 6) Use idéntical optical properties between model and prototype for both in-

ternal and external surfaces.
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7) Geometrical identity between model and prototype for all major external
surfaces.

8) Heat exchangers and fluld loops will not be modeled.

9) Radiators to be modeled with simulated heat load applied,

10) Wings and vertical stabilizer extremities will be deleted or heated with
infrared energy as required so that model will fit within solar simulation
capability.

11) Cylindrically shaped payload will be included in design studies per NASA/
-IMSC agreement,

12) With the exception of the crew cabin, active thermsl control systems will

. not be modeled, however, their effects on various temperature fields will be
, eqnsidered in TSM design.

7.0 TSM DETAILED DESIGN REQUIREMENTS

Throughout the initial stages of Tank 2, specific requirements will be
established for design of the TSM. These will include such items as require-
ments for structural integrity of the pressure shell and other structural areas
and requirements for modeling crew cabin windows and other discrete sections
of the vehicle. '

3.0 TSM DETAILED DESIGN DEVELOPMENT

Detailed design of the TSM will be accomplished in accordance with the
design'criteria outlined in Section 6 and in accordance with the standard
modling laws developed for the temperature preservation approach. During this

design effort, modeling of - the three basic modes of heat transfer--conduction,

: radiation, and convection -- will be considered. Dev1at10n from strict adher-

ence to the exact modellng laws for convection and for certain conduction paths -

‘may be necessary and is discussed_in-B.l and 8.2.

v
e
e

The basic approach to be followed in design of the TSM is to select
a scale ratio which appears to satisfy the majority of the model's reduirements
and then proceed to model all areas of the vehicle to that scale ratio. Scal-
| ing compromises will be made for those areas of the vehicie that cannot be modeled

exactly.
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Results from computer runs of the prototype TMM will be used to guide the

" model design. In addition, a TMM of the scale model will be developed for pur-

noses of evaluating the affects of scaling compromises and for comparing TSM '
and prototype temperatures. Comparison of results from the two math models will
provide the means by which the model design is judged on its ability to predict

thermal behavior of the prototype.

The end resulf of the model design activity will be the specification of
méterials,_size, shape, weight, internal power sources, external heat flux re-
quirements, deﬁails of critical thermal conduction'joints, details for model-~
ing the crew cabin etmosphere, and details of'modeled components and their
location relative to each other, A‘comblefe set of specifications and englneer-
ing drawings will be produced to document details of the TSM design. These
drawings will conform to Category A, Form 3 of Specification MIL D-1000 and
MIL STD-100. o

8. l Conduction-Radiation Modeling R

In modeling the conduction and radiation heat flow paths, adherence to the
modeling criteria of K = L*,VI* 1, and 9 =gk C w1ll be complied with wher-
ever possible. Due to the limitations 1n available materials, it is anticipated
that in modeling certain conduction paths, distortion of the thickness ratio nay
be required to model the overall.heatbflux. Where distortion of the conductive |
path is required, it will be done'in such & manner that the radiant exchange be-
“tween components is not affected. .i .

In modeling conduction through the external insulation (i.e. LI-1500) and
aluninum skin, certain assunptions have to be made due to the combination of
materials inrolved which distort the thickness scale ratio. Based on results
derived from the TM during Task 1, the aSSumpﬁion can be made that heet flow
in the LI-lSOO is one-dimensional (1 e., perpendicular to the skin surface) . and
that heat flow in the aluminum substrate is two dimensional (i. e. circunferential
and longitudinal in the aluminum skin). During the detailed design ‘phase,
additional anslysis will be made to determine tne validity of this assumption

for all external surface areas of the vehicle.
A-10
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In modeling the interior portions of the Orbiter, it is important for the
TSM to have the ability to demonstrate the temperature enviromment in critical
thermal control areas and around temperature critical systems such as fuel
lines, fuel tanks, and hydraullc lines,

8.2 Convective Modeling

During Task.l it was‘shdwnthatthermal modeling of the pressurized sec-
tions of the space shuttle is feasible from a theoretical point of view. ;It
| will be possible to obtain good correlation between the one-g test of the mock-
up and the one-g test of the model. Three methods can be used in the model
test, each of which has certain advantages and disadvanfages. The three methods
ere:. l)sceling compromiseiusing heat transfer coefficient preservation, 2)
scalingbcomprOMise using mass flux preservation, 3) strict temperature preserva-

tion.

The first tﬁo of these methods permits the use of any scale ratio for the
model. In addition, both heat’transfef coefficient preservation and mass flux
preservation can give accurate results for a combined forced and free convec-
tion test such as will be done on the full size mockup. The third method re-
'qﬁires selection of a suitable gas and scale ratio combination. However, if
such a combination can be found then not only can the one-g performance Be
compared with the full eize mockup tests; but in addition zero-g simulation ﬁesﬁ_
will be possible. This will give accurate data as to the thermal performance
which can be expected in orbit., Two possible gas-scale-ratio combinations
sre sulfer dioxide with a L = 1/2,5 and Freon 11 with a L' = 1/3.

The cenclusions reached during Task 1 are that accurate scale modeling can
be accomplished on the crew section of the space shuttle. If the right scale |
ratio is chosen three different approaches can be tested making the model an |
extremely useful.tool as a TMM verifier and as a zero-g.performance demonstrat-
or. The one question which remains is whether or not the modeling of the pres-

surized areas can be accomplished with enough accuracy and with reasonable costs.
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During Task 2 two approaches formodeling the convective systems will be
‘evaluaﬁed. The first will be to evaluate the feasibility of modeling the
pressure shell. This feasibility study will include scale ratios and mater-
iais and compromises where needed. It may well be that the scale ratio chosen
for the overall model may not sult the modeling of the pressure shell. Such
compromises must be evaluated in order to determine the feasibility of the

model.

~ The second approach will be toidetermine_how the model can be constructed
to act as a thermal systems tool. This will include access to the interior
and the level of detail of the interlor components such as hard mounts and

equipment racks.

During Task 2'the convective system will be modeled but the detall and
effort will depend on the trade studies outlined above which will be conducted

simultaneously.
8.3 Level of Detail for Modeling Systems

During Task 1 an assessment was made regarding fhe level of detail re-
. quired fof modeling the various systems and subsystems within the Shuttle
Orbiter. As design of the médel progresses and an analysis provides better
definition of thermal behavior, it may be necessary to change the level of
detail for some of the compongnts. The following list_presents the major
systems and a brief'statement about the level 6f detail to which they will

be modeled as presently defined:

1) Crew compartment: The cabin atmosPhefe and internal equipment will
be modeled to the extent discussed in Section 8.2. '
2) Avionics: The avionics in the forward section are convectively
cooled by their own closed cycle air supply and as such, the details
of this section will not be modeled. The heat that the avionics
ﬁay supply to surrounding structure and to other areas of the vehicle

will be scaled in the model.
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3)

)

5)
6)

7)

8).

9V) A

10)

11)

12)

13)

‘Landing gear and tires: This system will be modeled in detail to

provide in the model & means of duplicating the thermal environment
of the prototype.

RCS and OMS: Theae systems will not be modeled in detail, however,

their mass specific heat and the heat that they provide to their sur-
roundlngs will be scaled in the model.

Payload bay: Thls section will be modeled in detail.

External and internsl insulation: One-dimensional effects will be

modeled very closeiy. Two-dimensional effects will be studied and
scaled where important.

Skin structure and sngporting'structure: These members will be

modeled in detail, however geometric similarity may not be possible

to achieve .due to o - material limitations.

External and internal thermal control surfaces: The optical proper-

ties between model and pfototype'will be preserved.
Wings and vertical stabilizer: The shape and major thermal control

characteristics of these éections will be modeled as closely as pos-
sible. . » ,
Hydraulic pumps and lines: These will not be modeled, however the

model will be designed such that the temperature environment
in which these items are located will be duplicated from prototype to
model,

Miscellaneous internal power sources: The thermal energy dissipated'

from these sources will be scaled in the model.

Fluid loops, heat exchangers, and radlators-' The fluid loops and heat

exchangers will not be modeled. The radiators will be modeled in de-
tail, and their heat input will be supplied by attached heating ele-
ments, ‘

Connecting joints and hinges: Due to lack of information sabout

actual thermal conductance across joints and hinges for the Shuttle,
the model will be designed assuming 1nfin1te conductance for SOlld

connections and zero conductance for hinged connections.
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14) Cryogenic tanks: The extent to which these will be modeled has not
yet been decided.

9.0 POTENTIAL APPLICATIONS OF TSM FOR USE IN SHUITLE THERMAL DESIGN

The most important application of the TSM is that of providing & tool
for preliminary and final thermal design studies, however, there are other
potential applications that must be considered for optimum utilization of a
thermal'scaie model. During Task 1 studies, a 1list was complled of potential
applications for the TSM., These and other applications will be studied
throughout.the remainder of the program, with a major goal of defining the
role of the TSM in the overall Shuttle integrated thermal design program.

-Potential epplications of the scale model are as follows:

i) To provide experimental data on both a system and subsystem level
durlng the Shuttle's initial design stages for use in optimizing
the orbiters thermal design. ’
‘2) Provide information for refinement of the prototype ™M.
3) To aid 1in design of the crew cabin convective cooling system.
4) To study the performance of the convective cooling in a simulated
| ZEro g environment. :
' 5) To determine the effects of external thermsal control surface specular-
1ty on vehicle temperatures. |
6) To study Shuttle/Payload thermal interaction, and to evaluate the
' adequacy of payload thermal control.. _ '
7 ‘To study radiator performance in a total system environment.
" 8) Test vehicle for external insulation to study performance of the
o thermal/mechanical design.
’ﬂ9) Multipurpose test obJect serving as a test bed for subsystem testing,
. A' including those systems with active ‘thermal control.
. 10) Thermal test vehicle for evaluating performance of thermal design
o changes and for confirmation of overall system final thermal design,
11) Test vehicle for verification of launch pad thermal protection system.

A-1k

LOCKHEED PALO ALTO RESEARCH LABORATORY

'lOCKNEED’MISSILES & SPACE COMPANY °
A GIOUP DIVISION OF, I.OCKHEED AIRCRAFT CORPORATION

.y - .- < - . . i



10.0 TEST FACILITY DEFINITION AND REQUIREMENTS

During Task 2, studies will be undertaken to define the test facility

'reqpirements for TSM testing. In defining these requirements, the role that

. the model will play in the overall Shuttle progrém must be kept in mind.

g T

Such items as the use of solar simulation or infrared lamps for external heat -

flux irradiation will be studied.
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APPENDIX B

CONCEFT REVIEW HANDOUT

At the conclusion of Task I a program review of the work accomplished
to date was held at NASA/MSC Houston. A handout was prepared and presented
at the review. This handout which is included as an appendix gives an

outline of the work accomplished, potential model applications, test'require-
ments, and program approaéh. '
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IMSC D309618
20 September 1972

APPENDIX B

~ CONCEPT REVIEW

BANDOUT

Presented Under
~ NASA/MSC CONIRACT NAS 9-12991
SPACE SHUTTLE THERMAT, SCALE MODELIIG
APPLICATION STUDY
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