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ACTHR
APl
AXBR
AXW

NC
A/M
AU

AlB

AZBM
COEL

CDELR

COIST

C.Guy XCG
CM

cp

C.P., XCP
CRDB

CRNG

Cy
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-

Reference (base) area - square meters
Flap arca (2 flaps), square meters

Acceleration along wind axes (Xw along velncity
vector, Yw. Zw rotate with body)

RCS roll acceleration, rad/scc
Autopilot integrator signal
Reference drag in guidance law

Acceleration along X wind axis (drag), meters
per sec?

Aerocapture
Aeromaneuver
Astronomical Unit

Accelergtion along ZB (body) axis (= ~AN), meters
per sec

-AZB Timited to a minimum value

COELR * QB - Roll acceleration per degree
flap deflection

Coefficient of roll acceleration due to flap
deflection

Coefficient which, when multiplied by dynamic
pressure, yields roll disturbance acceleration.

Center of Gravity

Center of Mass

Carbon Phenolic

Center of Pressure
Cross-range, deadband, meters
Cross-range distance, km

Lateral distance between CG and CP
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Cq Vertical CG displacement

Ca Mxial force coefficient

‘ﬁ) hraq coefficient

t 1ift coefficient

Cy ) T Narmad force coefficient

CNP Flap ponel normal force coefficient

Cx X bady force coefficient (= ~CA)

!“t Flap hinge moment cocfticient

Cvﬁ Coefficient of roll torque duc to ro!l asymmetries
CQR Coefficient of roll torque due to i

CQG Coefficient of roll torque due to flap deflection
Q“ Coefficient of pitching moment

Cm,, Coefficient of pitching moment due to «o

tmq' Cnr P?itch and yaw damping coefficients

Cno Coefficient of yaw torque due to yaw asymmetriecs
(q%{ Coefficient of yaw moment due to R
C“& Coefficient of yaw torque due to yaw nose deflection
Cy“ Coefficient of side force due to ¢
Cyﬁ Coefficient of side force due to yaw nose deflection
Cz4 Coefficient of normal force due to o
) Drag Force
DB Vehicle Base Diameter, m
DELR =5, - Ro1l flap deflection, degrees
DELRC Commanded roll flap deflaction
DIST Ro1l disturbance acceleration, rad/sec2
ii




NISTy

NSN
DANG
ETR
FSM
[RGY
[RGID
FRIR
FLRL
' PA
fips 9
GMO

G
2v

GN&C
h
hw

Roll disturbance acceleration during constant drag
portion of aerocapture trajectory

peep Space Network

Down range distance, kw

Actuating signal for control jets

flastomeric Shield Material

Attitude orror, rad

Attitude errov, deg

Roll rate ervor signal, rad/sec

Actuator slew rate limit in first order model
Air relative flight path angle, deg.

Earth's gravitational acceleration ( 9.8 m/secz)
Air relative path angle at entry

Component. of gravity along Zy_ axis (velocity axis,
Xy along velocity vector, Yy horizontal)

Guidance, Navigation and Control

Heat transfer coefficient, AH - hw
Enthalpy of gas evaluated at ﬁa]] temperature, J/KG
Altitude, ft.

Recovery enthalpy, J/KG

Alticude, meters

Gyro input axis

Control impulse, N-m-sec

Inertial Upper Stage

Rol11, pitch and yaw momeéts of inertia
pitch moment of inertia

Roll moment of inertia
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LMY,

ba

ber
he

MM
MMRC

vevy LIMS

Specific impulse, sec

Constant in roll control logic
Flap actuator constant

Ro11 control gains

Thousands Bits Per Second

Lift force

‘RO11 control limits

Apex length of vehicle, meters
Ro11 tontrel lever arm, meters
Pitch/yaw control lever arm, meters
Multi-Mission

Moving mass roll control

Gyro mass unbalance

Ro11 control torque, N-m

Flap hinge moment

Rol11 disturbance torque

Mach Number

Mass of movable mass (kg)

Mars Sample Return

Local pressure

Roll, pitch and yaw angular rates
Flap actuator power

Autopilot proportional signal
Pulse width command signal
Dynamic pressure, N/mz

Dynamic pressure on constant drag portion
of trajectory
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& Lacal heat transfer rate, w/v.m2
PN Phenalic Nylon
p Propulsion tank pressurs, psia
PS Stagnation Pressure, atm,
QB, 0 Dynamic pressure, kn/m?
QBN Dynamic pressure during constant drag phase of
aerocapture trajectory
RCS Raction Control Systom
RCIMP Roll control impulse, rad/sce
RB Base radius, meters
RCO Roynojds Number based on local properties and
momentum thickness
Re,. Free Strcam Reynolds Number
RHO, RDLN Atmosphere density
RGY Bank angle. rad
RGN Bank angle, degq.
RGIR Rol1l rate, rad/sec
RGIRD Roll rate, deg/sec
RGIRL Limited bank angle rate signal
RGI1DD Ro11 control acceleration, rad/sec2
RGTOL Roil rate limit
RGIC Bank angle command
RKRAT Constant in roll control loyic { = K)
R] Intermediate radius of vehicle, meters
RTG Radioisotope Thermal Generator
RB Base radius., meters
RN Nose radius, meters
v




S5AM
SF

M
SRA
aTS
T, t
TDIST

TPS

T“

VAM
VM200
VMEX

Ve

Yo
W
M

W
Wrp

= =

= =
-+

TF

31licone Ablator Material
Scale factor

Single Mission

spin roference axis

Space Transportation System
Time, e

Average thruster acceleration for PWM RCS Rl
Control in rad/sec?

Thermal Protection Systdn
Aerodynamic torque on movable nose
Pitch/yaw control torque

Inertial velocity, m/s

Hyperbolic flyby or freestrean velocity, m/s
Air relative velocity, n/sec

Exit velocity, m/sec

Inertial velocity, m/s

Air relative velocity, m/s

Exit velocity at 200 km*altitude, m/s
Exit velocity at 250 km altitude, m/s
Volume of fuel tank, m3

Volume of oxidizer tank, m

Weight of vehicle, kg

Weight of MMRC movable mass, kg

Total propellant weight, kg

Weight of fuel, kg

Weight of oxidizer, kg

Tank weight, kgq.

Weight of fuel tank, kg
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Q)

wRL
ACR, ADR

aVM200, AVMEX

Subscripts

ac

FB or fb

Weight of oxidizer tank, kg
Axial distance, m

Radial distance, m

Pasition of movable mass, m

Rate of movahle mass, w/s

Angle of attack

Trim angle of attack

Shock stand off distance

Nose bend angle, deg

Flap deflection angle, deg

Flap angle and angular rate

Angle of sideslip

Trim angle of sideslip

Air relative flight path angle at entry
Bank angle (=RG1)

Material or gas density, kg/m3

Cone angle

Rate loop crossover frequency
Crossrange and downranor deviations from nominal, km

Deviations from nominal of VM200 and VMEX

Denctes local conditions

Denotes at transition to turbulent flow
Denotes freestream conditions

Denotes stagnation point

Denotes aerodynamic center location

Distance from base
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ARSTRACT

This report presents the results of an atmespheric entry study ta define
A generic Aerocapture voehicle capable of missions to Mars, Saturn, and Uranus,
A single external geometry has heen developed and, along with several control
concepts, has been evaluated through atmospheric entry simulations.

Aerocapture is a system design concept that uses an acrodynamically
controlled atmospheric entry to provide the necessary velocity depletion to
capture paylvads into planetary orbit.

Selected design concepts are presented that are capable of providing the
control accuracy required while providing thermal protection for the mission
payload.

The system design concepts consist of the following elements:

(1) An extendable biconic aerodynamic configuration with 1ift to drag
ratio between 1.0 and 2.0 thus allowing control of aerodynamic drag by vehicle
roll control (i.e., rolling the 1ift vector relative to the local vertical).

(2) Roll control system concepts to control aerodynamic 11ft
and disturbance torques to allow orbit insértion within the required accuracy.

(3) Aernshell design cohcepts capable of meeting dynamic pressure loads
during Aerocapture, and

(4) Entry thermal protection system design concepts capable of meeting

thermodynamic loads during Aerocapture.

viii

P



VOLUME |

Il

v

Vi

VIl
VIl
IX

NOMENCLATURE, .. ..,

MSTRACT, ... v

A. lntrﬂduct'iﬂn....-.....-...-.....n-o.-.-.-...-.

TABLE OF CONTENTS

LI I A RN B I R R S B N I I IR )

L I I K R A BN B N )

lNer()l)UC"’l‘)N AN[’ '.;llMMARYl'lC.OOCl0"'.""llll0"l"0.'l0

L R 2 B B A A I B I A O A A B B B A N X

L s :.::
‘:l (z()|\‘:-‘l'g1()'v‘lll!llllll.'ll!ll'i'lll!"llll.l'll!'l"'l'
f‘“YSFIkM R[()l’ [RFMENTSG L I I B I R I B B I B O B R R RN R I R I N I R N )

A, Mission Definition,.,

LIRS T LN A Y BB B B BN B I B K UK SURE BURY S B N )

B, Design and Performance Requivements....ovvviviiiinenas

NRODYNAMIC CONFIGURATION. Luvvvntiniinvnanennnonnns

A, Aerodynamic Configuration Screening Approach.....::::
B, Generic Acrocapture Vehicle Configuration Selection..
CI Su““’na"‘y...l.tl.lt.l.l.blllbl.".llt.!.tll.ll.llllltlt

THERMAL PROTECTION SUBSYS1EM,...
A, Aerothermodynamic Design Approach...vvivereveses

. convective Heat Transfer Design Techniques...........
C. Radiative Hoat Transfer....vovveeeiiineivnrenninnns.

D, Ablative Mass LOSS e iecioveninensronssrosnearosrooces
Fo Material Thermal ReSponsC..veveeieeeciociocssneonesas
F. Heat Protection Material Selection........ Ceereienans
G SUMMATY . s ieivevavrsrnarnrosssans N N
CONTROL SYSTEMS...... ettt es e et aese ettt ecteasanan
N ItrOdUC L ON . et it i it interesnrannsnrnenenns

B, Results and Conclusions-Control System Evaluations...

C. Analysis and Simulation Results....veveinvrnes

D Trajectory Studies. . civiiiiiiieiiiiiinireseniairnnes

VEHICLE DESIGN,
A. Approach,.

L O R N N N A N A S I NN R SN S AR SN ST N I

L A R R N A A N I A I N )

L N S A S SN ST )

L N R A S A A O

(3L I

B, Generic Veh1c19 310 o
C. Saturn Orbiter Dual Probe Aerosh@11 Design

D, Mars Sample Return Aeroshell Design,

. Uranus Mission Aeroshell Design......... Cetirereredns
Fo Vehicle Design Summary. . .ovoeeeeen e ieiieernnneans

CONCLUSIONS. ..

LR R I BN R R A N N A A

NEW TECHNOLOGY AND RECOMMENDATIONS..........cviivinninnns

REFERENCES. ., ....

L R A I R O B N R I ') . .

.....

PAGE.

viti

—
1 3 31 1
N TN - e

e Kl
St et
s & 9
— — —

el Rl e
[
D B i

el et Bt et

VI-]
Vi1
vi-2
VI-3
vi-8
V19
Vi-9

Vi1
VIIL-1
IX-1

R e




TABLE OF CONTENTS
(continued)

LIST OF TLLUSTRATIONS
LIST OF TABLES

VOLUME_ 11
APPENDIX A S02P TRAJECTORIES
APPENDIX B MSR TRAJECTORIES
APPENDIX C URANUS TRAJECTORIES

R T U e




I, INTRODUCTION AN SUMMARY
A, INTRODUCTION

Aerocapture 16 a systan dosign technique that utilizes aerodynanic drag
to ohitaln the velocity depletion necessary to obtain a closed planetary orhit
fram a hyperholic flyhy trajectory, Tt i accomplished through an anrodynamically
control led atmospheric entry during which vehicle 1/D 15 varted 1o maintain a
constant drag, When the vequived veloclty depletion < caleulsind, the vehicle
pulls full Vift up and exits the atmosphore, The Aerocapture concept has
been analytically demonstrated, at JPL, te provide a significant incrcase in
the quantity of "in orbit" paylead for planetary missions,

Generic Porocapture indicates the utilization of a common aerodynamic
configuration for missions to any of several planets. This report cescvibes the
results of a geneéric Aerocapture atmospheric entry study performed uy Geniral
Electric Re-entry Systems Division under contract Lo the Je’ Jvapulsion Laburatory
of the California Institute of Technology.

The primary objective was to develop conceptual designs of atmespheric
entry systems with moderate to high L/D ratios to establish feasibility of
acrocapture for missions to Mars, Saturn, and Uranus, Saturn aerocapture wiil
be accomplished by using the atmosphere of Titan to provide the required velocity
depletion, To a large extent, the study is based on the experience gained and
the results obtained from a previous study, "Mars Aerocapture Vehicle Definition."

The overall study output consists of design concepts of vehicle confiqgur-
ations, structure, thermal protection and controls for the Mars Sample Return
(MSR), Saturn Orbiter Dual Probe (S02P) and Uranus Orbiter Probe (UOP) missions,
The design concepts are based on trajectory analyses supplied by JPL and refined

at GE=RSD through added simulation of a 'real' control system response. The
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control .implementation utilized the JPL recommended entry trajectory guidance
and control approach (i.e,, analytic drag cantrnl entry gquidance and modulated
1ift vector roll.control). In accordance with the scope of the study, the
designs were selected to show mission feasibility bhased on state of the art
concepts, System optimization from an anaiytic or hardware standpoint was
not. performed,
[mphasis was placed on selection of the aerodynamic configuration; definition —
of the aerodynamic loads: sizing of the aeroshell structure; selection and
distribution of thermal protection materials on the structure; definition of
control system concepts; and aerocapture performance verification through

fY1ght control simulations.

B. SUMMARY

1. Approach - Based on the results presented in the Mars Aerocapture
Vehicle Definition Study Final Report, Ref, I-1, a biconic configuration baseline
was selected at the study outset. The basic approach was then to evolve a
specific biconic configuration with the required aerodynamics and packaging
capability for all three missions; assess its trajectory accuracy over a range
of entry conditions and for several control schemes for the baseline SO2P
mission; extend the trajectory assessments to the MSR and Uranus missions;
and then, based on the environments developed from these trajectories, develop
aeroshell and control system design concepts along with system mass properties.

2. Results

a) Aerodynamic Configuration - The two configurations selected in the
previous study, Mars Aerocapture Mission, along with two others, were evaluated
for the generic Aerocapture mission (Figure I11-2 and Table 111-2). Al
configurations had an L/b greater than 1.0 and a CD greater than 0.4, Config-
uration 7-6, scaled down to a length of 6.3 meters to meet STS-1US/SEPS




requirements, was initially selected. This configuration provided the maximum

payload packaging volume, tended to minimize ihe nose bend required to trim the !
vehicle and provided some degree of Tongitudiy 1] and directional stability, ;
Using the SO2P mission as haseline, payload pockaging studies at JPL indicaled

a satisfactory payload arrangement within the aeroshell (Figure VI~ 9),

[valuation of the packaging density of this arrangement led to the conclusinn

that. the other three configurations were not «aitable for the S02P mission
without significant changes to the payload as .onceived by JPL,

The payload for the MSR mission is essentally larger than the SQ2P pa-load.
An additional 3.3 meter long space is availabl. in the STS payload bay sinc:

only the IUS is required for this mission. A 3.3 meter conic frustum exten.ion

P i

was added to the SO2P baseline configuration t. accomnodate the additiona)l
'payload (Figure I11-3). As conceived, the full 9.6 meter MSR aeroshell is used
for aerocapture, and subscquently, the forward 6.3 meter (basic) aeroshell is
used to seromaneuver the Lander to the surface of Mars.

The aerodynamic characteristics, Table I -3 and Figure 111-7, of the
basic (SO2P, Uranus and Mars aeromaneuver) anc stretched (Mars aerocapture) ]
aeroshells were calculated for control system simulations and calculation of
the thermal environment, In addition, the local pressure distributions ove-
the generic aerocapture vehicle have been predicted at the selected trim angle
of attack and provided for use in the structural analysis task.

b) Control System - The roll control sy tem requirements are to provis 2

the required bank-reverse-bank roll control 11 3ic and torque (thereby con-

trolling vehicle L/D to maintain a constant di1g), and to control roll dist .rban e

torques. The required roll control system ac aracy is + 25 m/sec variatior in

[-3
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exit velocity over the range of entry path arqles for Acracapture. In the
initial study, Ref, 1-1, a simple dual thrust level, bang-bang system was
selected to show mission feasibility, As an extension to this, several other
Lypes of control were investigated for the generic Aerocapture system, They
included an improved voaction control system using pulse width thrust modulation
and two types of aerodynamic contro): flaps and a moving mass roll contro .
The SO2P Aerocapture vehicle was used as a baseline for these studies. As
indicated in Section V of Ref, I-1, most of the required RCS fue) is used o
control the roll disturbance caused by a lateral offset between center-of-
pressure and center-of-mass (Cz). A mass properties analysis was performe
for the SO2P vehicle and results indicated tiat C, could be controlled to
0.6 cm. This offset, along with the aerodyn. nic characteristics from Section
I'l and the mass properties from Section VI were used for the roll control
system evaluations.
The results, indicated in Table V-1, show that for the SO2P mission, in
RCS system has the highest mass. It should | - noted that the system must | ave
a J-axis RCS for exoatmospheric control and iat only 4.5 kg of fuel is re.uire:
tor roll command control. Therefore, the aer dynamic trim contro) systems
(i.e., disturbance torque control only) are the systems to be compared. The
significant increase in mass to achieve roll command control is due to the
magnitude of the required accelerations. It should also be noted that the RCS
pulse system mass represents a theoretical mivimum number and the actual system
weight may be somewhat higher. The roll con ‘01 numbers to be compared arc:
RCS (PWM) 57.8 kg
Flaps (trim) 108.5 1g

Includes 4.5 kg for
MMRC (trim) 65.5 kg ] roll conmands

With a maximum difference of approximat. y 40 kg, ultimate selection ust

be based on a more detailed evaluation of pa oad mass distribution, and




aerodynamic complexity of flaps and cxpendablos management, For example, if

C? increased from 0.6 to 1.6 cm, the mass of the RCH and MMRC (with similar

travel) will increase to more than double it< value, while the flap mass
Increase can be minimized by increasing flap feflection. In addition, use
of an MMRC roll contrel on a generic vehicle could impose severe payload
packaging constraints,

Lntry trajectories were run using the flap roll contrel system to determine
exit velocity accuracy and path angle corridier,  The results, presented in

Section V, are summarized below:

Path Angle Exit Accuracy

Mission (deg) o Amfsee)
S02P (8 km/sec) 23.0 to 33.t 0 to M)
S02P (13 km/sec) 23.5 to 29.1 =13 to +7
MSR 14,5 to 16.¢ - 4 to +5
Uranus 8.0 to 12.1 0 to 40

Teajectory results also provided aerothermodynamic loads and flap hinge
noments for determination of the aereshell ard flap design concepts.,
The atmospheres used for the trajectory studies were:
S02P (Titan) Titan Thin / tmosphere
Mars Viking 75 Project Mars Cngineering
Model, M-75-125-3, NASA Langley
Viking Proj: :t Office
tranus Model 212, 1y 20, 1980
Orton and A, 1leby
To be publi 1ed - Icarus
c) Thermal Protection System - The TPS naterial selection is driven v

the requirement to minimize the local TPS we jht while cheosing from conte wor.

materials, Heat transfer has been calculate: for all missions and is sumt rize !

in Figure IV-16, As indicated, heat transfe alony the windward meridian -ari: .
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from approximately 100 w/cmz (MSR) to 2600 w/cm2 (Weanus). This heat transfer
can be as much as a factor of five lower on a side ray and a factor of ten

lower on the Teeward side, As such, several aaterials are used on each vehicle,
The heat transfer, as indicated in Table IV-1 is a combination of convective and
radiative,  TPS material selection is based on peak heat transfor and mater al
thickness 1o based on hoth heating load and heating time. Carbon phenolic

(a high portormance ablator) was chosen for the Urvanus and S02P (13 kn/sec)

peak heat rates while LSM (a low density ablator) performs satisfactorily tor
SO2P (B km/sec) and Mars, Lower density ESM, .AM and Nomex felt arc used o the

cooler sections of the vehicles. See Tables /-2 through 6.

d)  Structure and Acroshell - The selectc ! "structure" was again a honey-
comb sandwich as in Ref. 1-1. Structure thicless and mass have been calculated
for all missions and are presented in Figures VI-  through and Tables V]
through . The structure sizing was based on launch loads and the distributed
dymamic pressure encountored during atmospher . entry. Based on the TPS
solutions derived in Section IV, the TPS "map ' of the S02P, MSR and Uranus
missions arce indicated in Figures V1

The resulting aeroshell masses, including structure and TPS, are:

5020 (8 km/sec) 472 kg
SO2P (13 km/sec) 919 t
MSR 507 kg
Uranus 987 kg
N )
~o




it I L

3. Conclusion - Generic Aerocapture aerc:hell and control system design
concepts have been developed to allow further avaluation of the missfon design
concepts. A set of allowable launch masses fcr a specific mission concept. is
presented in Table 1-1, along with aeroshell ond control masses developad
in this study.

As indicated the S02P (8 km/sec), MSR and Uranus missions show positive mas:.
margins, The S02P (13 km/sec) has a negative nargin of 120 kg. Further mi' sion
evaluations are required to either decrease er'ry velocity or change the
required payload capability. Also, utilizatic: of new_heatshield materials
such as PD218 (See Section IV). will significotly decrease the aernshell m ss.

The required exit velocity accuracy of 2% m/sec can be achieved for al.
missions using either a flap, MMRC or RCS control system,

In general, it is concluded that a generi: Aerocapture configuration can be
utilized for the studied missions.

The variation in dynamic pressure over the range of mission does not require
a large change in structural mass (70 kg, Table V[-18). As a result, identical
structures appear feasible for S02P, Uranus and the Mars Aeromaneuver missions.
However, the range of peak heating does cause a large change in TPS mass (670 kg).

Therefore, it is recommended that the TPS be designed for the specific miss®n

environments,
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1. SYSTEM REGUIREMENTS
A, MISSTON DEFINITION

The Genoric Aerocapture Atmospheric Entry Study developed Aerocapture
system design concepts for three missions @ S0P at entry velocities of 8 an
13 km/sec; MSR at an entry yolocity of 5849 km/sec and Uranus at an entry
velocity of 30 kwm/sec. Flight path angles are dotennined in the study to

jdentify the Acrocaptuve limits for S02P and Uranus. The atmospheres used

1

for the entry trajectories are 1isted in Secti n 1. Initial trajectories weee

supplied by JPL. then further vefined at GE-RY  using developed vehicle
aorodynamics and mass properties and control & stem characteristics. For
purposes of this study, an accepted and proven entry trajectory guidance and
cqntro1 approach was used as recommended by JP . The technique is analytic
drag control entry guidance and modulated 1ift vector ro.1 control - a comp)

autonomous method.

3. DESIGN AND PERFORMANCE REQUIREMENTS
Table 11-1 presents a summary of the des: n and performance requiremen!

for Lhe generic Aerocapture vehicle,

ntely

[P ——




Table 11-1

System Design_and Perfoyman: e Requirements

Envelope
SOPP,. Uranus

MSR

Launch Mass
sorp
MSR

thranus

Payload
so2p
MSR

Uranus

/N

Launch Load

Control Accuracy

1

S diameter, 6 3m length

4.3m diameter, 9. tm lTength

2660 ka (8 km/se ), 2400 kg (13 kw/sec)
5000 kg

2400

1500 kg

4000 kg
1250 ky

0.

6

fond

0 to 2.0

4 to 1.0

g axial

g lateral

25 m/sec on ex t velocity

[1-2

kg (10 year missicn), 1800 kg (7 year misiion)




ITI. AERODYNAMIC CONFIGURATION
A. AERODYNAMIC CONFIGURATION SCREENING APPROA( if

The confiquration selected for the generic aerocapture vehicle is capable
of packaqing the required payload, fits within the Yength and width constraints
of the Space Shuttle payload bay, provides a 1:ft ta drag ratio between 1 and R
and a drag coefficient between 0,4 and 1 9. Tho specific packaging requivements,
hypersonic entry performance requirements and «oredynamic characteristic erierti
employed in the configuration screening proces: are outlined in Table 111-1.

Several classes of configurations exist thot moet the hypersonic performance
requirements, These include axisynmetric and « 11iptical cross section cones,
biconics and arbitrary cross section bodies, tonerally, the sphere cones are
too long to meet the Space Shuttle payload bay length co--traint and package the
required payloads. The existing aribtrary bedies have been designed with other
mission requirements in mind (e.g., subsonic 1. nding capability or higher L/D), and

hus, they are geometrically more complex than necessary for this aerocaptura/

acromaneuver vehicle, Evaluation of the aerod namics of elliptical and arbitrar,
cross section vehicles is more complex than for the axisymmetric vehicles.
Elliptical and arbitrary cross section vehicle. were not considered because
axisymetric vehicles met the aerodynamic requ:rements and provide a greater pay-
load volume. The class of configurations that lends itself to the packaging
constraints most readily is an axisymmetric bi.onic with ONosE 2 OFRUSTUM- These
biconics can be trimmed at an angle of attack, simultaneously producing both jift
and drag forces to provide maneuvering capabil ty. Trimming can be accomplished
by a variety of techniques including c.q. offs t, bent nose, aft frustum slice

i
or flaps,
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Perhaps the least complex concept is that of a fixed bent nose. which provides
a nearly fixed trim angle of attack and the bank to turn steering approach, This
concept has been evaluated in detail in severa' DOD programs and successfully
demonstrated in earth entry flight tests, It was theroughly evaluated for the
aerecapture mission and presents a feasible, well characterized, solution, The
aeradynamic screening and design procedure employed for this elass of mancuvering
entry vehicle includes:

0 Select o bastc hody external geometry that accommodates the specified
payloads and meets the launch vehicle (shuttle payload bay) constraints.

0 Determine variation of bastc body Cp, ' /D, and acrodynamic center
Tocation (Xacs Yac) with angle of atta k and select a trim angle of
attack to meet L/D and Cp requirements

0 Identify the required basic body cente of gravity location to provide
adequate yaw stability margin at the £ im angle of attack, to minimize
yaw angle (B7) excursions,

0 Determine the control surface deflection (nose or flap) required to
trim the vehicle (8) with the selected c.g. location.

0 Evaluate pitch stability at the trim angle of attack to determine if
adequate pitch stability exists to minimize angle-of-attack excursions.

0 lterate ¢.g. location, trim angle, control concept, and guidance
scheme to obtain acceptable yaw and pitch stability, as required.

S

Evaluate 1ift vector control concepts.

1. Aerodynamic Prediction Techniques and Validation - The GE 3D Flow Field

(30FF) capability has been used to provide accurate and rapid estimates of the
aerodynamic characteristics of candidate maneuvering aerocapture vehicle con-
figurations. These techniques have been emploved to generate the full set cf
aerodynamic coefticients for use in the mission/trajectory simulations for the
selected configurations. The 3DFF system consists of two primary codes; a 3D
Inviscid Code (31FF) (Ref. I11-1) and a 3D Viscous Code (3VFF) (Ref. I11-2).

The inviscid technique is used to estimate surface pressures and shock shape
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for various body geometries, including hiconic . triconic and elliptical Shapes;
asymmetric noses; bent nasa bodies and aft sli:es, The aVFF design cade
considers flow features such as mass addition “rom the thermal protection system,
asymmetric boundary layer transition in the piich and yaw Planes, and real aas
characteristics, The effrcts of angle of atta Kk on local property variations,
wtreamline spreading and changes in houndary 1 yor profile derivatives at the
wall arve tncluded 1n the cade,  The 1nduced Prossure pesulting from the viscous
flow is caleulated, and the resulting aerodyna ic coefficionts arp computed,
these consist of the inviscdd flow contributio s for forceg and moments and

the viscous contributions caused by Induced pr 'ssype and skin friction, It was
4150 used to predict the derothermodynamic environment of the entry configura-
tions, The aerodynamic data gencrated using i wese codes have been verified by

exlensive ground and flight testing of maneuve-ing biconic entry vehicles,

ra

2, yggjgjghﬂeppdynamic,goefficient Data Bk - Maneuvering entry vehicle
design studies have generated a large acrodyna ¢ coefficient analytical and
experimental data bank fop conic and biconic | dijes with various contro) surface:,
This data bank covers 4 range of aft frustum o g]es.eF. from 4 to 8 deg; fo ward
nose angles On» of 8 to 16 deg; nose radius-tc break radius ratios, RN/RI’ of
0.2 to 0.5; break radius-to-base radius ratioc RI/RB' of 0.2 to 1.0; Mach
Numbers 2 to 20; and angles of attack of 0.5 t, 21 degrees in air,

The extent of the existing biconic data ba ik is illustrated in Figure I11-]
and compared to the L/D and CD range specified for the generic aerocapture vehicin,
Significant increases in CD of this biconic fa ily result from slight (2-5 degrer ;)
increases in angle of attack. This effect has been evaluated for the selected

concepts.  Although some separated flow is exp cted on the leeward side, the
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pressures there arve quite low; therefore, it 1: anticipated that the windward
pressures dominate and no significant shift in CD ar CL occurs with separation
onset at the highor angles of attack.

The AFTDL/MDAC hypersonic arbitrary hody computer program HARR, Refercnce
T3, has been enployed to determine the aerocynamic characteristics of the
selected contiqueation atovery high angles of o ttack (»20 dedrees).  The HARH
results compare quite well with the flow field results 1n the intermediate angle

ol attack range where bolh technigques were usee .

B, GENCRIC ALROCAPTURE VEHICLE CONFIGURATION ' FLECTLON

Initdally a goal was established to utilize a common acrodynamic coenfiguration
for the $02, MSR, and Uranus missiens. A conical frustum extension could be
added to the MSR Acromancuvering configuration to accommodate the MSR Aerocapture
purtion ot the mission,

the configurations selected in the previour study for Mars Aerocapture Mission
feasibility, identified in Figure [11-2 as 7-6 ind 5-7 (Reference I-1) wore
considered as major candidates for the generic ievocapture mission, lwo additiona)
contigurations were evaluated. One configurat sn, 7-10, exhibited characteristic.
geometrically in between those two previously 2lected and a new configuration,
identitied as 4-4, appeared to provide adequat payload parkaging volume with
reduced surface area, Figure I11-2,

Selected acrodynamic characteristics of th e candidate basic body config-
urations are summarized in Table II1-2, To ma ntain payload packaging flexibilit.
of this generic aerocapture vehicle concept, t > configuration that maximizes
the payioad volume, can package the larger sph rical payload at the required
acrocapture vehicle c,q. location, and has the further aft ¢.9. location

requirement is the more desirable, These char cteristics are also summarized

Ii1-4
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in Tahle 111-2, Configuration 7-6 was again sclected as representing the most
“tractive configuration, given the general mi'sions requirements, Figure T1T-3.
For the MSIC Accocapture mission, a conte Trustim extonsion was added 1o
accomodate the additional paylead, Fiqure 1113,  This vehicle d4 identified

in Tahle T11-2 as confiqueation 7-12,

1. Nerodynamic Characteristics of Selected Geperde Acracapturc Vehicle

The aerodynamic charactoristies screcned to this potnt are for zere nese
hend (sinee nose bend 16 usually a secend order effect on CL‘ CD‘ L/D and the
roquired xca)and a f1ight medium of air. Calculations have been made for the
anlected configuration using the 3IFF code to cetermine the effect of nose
bend angle on the axial center of pressure loc tion in the piteh plane and thus
dotermine the nase bend angle required to meet the desired trim angle of attack.
These resulls were origindly reported in Reference 1-1 and are presented here
in Figure 111-4 for completeness, for the free.tream conditions typical of
fnitial pull-up in Mars in a flight medium of 602. Note that an axial c¢.g.
location of (0,738 Lapex with a nose bend angle of 7 degrees results in a trim
angte of 20 degrees while maintaining a very eléquate (by standard design
practice) yaw stability margin of 2.8 percent, Axial and normal force coefficient
variations with nose bend angle and angle of a tack are illustrated in Figure
[T1-5, Longitudinal stability characteristice for the configuration with a
selected nose bend angle of 7 degrees are illu trated in Figure II1-6. This
configuration provides a pitch stability margi ., égg,- Xag . EEMQQ at the 20

A [a dCy
degree trim angle of -0,084 (stable). The for e coefficients and moment coefficient

derivatives due to pitch and yaw are provided !or use in the 3DOF and 6DOF

trajoectory and control simulations in Table Il -3,
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For the purpose of this feasibility study. the inviscid aerodynamic
characteristics are assumed to be independent of gas composition, an assumption
that will be evaluated in the next phase of the program. The inviscid ax{al
farce coefficient does not include a contribution due to the vehicle base, The
axial force increment identified as AcAv1scous consists of increments due to
skin friction and induced pressure., For turbulent flow, the skin friction
contribution 1s the dominant contribution, providing 91 percent of ACAv1sc0us
for the MSR case, Tu}bulent flow 1s to be exp :ted due to the_magnitude ot the
freestream Reynolds Number at pull up, 9 x 106 based on vehicle length. The
total axial force coefficient includes an esti ite of the base-drag increment.
The skin friction contribution to AcAviscous i expected to vary with both gas
composition and vehicle size, but due to the s ze of the inviscid term will
have less than a 10 percent effect on the tota axial foice coefficient. These

effects have béen neglected in this feasibilit study.

An unsteady flow field code exists, Referece I111-4, to predict the dynamic

damping coefficients Cmq + Cm& and CNq + CN& o sphere cone and biconic vehicles.

For this feasibility study, however, it is rec mmended that a representative valuo

of -0.2/radian be used for both coefficients the 6DOF simulatiuns.
The local pressure distributions over thé eneric aerocapture vehicle have
been predicted at the selected trim angle of i tack and provided for use in the

structural analysis task,

2. Aerodynamic Characteristics of MSR Vet cle

Inviscid aerodynamic computations have ber made for the Mars Sample Return
vehicle employing both the GE 3IFF and the HAI codes in COZ' Solutions were
obtainéd on 31FF for angles of attack of 10 a» 15°, and on HARB for angle: of
attack up to 25°, At 20° angle of attack, 31! would not produce a solution due

I11-6
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to development of local subsenic flow regions in the body shock regime. Axial and
normal force coefficients, 1ift to drag ratio, and axial center of pressure
Tacation variation with angle of attack are 11:ustrated in Figure 111-7. The
axial farce coefficient includes an estimate o' the base drag and an increnent

due to skin friction and induced pressure in an. scaled from results of the

previous study,

3, Generic Aerocapture Configurations App'icability as Aeromaneuver Vehicle -

The aeromaneuver portion of the MSR mission at Mars consists of a controlled
1ifting entry from close Mars orbit where the .erodynamic characteristics of

the generic aerocapture vehicle at lower frees!ream Mach Numbers must be defined.
An examination of the basic body characteristics at M_ = 4 in air, Reference I-1,
indicates an aft movement of the pitch center f pressure (a = 0.57) from the

M, = 20 case, Using this as an indication of otential yaw center of pressure
movement, we would expect this configuration t: experiencé a gain in yaw
stability at the lower Mach Numbers., Base dra! would also be increasing, thus
contributing to a general reduction of L/D.

Predicted axial center of pressure loc.tion for the aeromaneuver vehicle
is expected to vary somewhat with freestream M.ch Number. For a fixed center of
gravity location, this results in a predictabl - small trim angle of attack
variation. This effect is usually greater for the aeromaneuver portion then the
aerocapture because of the larger freestream M ch Number range. In additicn,
some uncertainty exists in the predicted vehic e aerodynamic characteristics.
Typical flight experience has demonstrated a 3 aerodynamic coefficient axial an

normal force prediction accuracy of +10 percen , given the angle of attack. The

impart of these uncertainties, along with the eed for real time measurement of L/D,

should be addressed in future studies.
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4. Generic_Acrocapture Vehicle Flap Chara teristics

For purposes of this feasibility analysis, split windward flaps arc
considered as one technique for providing roll contral for the 7 degree bend
nose configurations, In order to provide data for estimation of flap actuation
requirements, preliminary estimates of hing mo ents generated by the differential
flap deflection have heen made,

Rasic data for this analysis were obtained from wind tunnei data for flaps
aounted on a similar forebody. The hinge mome it requirement, Ch, sensitivity to
¢.q. offset was evaluated for two conditions: 1) for a basic roll moment
coefficient, C]6 capability of 0.002, i.,e,, th* flaps are initially deflected
at an angle such that as the flaps are differeitially deflected + 1 degree the
change in Cy due to 6 is 0.00020; (this was a:complished at & = 7.0); and
2) for the flaps initially trailing at a 8. = Jora C15 = 0,00009.

Hinge moment coefficients, Ch. are determied from the panel load, CNP,

using the following equation:
LY 1
C, = C -
h ™ “Np v

where:

Ap - Flap area

AB - Reference area = veicle base area
1 - distance from f]ap ‘eading edge to flap center
of pressure (used .15 LFLAP)
LA - reference length (v hicle aft frustum apex length)
NOTE: AF/AB = 0,182
Total Flap Chord = 0.326 [3
Total Flap Span = 0,436 €
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These hinge moments for an angle of attack of '0 degreés are shown 4n Figure
I11-8. Also presented are the maximum flap de!lection angles required to provide
the necessary roll torque. As would be expect :d, the large lateral ¢.q. offsets
cause large hinge moments to control torque.

These data and analyses have been used to arovide information for the initial
foastbility studies for roll control of a bent nose vehicle, Additional analyses
wolld be performed to optimize the roll control scheme, Items to be considered
would be nose bend angle, flap geometry, body .lice geometry, and possible use of

split flaps (located off of the windward ray).

C. SUMMARY

Potential maneuvering vehiclé basic body ¢ \ndidates have been screened for the
yeneric aerocapture missions considering the pickaging constraints and the desired
aerodynamic performance characteristics. A siagle configuration was selected for
the S02P and Uranus Aerocapture, and MSR aeron ineuver vehicle applications with
a conical frustum addition to perform the MSR ierocapture application. These were
selected based on meeting the aerodynamic char icteristics requirements, ease of
packaging the given payloads in the vehicles and the vehicles in the Space Shuttie
payload bay, minimizing the nose bend requirer to trim the vehicle, minimizing
the vehicle surface arca where possible and pryviding some degree of longitudinal
and divectional static stability. Configurat ins selected are summarized in
Figure 111-3 with the aerodynamic coefficient: summarized in Table II11-3 ard

Figure T11-7,
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Dominant flow regimes for the acrocapture +ehicles s continuum flow with
turbulent flow present over most of the vehicl  at pull up,
A

erodynamic characteristics defined have ¢ msidered the inviscid, skin
friction and induce

d pressure effects, althoua only the inviscid effects are
of first order,
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Table I11-1 Cpnfigurationﬂ§«reen1ng Critppﬁg‘

Packaging Requivements

Performance Requirements

Aerodynamic Criteria

Fit with n shuttle payload bay

MSR Vehi :le nust package a lander
and orbi er

S02P and Uranus Vehicles will package
an orbit ' and probe(s)

1.0 < L/) < 2.0

0.4 < Cp <1.0

Both aer capture and aeromancuver vehicles
are fixel trim

Minimize center of préssure variations
with M,

Select basic bodies with

>

’:P - xCP
X

(IT = 0.50

Eliminat ali basic bodies with XAC < XCP

to speed screening.
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Table T11-3 Generic Aerocapture Veh :le Aerodynamics Sunmary

w = 20° M, = 30, Rey_ = 3.5 x 10%/m

Configuration . -6

SH e s e

cous srmm e omedonm m e inre

Force Coefficients COZ
CA c c . Pi;ch
Flow iny aC, Xep/l C c L/D
State Pg = P, Aviscous | Ptotal Ninv| Meotar| "CP'7A b L
Laminar 0.245 0.0158 0.262 | 0.692| 0.690 | 0.736 | 0.482 | 0.559| 1.16
Turbulent | 0.245 0.0621 0.308 | 0.692( 0.682 | 0.736 | 0.522 | 0.536 | 1.03
Moment Derivatives
c c °
C C";
"o "g ts 8 T
-2.58"3 +8.847 -2.437 -3.20"2 -8.4°2 j
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OF ATTACK OF 20° AT M. = 30 FOR Xna/l , = 738

¢ YAWCENTER OF PRESSURE MOVES T0 X/La = 7.66 for 6N = 7° PROVIDING
2.8% YAW STABILITY MARGIN

80 M. =30

(.‘Oz "

X 3 DFF PREDICTIONS Aggi EBEND
5

70

.65

60 - *TRIM

| ] i
0 6 10 15 20
ANGLE OF ATTACK (DEGREES)

Fiqure T11-4 Center of Press . re Locations fop
Generic Aerocapture Vehicle
IT1-17




0.3 "Mm - 30

7
ACAyiscous” ,026 (ESTIMATE) 6
€Oy = 3
X 3DFF PREDICTIONS //1

0.2}

CaroraL
0.1
o g
20
Sn
7
8 6
3
1
61l
Cn
4l ;
Qz -
o ) 1 /] A4 4
0 6 10 15 20

ANGLE OF ATTACK (DEGHEES)

Figure 111-5 Effect of Nose Bend Angl: on Axial and Normal Force
Coefficients of Generic Aer icapture Vehicle
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TV. THERMAL PROTECTION SUBSYSTEM
A. AEROTHERMODYNAMIC DESIGN APPROACH

State-of-the-art minimum mass Thermal Prot: ction Systems, TPS, that meet all
atmospheric entry requirements have been selec ed for the Generic Aerocapture
missions, Sinee the mass of the TPS and its s pporting substructure 15 a major
portion of the aerocapture vehicle, selection - f a minimum-mass TPS concept
areatly enhances the potential science return tenefits of the aerocapture
missicn concopt,

Reference cntry,bﬂdjcctorieg supplied by J L were used for initial screening
of acceptable entry corridors, Employing the redicted aerodynamic character-
istics of the selected Generic Rerocapture con igurations, entry trajectories
were computed and control simulations conducte! as a part of this study. A
number of reference heating parameters were situltaneously computed employing
engineering correlations for eventual use in sizing the thermal protection
systems, Results from the selective calculations of the 3D inviscid and viscous
flow field codes were used to establish the shuck shape, local pressure, local
Reynolds number, and local laminar turbulent t'ow, which results in a signiticant
increase in local heat transfer rates, was bascd on available flight test
transition data correlations analytically scaled to the Aerocapture vehicle
geometry. The thermal protection material thi kness was sized to limit the
maximum bondline/structure temperature to 600° (5901), a contemporary design
practice based on bond strength degradation, ypically, during the period of
maximum entry loads, the bond and structure a: at room temperature and reach
their peaks during the long soak out after th heating period is over and the
structural loads are minimal, TPS requiremen' were evaluated corsidering both
the shallow and steep ends of the trajectory « d a nominal initial temperature

ot 100°F {310K).
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B. CONVECTIVE HEAT TRANSFER DESIGN TECHNIQUES 7
The convective heating rate distributions 1o the aerocapture vehicle have
been calculated by means of the GE 30 Viscous ! oundary Layer Code, 3VFFF
(Ref, I11-2). This program calculates the Lee: /Eckert Reference Enthalpy and
Vaglio-Laurin Taminar, transitional and turbulent heating rate distributions,

as well as skin friction and viscous drag over iphere-cono and bicenic con-~

figurations at angyle of attack, The code uses integral boundary layer techniques.

including entropy swallowing effects, along boindary layer edge loci computed

on the basis of the Tocal pressure gradient. 7he inviscid flow field pressure
and shock shape are obtained from data gencratcd by the GE 3D Flow Field Program
(Ref. 111-1), 3IFF,

Comparison of the 3VFF heating predictions with wind tunnel data in aie is
shown in Figure IV-1 for a representative bicor ic geometry for M_=12.0. Vaglio-
Laurin local heating distributions were used i1 these prédictions and in all
acrocapture vehicle frustum heat protection anc lyses. The good agreement shown
in this figure is typical and thus verifies th. prediction techniques for the
biconic class of configurations that will be u'ed as baseline in this study.

Local convective heat transfer distributions heve been computed at conditions

representative of peak heating in CO2 and are ‘llustrated in Figures IV-2 and IV-3,

1. Atmosphere Models - Atmospheric densit. and speed of sound variations

with altitude were provided by JPL and are pre ent in Figures IV-4 and IV-5

for the various planets,

2. Reference Laminar Stagnation Point Hea' Transfer - The Reference laminar

stagnation point heat transfer rate in CO2 at he stagnation point of a hemi-

shperical nose can be approximated by:

&
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g, = 1186 % 107 (g = ) g h‘.z,l

whore: Ps in Atm,
RN inm

i in J/KG

R M
This approach was selected after comparing the ivailable hypersonic ground t- st
data in CO2 to theoretical and semi-empirical ¢pproaches suggested by variou
investigators, Ref, IV-1, and to our ) yiscour flow field solutions in 100
co, employing Lees' solution, Figure IV-6. Estimates of the laminar stagnat on
point heat transfer in CH4 were also computed vith the above expression.

The reference laminar stagnation point hea' transfer rate in 89% H2 - 11 He

(by volume) can be approximated by:
. - 6 _&‘ q-_‘
q. = 3.50 x 107 (Hy - h ) /ﬁ.h;
S R w -\ N

1hi$,uppv3dch was selected for consistency with the CO? results and after

examining results presented by Moss for Juvian entry, Ref. 1V-2, Fiqure V-7

3. Reference Maximum Turbulent Heat Transier Rate - For the range of pl:neta-y

entry conditions considered, transition to turbuient flow will occur prior t
peak heating as far forward as X/RN = 3, excep’ for the shallow Titan entrie.
where it occurs after peak laminar heating (Fiiure IV-21). Vehicle shape, angle
of attack, and free stream density and velocit are the first order paramete s
affecting magnitude of the turbulent heat tran fer rates. Gas composition -

expected to be a second order effect for CO2 ad CH4.
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The reference turbulent heat transfer rate in CO, 1s taken as the maximum
value of the turhulent heat transfer rate occuring on a hemispherical nose at
2ero angle of attack, It can be shown that th s maximum occurs at about 33° off
the stagnation point, assuming a modified Newt:nian pressure distribution and
can be cast in terms of the free stream condit ons, Ref, IV-3, as:

-7 pg.ﬁ

0. RD? 1,983 x 10

a9y Ry v

The constant has been increased for air by a f. ctor of 1.24 to bring the estimate
into line with air results from the 3VFF code. Estimates of the reference
turbulent heat rate in CH4 were also computed \ ith the expression above.

The reference turbulent héat transfer rate to a hemisphere in 89% H2 - 11% He
15 approximated by:

8 0.8
p

oy

qTRNO.Z = 6,15 x 10 v

The constant in this equation was selected after examination of the non-)lowing

turbulent heat transfer results presented by Mess for Jovian entry, Refs, IV-4

to IV-6.

4. Turbulent Leeward - Turbulent leeward eating data in air for spherically

blunted cones at angle of attack has been revi wed by Nestler, Ref., IV-7.
He concluded that leeward turbulent heating le els are less than zero angle f
attack values and are relatively independent o freestream Reynolds Number,

approaching 4 E—~~uw- = .3 for u/Oc values gre ter than about 2. Typical «, ¢
a =0
values of this study range from about 3 to 4 f r the aft cone. This value c°

;}-~«-= .3 was used throughout this study, in ependent of gas composition  d
a

angle of attack. This is considered a reasona le approach at this stage of eval-

uation, since the Teeward heat protection weig t is much less than the windv. ird.
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C. RADIATIVE HEAT TRANSFER

The Pionecr Venus and Gal1leo Programs have provided recent Tmpetus for the
development of fuli viscous shock layer solutions for the radiative heat fly-.
distribution on Sphere cones, Ref, IV-8 and 1v-2, as well as more approximat.
techniques, Refs, 1v-9 and 1v-10. Design studics have previously been compltod
using these techniques in both C02nnd H? ~ He mixtures and reported in Refs, y-5,
V=11, and 1v-12, For this initial assessment of radiative heat transfer ro eg
experienced by the Generic Aerocapture vehicle, engineering correlations con istent
with results produced by these more comprehensive codes have been employed t:

establish approximate radiative heating levels.

1. Stagnation Point Radiative Heat Transfer - The radiative heat transfor

calculations in C02 are based on the non-adiabatic shock layer results of Paye
and Woodward, Ref. IV-13, which is an extension to the Venys atmosphere of a
theory previously applied to earth entry, Ref. IV-14. In order to facilitate
design calculations, the radiative heating levels given in Ref, Iv-13 as Tabie 1
in terms of re-entry velocity, stagnation to reference pressure ratio, and « ock
layer standoff distance have been correlated, Ref. IV-15, by separating the -esul‘s
into three velocity regimes, The equation defiring this correlation is:

G = (p)'-16 []%]0 b (W/cm)

NA, |
where:
0 19.2, 0 = 6.200%), v, < 7000 wysec
T AL - 2008, 7000 v < 10,000 mysec
©T9I20 5 2010%), 10,000 - V. < 13,000 m/sec

P = local pressure in atmospher-s

8¢ = shock standotf distance in centimeters
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Although the usually accepted vatue of the exponent of adiabatic shock standoff
distance is 0.6, a value of 0,56 appeared to give a slightly better comparison
with the results of Page and Woodward. Figure IV-8 15 a plot of the radiative
heat flux calculated using the correlation equation vs, the values given in
Ref, 1V-13, The radiative rates of Page and Woodward were used since they are
the most. recent. complete parametric results available, and becauso the results
of previous analyses, such as those of Wolf and Spiegel, Ref, IV-16, wore no
ina form suitable for ease of computation, or did not include the important

CO (+4) contribution to the heating rates in a carbon dioxide atmosphere,

Since the published Page and Woodward radiative heating rates are for a
non-adiabatic shock layer, no correction factor wag necessary to account for
non-isothermal effects. This correlation of the Page and Woodward results his
been applied to several Pionecr Venus design caseés and compares favorably, Figure
IV-9, to the more complete calculations reported by Brewer, Ref. IV-12, empioying

the computational technique developed by Falanya and Olstad, Ref. IV-9,

Also of concern is the effect of shock layrr cooling on the convective b atir :,

Figure TV-10 presents a plot of the stagnation point convective heating resi ts
ot Page and Woodward compared to the stagnation point rates predicted by the
methods of Zoby, Ref. IV-17, Marvin and Deiwert, Ref. IV-18. Note that the
Fage and Woodward results are for 90%, COZ’ 10" NZ' while the other theories are
for 1004 COZ' Also, the Marvin and Deiwert results are calculated using the'r
simplified equation (Equaticn 11, Ref. IV-18). No significant difference du: to
shock layer cooling is indicated by the result: of Figure IV-10.

The radiative heat transfer calculations i He - H2 mixtures are based « a
correlation of the Project Galileo stagnation point results reported by Brev r,

Brant, and Fogaroli, Refs. IV-10 and IV-11. The Galileo results were genere .ed
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based on the viscous shock layer selutions of Moss, Rof, IV-2, for the radiative
flux distribution along the surfaces of large angle sphere cones and hyperboloids
and the tabulated matrix of precalculated RAD/) QUAL code results of Nicolet,
Refs, 1V-19 and 1V-20, The correlations of the Project Galileo result, is
mndeled after that suagested by Stickfard and Menard, Ref, IV=21, for a 617 Hp -

36% He - 3% No mixture and takes the form, Figure IV-11, of:

o, 13 | Yl ouse
qRA ‘ pu ]04 o
(4] ;

Based on the results presented in Ref, 1V-10, he radiative heating can be
expected to be a factor of two higher for the eavy atmosphere (78% “2) and bout
half the nominal value for the 1ight atmospher (100% H2).

Hypersonic radiative heat transfer results in CH4 are not yet available, and
generation of them was beyond the scope of thi study. For purposes of esti ating
the radiative heat—transfer from rediating CHd the CO2 correlation was emplyed.
Preliminary results of computations in radiatig CH4-N2 mixtures, Ref. IV-3:.

indicate this to be a reasonably conservative ipproach,

2. Shock_Stand Off Distance - The shock s and off distance around the catry

probe is obtained from an exac: General Electr ¢ flow field calculation in 190%
002. This calculation technique has been well validated in air, e.g., see F f,
IV-22.  The full shock shape employed is show in Figure IV-12, The stagna* on
point adiabatic shock stand off distance is ci pared in Figure IV-13 to Serl in,
Ref. IV-23, and Li-Geiger, Ref. IV-24, relaticiships for predicting the shoc

stand off distance in air. The flow ficld re. 1t favors the Li-Geiger relat ‘on-
ship. Ridyard and Storer demonstrated in Ref. IV-25 that for values of pzlpi > 2

the Li-Geiger relationship is preferred over S.rbin. In addition, Serbin, P.f,
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IV-23, and Storer, Ref, IV-26, have recognized that the shock stand off distance

can be correlated for various gases with a single parameter, Po/p, e the density

ratio across the shock. Therefore, the agreement of the air and 002 results is

not surprising, This correlation was used to estimate the shock stand off

distance in the CH, and Il,~Ho mixtures, 1
3. Radjatjyp,ﬂpggjnghpygymghgr351§1 = For purposes of this study, the 1
radfative heating over the conical section of the vehicle has been estimated 11
i

tram a review of the sphere cone distribution: veported in Mgure 5 of Ref, ;

IV-10 for H2 = He mixtures and in Figure 8 of Ref. IV-12 fry C02. Employing
d tangent cone approach, the equivalent cone angle of our forward frustum is
40° at « = 20°. This results in the radiative heat flux dropping to about
207 of the stagnation point value at X/R e 2.

D. ABLATIVE MASS LOSS

Several specific materials, representing gencral classes of ablators, weve
evaluated for generic acrocapture mission applications, For the milder heating
experienced by the MSR and some areas of the $02P, thermally efficient, shape !
5£ah]e charring ablators are attractive. These ablators include ESM 1008X-N, i
ESM 1004AP and SAM. The ESM's are of the foamed silicone elastomer family which
have a tailorable density. The 1004X-NS and 1004AP have densitiies of 240 and
580}kg/m3 and are shape stable to heat flux levels of 85 and 99 w/cma. SAM, a
derivative of Silica RSI, is expected to be shape stable at heat fluxes up t2 ‘
85 W/eme, 4

For those areas of the vehicle and those missions that receive heat transfer
rates above 90 N/cmz. higher performance ablators that experience char surface

?
recession by melting, vaporization, sublimation, or mechanical scrubbing must be

considered, In the heat flux range of approximately 90 to 56% W/cmz, ESM 1004 LPS
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(pv = 8806 kg/ma) will prabably provide the Tightest weight heat protaction option,
Performance of this material, in an atr environment has been described 1n Ret,
IV-27.  Char melting commences at a heat transter rate of ahout 90 WIcm? and
procends at higher molt rates as the heat. transfer rato is increased, The
variation of char mass loss rate with incident heat flux in atr is 1 lustrated
in Figure 1V-14, taken from Ref, IV-27, and 1is incorporatod in REKAP, The
mass loss rate is pot expected to be affected hy the atmospheric qas composition,
As the heat flux increases into the range of 565 to 1130 N/cm”, material-
like phenolic nylen (pv = 1200 Kg/ma) may be attractive. This material has an
attractive thermal condiictivity and is nearly shape stable for Tow values of
acrodynamic shear (<48 N/mz). Ref. IV-28. For shear levels above 48 N/mz, the
char fails mechanically and is swept away, thus forcing the use of a material
like carbon phenolic, Flight and ground test «har removal data were cvaluated
in Ref. 1V-28. For aerodynamic shear levels al ove 48 N/mz, a correlation of

char removal data was made of the form Q* =-——?9ﬂﬂ~«- = f (I-IR - hw)' For values
Psurface

areater than 27.8 MJ/kg (VE = 7.5 km/sec) Q* + 31.2 MI/kg. This value has b en
emploved to generate material tradeofts in thi study.

For application in the higher heat flux a as, q > 1130 W/cmz, material: of
the carbon phenolic family (pv = 1450 kg/ma) a e usually attractive. The re ent
activity on the Pioneer Venus and Galileo prog ams and the many Earth entry
scientific and strategic programs have provide a large bank of both analytical
and test results, Ablation material surface r ictions with the dissociated
boundary layer have been modeled for several ¢ rbon atmosphere combinations.
Carbon ablation in CO2 was evaluated for the F jneer Venus program, Ref, Iy. 2.

It was shown that the difference between perfu nance in CO2 and air is smal® in
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the sublimation region and in the diffusion controlled regime the mass loss is
about 60% greater in COZ' Figure IV~15, Carbon ablation 1n H2 - He mixtures was
evaluated for the Galileo program, Ref, IV-10, In this case, a much greater
difference was obsorved between the alr and H2 - He rosults, Figure 1V-15,
Sublimation is seen to commence earlier In the H2 = He mixture than in air or
CO? and the wall qas onthalpy, the primary torm that controls the carben sur‘ace
recession (higher hw resulting in lower mass 1oss rates), 15 seen to he con-
niderably higher for the I-l2 « He mixture, Carlon mass lass rates in dissoci -ted
(‘.Il4 were unavailable at initiation of this study, and have been recently gen--rated,
These results are illustrated in Figure IV-15 10r a loca) pressure of one
atmosphere, and have been employed in this stuly to generate carbon phenolic

thermal response and mass loss results,

L. MATERIAL THERMAL RESPONSE

Having determined the heating rates, heatirg times and time integrated | :atirg
loads using the techniques discussed above, TP trade studies have been cond ictec
through use of design correlations derived fru. the results of the GE Reaction
Kinetics Ablation Program (REL “), The REKAP ablation analysis technique (R«f.
1V-29) was developed to provide predictions of the surface recession, degradition
and thermal penetration for a variety of mater-als over a wide range of fligat
conditions and environments. The program includes the decomposition of a plistic
material and the flow of pyrolysis gases throu-h a porous char, the effect of
mass addition on aerodynamic heat transfer, su-face recession caused by melting
and/or vaporization, and the oxidation and vaprization of graphitic type
materials. This code has made possible the an:lysis of numerous materials

including the silicone and epoxy elastomers (e 9., ESM), carbon phenolic, the
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family of graphites and carbon-carbhon compesites, teflon, silica phenolic,
phenalic nylon, horon nitrides, quartz, and otier silica-based glassy materinls
like RSI and SAM, The RFKAP computer code has been used successfully on a number
of ground and flight test pragrams,

The TPS dectgn rationale for the acrecaptw e vehicles involves specificarion
of bond and structure thicknesses and maximum o1lowable temperatures in both bond
and structure,  In the praliminary vehicle des gn phase, the heatshield matevcials
have heen sized and bonded with 25,4 mi of an TV silicone alastomer to the
structure,  The peak bond temperature is Himitod Lo 590K with the structure
wpaking out to a temperature of ncarly 590K at a time when loads are low, lie
18 is normally selected by review of the heat ng rates for the range of tra-
jectories considered and usually sized by the larger heating loads of the shallow

path angle trajectory.

i HEAT PROTECTION MATERIAL SELECTION

l. General Considerations - Heat protection material selection is driven by

the requirement to minimize the total TPS weicnt while choosing from contem orary
materials, Other materials may become availal le prior to hardware implemen:atio
of the aerocapture vehicle. 1t has been found that a meaningful parameter to
indicate potential range of a materials application is the peak heat transfer
rate expected, The variation of the peak heat transfer rate on the aerocapture
vehicle forecone on the windward meridian acrc ;s the entry corridors for the MSR,
S02P and Uranus entry vehicles is illustrated in Figure IV-16. The peak he-t
transfer rate also varies significantly over ‘e aerocapture vehicle, Figur 3
Iv-17 and 1V-18, being as much as a factor of five lower than the windward
meridian on the side ray location and as much is a factor of ten lower on

the leeward side.
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2. MSR_Thermal Protection Selactions ~ Th- MSR configuration evaluated is

a scaled down version of the Mars Single Mission Aeracapture Vehicle selected in
the previous study, Ref, [-1, with a conical s-iyt extension added to the aft
frustum, Figure IT1-3, fur a total length of 1,6M. Reference heat. transfer,
fronctyeam Reynolds Number. and dynam1é pressu o were computed during the guidance
and contral studies and are sunmarized in Tabl - IV-1.

Following the boundary layer transition on .ot criteria logic outlined in Ref.
-1, an Farth entry flight derived Re“ criteri, Ref, IV-30, has been applicd !
Lo the MSR vehicle, To simplify this study, the local Reo houndary layer trip

triteria has been tranglated back to a freestroam Reynolds Number. It was

Py

determined that for the MSR vehicle, the free« rea Reynolds Number that woul'd
result in turbulent flow covering most of the /indward side ofkshe vehic1e

would be a 2.2 x 105/meter. A review of the vilues of Reym at[éTRNO’?J max®
Table 1V-1, indicates that transition to turbuient flow wiil have occurred prior
to the peak of éTRNO‘z. Employing techniques lescribed in Section IV-B, heat
transfer rate time histories for a representat :ve forward cone body point on the
windward meridian (X/RN = 12.5) have been gene -ated for the rangée of entry path
angles and are illustrated in Figure IV-19, | -at transfer rate distributior over
the vehicle at the time of peak heating is 11 istrated for the steep path a jle
in Figure IV-17, 1he general heat protection raterial selection criteria b e
been superimposed on this Figure. The parame! :rs that drive the sizing of e
heat protection materials are the time integr: :ed heat flux and the heating sime.
It is seen from Table IV-1 that these paramet s are maximum for the shallo | i
path angle entry case. The TPS materials selc :ted from consideration of th

peak heat flux values of the steep trajectory, Figure IV-17, have been sizc

for the time integrated heat flux and heating imes experienced during the
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shallow trajectory. These heat )oads and heat protection material requirements

L are summarized in Table 1y-2,

- { The ahlative materials selected are consistent with those selected ag mi

nimum
é weight candidates fop the previous Mars Aeracapture Vehicle Definition Study,

Ref, I-]

WZJ

oA

» Since the peak heat transfer rates, heat loads and
quite similar,

°

heating times are

A

The MSR vehicle requires a thermal protection material on the aeromaneu: or

vehicle that can function in a reusable mode, It must function during the

aerocapture maneuver and then subsequently during the entry maneuver. |[ow

density ablators such as ESM and SAM are expec'ed to be

gAYy &

reusable with some vnall

loss of thermal efficiency because of the char-ing expéerienced during the

aerocapture maneuver, It was found in the previous study that due to the milder

entry conditions of the out-of-orbit entry, tp . heat load was a factor of 5 less

and the heating time a factor of 6 less than 1e aerocapture maneuver, Thy-,

it is expected that use of the precharred abl: ‘or material for aeromaneuver

will result in a peak bondline temperature of wwch less than 590K,

3. S02P Thermal Protection Selection - Th: SO2p configuration evaluater is

a scaled down ve

rsion of the Mars Single Missin Aerocapture Vehicle select:
the previous study with a total length of 6,30

4 in
Reference heat transfer, fyoe-

stream Reynolds Number, and dynamic pressure v 're computed during the guidance

and control studjes and are summarized in Tabl . [v-1,

i Following the boundary layer transition criteria logic described earlier

. , , s 5 0,2
for the MSR vehicle a review of the values ot Rey at ‘; R, "* s Table [v-)
’ ® LT N ] max

I indicates that transition to turbulent flow wi'l oceur Generally before peat
|

turbulent heating for the steep trajectories < id after peak turbulent heati: g
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would have occurred for the shallow trajectories, Convective heat transfer rate
time histories for a representative forward core body point on the windward
meridian (K/RN ©12.5) have been generated for the range of entry paih angle.,
and are i1lustrated in Fiqures 1V-20 and 21, (onveetive heat transfor rate
disteibution over the vehicle at the time of peak heating 15 illustrated for the
steep path angle cases in Figure 1V-18 for an entry velocity of 13 km/sec,

Radiative heat transfer to the stagnation point area in the Methane environ-
ment has been estimated, Figure Iv-22, ciploying the CO2 atmosphere results
described in Section 1V-C, since rosults for Lﬂa are currently not available,

It is seen that for the shallow trajectory, wh ch sizes the heat protection
system, the radiative heat flux at the stagnat on point, is eostimated to be
only 17 as large as the convective heat flux or V[ = 13 km/sec., For Lhe
purposes of sizing tihe heat protection system n this study, the total
radiative plus convective heat load has been a-.sumcd to be 1.25 times as large
av the convective heat load. For the slower trajectories at VL = & km/sec, the
radiative hedting is assumed to be negligible,

The TPS materials selected from consideration of the peak heat flux values
of the steep (V& 13 km/see) trajectovy, Figu-e IV-18, have been sized for the
shallow trajectory, These heat loads and heat protection material requirements
are summarized in Table 1v-3,

The materials selected for the high speed 'ntry have also been sized for
the Tow speed, VE < 8 km/sec, entry, However, consideration of the peak heot
transfer rates experienced during the slow spe od entry indicates that low

density charring ablators could be used over {ie entire S02P vehicle and of'er

a Tghter woight heat protection system. The saterials selected as providing the

lightest weight locally while meeting the cone raint of performing adequately for
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the peak heat fluxes expected for the steep trajoctories are identified with their
thickness requirement in Table IV-4,

Several tradeoff studies were conducted in arriving at these final selections.
Lmplaying the char mass loss models described n Section IV-D, char recession
histories were generated for ESM, phenolic nyl n, and carbon phenolic for the
windward meridian location at. X/RN = 12.5, Flg re 1V-23. It is scen that th- ESM
experiences nearly 6.8 ¢cm of recession, phenol ¢ nylon about 3 cm, and carbc
phenolic a negligible amount in the methane en ironment. The shape stabilit - of
the carbon phenolic is highly desirable, althe gh as currently constructed i is
not as good an insulator as ESM or PN,

The thermal response of carbon phenolic wh n exposed to a typical methar -
heating environment on the windward meridian ¢ the forward cone has been
predicted with REKAP for both 8 and 13 km/sec ntries. The predicted surfac:
temperature reached a maximum value of a littl ..over.2200K, This was not
sufficient to initiate sublimation, as would b expected from the results st wn
in Fiqure 1V-15, The carbon phenolic thicknes vs. maximum bondline temperature
occurring at soak out are illustrated in Figur 1IV-24, These data were factored
into our carbon phent’ic thickness requirement data bank for air, and a design
correlation for use in heated methane generatc: for this study.

Carbon phenolic, although attractive as a eat protection material for chort
periods of intense heating (Figure 1V-16 summa izes some contemporary applic :tions)
is not a very weight efficient insulator. Thi can be confirmed from a rev: w of
the thermal properties in Table IV-5 and a cor arison of the carbon phenoli. and
low density ablator weights summarized for the 8 km/sec entry of SO2P in

Fiqure 1V-25. An experimental development mat rial, PD 218, Ref. IV-31, is 1 lov
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density carbon foam with excellent thermal properties and adequate structural
properties for this application. Thermal response calculations were performed
on o carbon phenolic PO 218 composite, The carhon phenolic outer layer s
enployed Lo holp suppress the surface temperature response and minimize the

char mass loss, The PD 218 is employed as a Tight weight 1nsulator to meet the
hondline temperature requirements. The computations indicate that a combination
af b mm of carbon phenolic plus 4 cm of PD 218 (a eombined weight of 13.7 kg/ma)
can replace 3.6 cm of carbon phenolic (51.3 kg 12). This concept provides th-
potential for significant weight reduction for .he VE = 13 km/sec SO2P Titan

entries.,

4. Uranus Thermal Protection Selection - e Uranus—aerocapture configuration

cvaluated is the scaled down version of the Ma: . Single Mission Aerocapture
vehicle selected in the previous study, Ref. 1 ', with a total length of 6.3 .
Reference heat transfer, freestream Reynolds Nt .ber, and dynamic pressure we'e
computed during the guidance and control studi. ; and are summarized in Table IV-1.
Following the boundary layer transition criteria logic described earlier for
the MSR vehicle, a review of the values of Rey at {
indicates that transition to turbulent flow will always occur before peak

('TRNO'ZJ max * rable Iv-1.

turbulent heating,

Convective heat transfer rate time historie; for the stagnation point and
a representative forward cone windward locatior where turbulent flow predomirates
have been generated for the 12° entry path ang : case for the nominal atmosp 2re.
Convective heat transfer rate distributions ov- * the vehicle at the time of eak

heating is illustrated for the 12° entry case 1 Fiaure IV-26.
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Radi-*ive heat transfer to the stagnation point area in the 89% Hz - 11% He
mixture have been estimated employing an engineering correlation of Galileo
results described in Section IV-C, The Convec'ive heat transfer rate dominates
the TPS response, Figure IV-27, The stagnatior point convective heat transfep
rate peaks at 3728 Btu/ftzsec (4213 wlcma). th. adiabatic non-blowing radiative
heat transfer vate at the stagnation point peal s at about 780 Btu/ftzsoc
(R&0 w/cmg). the turbulent heat transfor rate t X/RN = 12.5 peaks at 2406
ntu/ftgsec (2719 w/cmz) with the radiative dec casing to abrat 20% of the
stagnation point values at that station. Base' on these comparisons, the
radiative heating has been considerad negligib e for this study, although in
subsequent design studies it must be included.

With peak hecat transfer rates over most of the vehicle being high énougt that
carbon mass 10ss will be significant, the firs TPS evaluated was all carbor
phenolic over all sides of the vehicle. The r quired nominal ablator thickrossec
are summarized in Table IV-6., Some weight red:ction might be possible by utn of
a carbon phenolic - PD 218 composite, where th:- carbon phenolic thickness it
sufficient to cover the expected char mass los with margin and the PD 218 i,

used to provide a lighter weight insulation la er,

5. Control Surface Heat Protection

Split windward flaps are being considered s one of the control options,
Section V. Typically, these flaps introduce s gnificant flow field perturbe -ions
and experience heating rates well above the 1c al approach conditions, The
flaps are expected to he deflected at about & with a differential deflecti in
from that point of 5%, This creates an effec ive total impact angle to the

flow of from 27 to 37°. The forecone has an e fective impact angle of 40°.
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For the purposes of this study, the heat protection requirements for the flaps is
assumed to be equivalent to the requireément on the forecone, For S02P, if the
heating to the flaps is a factor of two higher, the flap thermal protection
requirements will increase hy 30%, If the heating increases by an order of

magnitude, the thermal protection requirement will increase by 180%.

G. SUMMARY

Thermal protection materials have been selected and sized for a generic
acrocapture vehicle for entry at Mars, Titan and Uranus—in the entry corridors
defined in the trajectory and control simulation studies described in Sectior V.
Hypersonic convective and radiative heat transfer to these vehicles was estimated
based on a combination of 3D inviscid and viscuus flow field solutions gener.ted
for the aerocapture vehicle and engineering correlaticns developed from the
nunerous complete convective and radiative heat transfer evaluatiuns conducted
in CO2 and HZ-He mixtures for the Pioneer Venus and Galileo programs.

A summary is presented in Table IV-1 of the peak and time integrzted convective
and radiative heat transfer rates, the peak dynamic pressure, the freestream
Reynolds Number at peak turbulent heating and the heating times computed. I' was
concluded that generally transition to turbulent flow is expected to occur prior
to peak heating except for the shallow path an:le entries into Titan, Figure-
Iv-19, IV-20, and 1V-21,

The thermal protection material selection nd sizing is driven by the p:ak
and time integrated heat transfer rates exper nced and the heating times,
summarized in Figure IV-16, It is seen that . propriate contemporary mater :ls
are available ranging from low density ablato: for MSR and low speed Titan

entry to high performance ablators for Uranus nd high speed T4can entry.
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However, the long heating times associated wit! use of the high performance
ablators fall outside the demonstrated capability of current entry vehicle
applications and thus need to he experimentally demonstrated,

Thermochemical response of graphitic heatst ields in an and Hz»He mixtures
was available from the previous studies: respor.e in a L‘H4 mixture was not
available, so wat generated during this study.

Sizing of the thermal protoction system wa accomplished by employing design
correlations derived from the results of GF RELAP,  The nominal thermal protection
material requirements for the generic aerocaptire vehicle in the several mission
applications are summarized in Tables 1V-2, IV-3, Iv-4, and IV-6. Comparisons
between the thermal protection material weight required of representative wind-
ward meridian locations are presented in Figure IV-28. For the low speed Mars
and Titan entries, low density, rear shape stable ablators offer attractive
solutions. Low density ablators were selected over a metallic reradiative type
or an RSI approach due to the limited reuse required, simplicity of design, the
fabrication and applications data base existin and cost. For the 13 km/sec
Titan entry in CHa, carbon phenolic is predict. 1 to be shape stable since there
is no oxidation experienced and the peak surfa: : temperature expected is well
below the sublimation temperature. A developm 1tal material, PD 218 (a low density
carbon foam), used as an insulative layer is stowr to reduce the local TPS
weight requirement by a factor of 3. For Uram ; entry, a high performance ablator

such as carbor phenolic is required and experi: iwces some mass 10ss due to sublimation,
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Table IV-2

M5R Thermal Protection System Requircments Summary

Ma.s Entry
Ve ~ 5859 m/sec

Vehicle | Perd pheral fedt | | ] "u;.};"”"”‘ o
Station Location c o | Flow -State Material Thick, | Weight
| M| (ded.) f (wesec/en”) | Lam, b hetected | (em) | (iam?) ]

? 0 2,30 X Esmiooaar | 1,24 7.2

h 2,284 X X 1.2 7.2

1 4.4% X X 0.91 5.3

35.6 178" X X 1.19 6.8

29.4 1.24% X X 1.12 6.4

2 90 3.74%3 X X SAM 1.83 2.3

5 5.72%3 X X 1.88 2.4

18 3,33% X X 1.83 2.3

35.6 1.36%3 X X 1.75 2.2

49.4 ‘ 1.49*3 X X 175 | 2.2

5.5 180 1.72%3 X X SAM 1.75 2.2

18.5 1.0% X X |Nomex Felt| 1.93 1.6

35.6 407 X X .88 1.6

2 90 X X |esmooanar | 0.89 5.1

5.5 5.72%3 X ) . 0.97 5.6

35.6 1,363 X 0.71 4.1

49.4 1.49%3 X X 0.71 4,1 B
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Table IV-3

502P Thermal Protection System Requirements Summary

Titan Entry
VE = 13 km/sec

Vuh1c1a Peripheral f&cdt _ . wg?;;t
Station Location 2 Flow ~State| Material Thick, 2
X/Ry (deq.) (wesec/em®)| LAM T *b| Selected (cm) (kg/m)
. 0 1,970 X Carbon 4.45 64,2
Phenolic
h 1,23 X 4.06 58.8
18 1.08% X 1.85 26.9
31 5,84"% X 2.92 42.5
5.5 90 4.044 X 2.46 35.6
18.5 2.05™ X 1.88 27.3
31 1.00™ X 1.45 21.0
5.5 180 1.21% X FSMI004AP | 1.40 8.1
25 3,24%3 X £sMi00ax | 1.99 4.74
5.5 90 1,04 X rsM1004AP | 1.73 10.0
18.5 2.05% X 1.55 8.9
31 1.00" X 1.3 7.8

Iv-27?
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Table 1V-4
S02P Thermal Protection System R quirements Summary
5 Titan Entry
E Ve = 8 kn/sec
!uhi cle Pem‘ pheral ,f('lcdt , ‘_ ’ wg?;'ﬁt
Station Location ? Flow State Material Thick. 9
X/Ry (deq,) (wesec/em®)| Lam  Tur s | Selected (em) (kg/m")
5 0 0 550" | « ESMI004LPS| 3.23 | 28.3
6 4.43% X y 2.77 24,4
18 7.66"3 X y | £smioodap | 1.33 7.5
31 223" X ) | 1.55 9.0
5.5 90 1.34% X } | ESMI004X | 2.79 6.7
18.5 7.09%3 X ) 2.39 5,7
3 l 3.42"3 X ; 1.98 4.8
5.5 | 180 .02 | x | > |csmooax | 2.08 5.0 |
25 } 1.09%3 X X | SAM .98 2.5 |
5.5 90 13t b |y | esmooaues | 2.0 17.6 g 4
18.5 7.09"3 X | esmioosae | 1.27 7.5 | :
31 I 3.42%3 X | 1.12 6.4
—L |




'dhli‘ 'v—‘!l
Compavison of Candidate Thermal Protection Materials

Thevmophysical Praperties

ka/m' W/m K (cal/gm k)
Carbon Phenolfe 1450 6,0 % 107! 0.28
Phenolic Nylon 1200 2.1 x 107 0.41
ESM 10041 Py 880 1.4 x 107! 0.31
FSM1004AP 50 1.48 x 107 0.31
LM 1000% 240 9,6 x 107 (1.36
EITL 160 9,3 x 1072 0.1
SAM 130 3.0 x 1077 0.23 ,;
Nomex Felt 83 4.8 x 1072 0.49 ‘.
1
e e —— ?

* A DEVELOPMENTAL MATERIAL
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Table IV-6

Thermal Pratection System Reqt irements Summary ’
Uranus Entry
V[E = 30 km/s¢ . }
i
)
o . e !
[ ) | i
Vehicle | Peripheral ra. Untt :
Mation Location Lt o | Mow =St 1o Material Thick, | Welght
X/Ry (deg.) (wesee/em®)| Lam Ty wlectod (em) (kq/mz) :
Y . , .
0 0 5,75 X Garbon 4,83 69.8
Phenolie
2 3,32"0 X 3.81 | 55,7
b 22" X ) 3.3 47.8
1" 4.36" X ; 1.65 | 23.9
1 1,25 X ) 2.49 | 36.1
5.5 90 6.0 X X .85 | 26.9
e 3.4% X ¥ 1.52 | 22.0
1 1.62%4 X y 199 | 173
5.5 180 1.63%4 X y 119 | 17.3
25 4.,9%3 X X .02 | 146
T
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e = 20° M_ = 30, REY_ = 3,56 x 10° (1/M)
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00
e
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Fioure V=3 Turbulent Heat Transfer Distribution on

Generic Aerovcapture Vehicle in €O,
-
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V. CONTROL SYSTEMS
A. INTRODUCTION

Seyoral concepts for contrel of the aeracap ure vohicle during atmospheric

fLight have heen evaluated during this study. | phasis was placed anthe use of

aeradynamic control techniques for countering th+ effects of roll disturbance torques,

Porformance of the several systems was domonstra ed on a 3-1/2 DOF simulation using
the atmospheric and planetary characteristics of Titan as a baseline (3-1/2 DOF
tndicates a simulation of a three degree of freclom controlled trajectory plus

a one degree of freedom roll control loop). Weijht estimates were made for each
systom along with atmospheric exit accuracies.

Six control approaches were studied:

}. Reaclion_Control System (RCS) Roll Cont ‘ol
This is the simple on-off system with + 5° deadband described in Ref. I-1,
The control torque was set to provide 7 deg;secz roll control acceleration

with worst case roll asymmetry torqgies luring the constant draig phase,

2. RCS with Pulse Width Modulation (PwWM)

In this case the duration of the jet pulse is ma ‘e proportionel to the
roll error signal. lgnoring seepuision time delays this res 1ts in an
RCS system whose performence vs essents 11v linear and prov’des a
significant increass in etficiency of ‘10 utilization.

3. Flap Trim Conirel
With this scheme flaps are used te cow er the effect of roll asymmetry
terques but response to roll commiands ¢ 3 accomplished by means of an RCE

roli centrol s eitem,

X rain

et el



A,

Flap Control

In this case flaps were used to provide response to ro}1 commands as well
as to counter roll disturbance torques. Experience indicates that the
same flaps could he used to pravide the required pitch/yaw damping, A
full 60OF simulation is required to include piteh/yaw damping and is

recommended for investigation in further studies,

Moving Mass Roll Control (MMRC) Trim Control

In this mode, the MMRC 1s used only to counter the effect of roll
disturbance torques and an RCS system provides response to rols
conmands. Performance on a 3-1/2 DOF simulation is essentially identical

to that of the Flap Trim System,

MMRC Rol11 Control

In this case the MMRC is sized to provide response to roll commands as
well as to counter the effect of roll cisturbance_tarques. Ro11 control
performance on a 3-1/2 DOF simulation is essentially identical to that of
the Flap Control System. However, the MMRC system would not be capable

of providing pitce,'yaw damping.

The control system simulation trade-off st dies used an S02P Aerocapture vehicle

and a Titan equatorial trajectory with the foll wing parameters:

Entry Conditions

H = 500 km
v =10 km/s
y = -29°

Exit Conditians
VEXIT = 2400 m/s
AXBR = Dpep = =39.23 m/st (46 )

3]

V-2




Vehicle Characteristics

M = 2606 kg

A = 6.47 0

LA ~ 10,75 m

Ly 1324 kg - m
lp =1y = 5811 kg - n°
GT @ 25“

Cp = 317

Cy © -939

Cp = -684

¢, = 17

L - i

L= 1,008

M
M . 696.5
Th
EM'A' = 664.5

L

Although these conditions were selected early in the study for the control
simulations, they are representative of the SO2F' aerocapture vehicle (baseline
mission for generic aerocapture). The results cotained can be applied to 2 specific

SO2P mission or other planetary missions.

B. RESULTS AND CONCLUSIONS OF THE CONTROL SYSTI™ EVALUATIONS
Results of the control trade-off study are summarized in Table V-1 which lists
estimated weights and effect of disturbance tor.ue on exit velocity for the six

control approaches.
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a) The roll disturbance torques, as definei in Ref. I-1, are primarily due
to c.q.~c.p. offset (C2). For the control studi:s that were performed, a €y of
1.5 cm was used,  This value is derived from th of{set used in Rof. I-1, 2.5 cm,
using a ratio of vehicle base diameters, The coitrol system performance results
presented in this section are based on the 1,56 m offset. However, an updated
analysis of vehicle design indicates that the volue of C2 can be held to 0 +0.€ cm.
As a result, the control system performance requ rements were extrapolated and the

values of control systemmass in Table V-1 were ¢ i1lculated for the 0.6 cm offset,

b) The exit velocity accuracy in this tabl: {s the tota) spread in exit

velocity with CDIST (disturbance torque coefficint) = 0 and +2.815 x 10'5.

¢) The RCS system mass has been estimated 1y extrapolating the results
detailed in Ref. I-1.
d)  The mass estimate for the PWM RCS systo . represents the theoretical

minimum that could be achieved with an RCS systc 1. Propulsion time delays were not

included in the simulation, The effect of thesc delays can be partially compensated

by control logic design. Therefore, the calculated system mass represents a

soméwhat optimistic solution.

¢) Control simulation studies of flap sys! ms utilized linear approximations
of flap aerodynamics and limited roll flap deflc :tion to 89 = = +10°. The contro]
moments (i.e, product of Cy5 and deflection ang’:) derived from this simulation
were used to determine the flap performance reqt irements. The mass calculated
for the flap system in Table V-1 is based on a « :fiection of 6y = 4.8 + 4.8 degrees
(see Section I11I). Further optimization of fla; size and deflection as a function

of aerodynamic performance and mass is recomment :d for further studies.
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f) In Ref. I-] flaps for a Flap Contro) Sy .tem were used to counter maximum
roll asymmetry torques and st111 provide twice tie required control response for
the dynamic pressure of the constant drag phase, Applying this philasophy to the
simulation of the Titan vehicle with C2 7 1,66 ¢ led to g requirement for 7°
flap deflection to counter the disturbance torqu Teaving only 3" for control,

This led to an erroer in exit velocity for one poiarity of CDIST. To minimize

this effect flaps were sized sa that disturbance torques could be countered by §°
flap deflection, which of course leads to somewh it larger flaps. Thus with the Flap
Control approach there is a potential trade-off etween flap size and exit velocity
error,  The weight estimate in Table V- =1, Column 4, is based on flaps which can
provide twice the worst case roll disturbance to ‘ques.

The following conclusions can be drawn from the results of this study:

@) For the Titan mission, flaps do not off.r a minimum weight solution for
aerodynamic control. This is due—primarily to the TPS mass requirements, Another
factor is the need to minimize flap deflections +ith the large angles of attack
postulated, However, it should be recognized that flaps do add flexibility to the
system in that they can provide ay adjustments o compensate for vehicle tolerances
such as longitudinal €.g9. - c.p. locations. Fl. :s also can handle larger lateral
9. = C.p. offsets with minimum mass increase ) ‘lative to the RCS system, For
example, if CQ increases from 0.6 to 1.56 cmy th + RCS and MMRC weights in Table
V-1 will increase to more than double their vali » while the flap weight can be
Compensated by additional deflection. Also for : generic vehicle, packaging a
moving mass or moving part of the payload becomt . impractical.

b) The Flap Control approach in which fla; are used both to counter roll

disturbance torques and to provide response to 1] cornmands requires larger flaps

~
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than the trim only control. However, further de .ign trade-offs could reduce flap
size,

¢) The on-off reaction control approach do s not appear attractive even with
reduced value of C2' An RCS scheme with more so histicated control logic such as
pulse width modulation provides increased fue e"ficiency and should be investigated
further prior to implementing a decision on roll control technique, The RCS system
masses in Table V-1 are optimistic since the RCS system was not sized for worst
case trajectory conditions., A significant advan'age of the acrodynamic control
approaches, flaps or MMRC, 1s that they are not 00 sensitive to trajectory
conditions since control and disturbance torques are both proportional to dyhamic
pressure,

d) Reduction in the estimated lateral c.g. - c.p, uncertainty has considerable
effect on selection of the best control approach. This emphasizes more exact
estimates of vehicle mass properties and investijation of possible ways of
minimizing them or compensating for them through vehicle design and payload
integration; and through manufacturing anu testing techniques. Also note that
studies to date have assumed these disturbances constant. Disturbances which vary
with time due to ablation and structural deformation, may impose further require-~
ments on the roll control system. Prediction of roll disturbance torques are the

major factor in the design of the roll control « 'stem,

C. ANALYSIS AND SIMULATION RESULTS

The nominal Titan derocapture trajectory u: :d in this study is illustrated
in Figures V-1 through 7 which show trajectory « iriables for the case of Flap
Trim Control and CDIST = 0, However, these cur :s for other cases do not differ

significantly,

V-6




1. Roll Disturbance Torques - Calculation

'f roll asymmetry torques assumed

in the analysis of the several roll control scheqes is summarized below, The

approach is the same as that discussed in Ref, ] )

a) Ry = 0,56°

Clu was assumed 1o be 2.4 x 10"4/deg.

AT (2 x0T (5.07) (107 (8)
”{ 1324

= 5,330 x 1076

h) lateral c.y. - c.p. Uncertainty
For control studies this uncertainty was

the ratio of the

assumed to be 2.5 cm times

base radius of the present vehicle to that of the
Single Mission Vehicle of Ref, I-1.

Thus, 02 = 1,56 cm.
AC, (c +cmc ]

- (547D (L0186).  gqq _[(2.4_x 1074) La7)
1324 8.86 x 10°

= 5,498 x 1075

Subsequent investigation of the prebslem of lateral c.g

. = C.p. tolerar-e
indicates that a be

tter assumption is approximately 0.635 cin.

Using
this value the above number become: 2.238 x 10'5.

...
<) bg =10

QoMa (107, (5.47) (10.75)
I 1324
= 4,401 x 1077
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d) Total Roll Disturbance

Adding the abova three contributor with C2 = 1.66 cm

with €, = ,635 cm
«
CPIST = 2,815 x 1077
The total roll disturbance acceler tion is then
]
DIST - CDIST « QB rad/sec”

where QB is dynamic pressure in Ne tons/m9

2. Piteh/Yaw Damping - The study results .resented in Ref. I-1 indicated

the necessity of providing pitch/yaw damping. ne apprcach to doing this is to use

RCS nozzles normal to the roll axis. Previous - DOF studiés showed the required

torque to inertia ratio for the Single Mission ‘ehicle to be 0.05 rad/sec.
this number along with a lever arm of ,32 LA 3.4 m the réquired nozzle

thrust is
(;Qﬁlh£§§lll. = 81 Newtons
3.4

Assuming a total oh time of 135 sec. the total 'mpulse required is

IMP = 81 x 135 = 10935

Using the approach to Ru. design discussed in R-f, I-1, we arrive at the following

RCS weight summary:

Fuel 1.5 kg
Oxidizer 2.4
Tanks 0
He System 0.2
Valves, Noszles, cte. 1.8

6.0 kg

Thus, the total weight for both pitch and yaw i 12 kg.

Using

nibatlittin.
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3, RC3 Roll Control - For this case the RC roll control described in Ref. I-1

was used with thrust levels high enough to count r the roll disturbance torque.

Dynamic pressure during the constant drag piase 1s

DM |
o PRe (39.23) (2606
Uy = L *‘.’Bﬁl‘)‘}"%‘s.ﬁﬂ

27325 N/m®

L6356 ¢m

hl

For C2
DIST ~ (2.815 x 1077) (27375)
769 rad/sec2
Thus the RCS control acccleration must be .769 + .349 - 1,118 rad/sec. The

required high thrust level is

- (1.118) (1324) _
TC = XT?T~“1_L(TT§%) = 560,7 New ons

The control acceleration required here is al.out the same as that for the
Single Mission Vehicle in Ref, 1-1 with CL = 2.5 cm. For that case the maximum
RCIMP = 192.4 rad/sec. Multiplying by the ratio of the time in the atnosphere
we can estimate requirements for the Titan vehic e as 480 rad/sec. This correspond,
to a total impulse of 63550 N-m-sec. The estima'ed RCS system weight to provide

these characteristics is as follows:

Fuel 65.1 kg

Oxidizer 104.2

Tanks 3.9

He System 6.7

Valves, Nozzles, etc. 2.3
182.2 kg,

The value of aV (exit) in Table ¥-1 is aiso base on studies in Ref. 1-1.
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4. PWM_RCS Contrel - The large weight and joor performance of the previously
discussed RCS system is due in part to the ineffictive control of impulse resulting
from the simple on-off logic. Thus it appears t!at considerable improvement. could
be made by using more sophisticated control logi«, One possihility s the pulse
width modulation (PWM) tochnique, This techniquw has been employed to drive
electric motors in an MMRC control system, A po-entinl problem 1s the propulsion
system time delays which are much larger than tie electrical time constants in a
motor drive. In fact, propulsion delays represe t a basic 1imitation on the
performance of any RCS system. Although this pr blem was_not addressed in this
study, it appears that the effect of the time de ays could be at least partially
compensated in the control logic.

A block diagram of this system i$ shown in !igure V-8, The roll control
computation is done at .1 sec intervals. At eac step the pulse width command is
stored as a count proportional to the error sign 1 in an 8-bit counter such that
255 counts correspond to .1 sec. The propulsion system is activated at the
beginning of the interval and turned off when th counter couats down to zero.
When the count is 255 the thruster is on continu usly,

To simulate this system, the flap control s mulation was modified to agree
with Figure V-8 and the pulse width command was imulated by 8-bit quantization
of the PWC signal, The thrust level was assumed to be twice che value necessary
to counter the roll disturbance torque at the dy amic pressure of the constant
drag phase. Thus the thruster acceleration was .32 rad/secz.

Performance of the PWM RCS roll control fs resented in Figures V-9 through

13. Figure V-9 shows TDIST, the average thrust cceleration in rad/sec2

s for
CDIST = 0. The pulses are responsé. to roll com ands. Figure V-10 shows the

response of the autopilot integrator for the sam run, Figure V-11 shows TDIST

e




for the case where CDIST = 6,075 x 10'5. The average curve. follows the magnitude
of the roll disturbance torque which is propartiinal to dynemic pressure. The
pulses are again responses Lo roll commands, Fi-oure V-12 shows the autopilot
integrator response for the same run, Figure V- 3 shows the proportional part
of the signal for the same run, The excursions L about 100 and 260 sec indicate
contrel errors resulting from the fact that the ntegrator does not exactly track
the rapid change in roll torque occurring at the e times,

Exit velacity for the three cases were

COIST VMEX
6.075 x 107 2397 m/s
0 2400

-5
-6.075 % 10 2400

Worst case integrated acceleration was 320 rad/s c¢. Integrating dynamic pressure;

3]

[QBxdt = 5.26x 108 -osge

m
then nultiplying by CDIST = 6,075 x 10'5 yields :19.5 rad/sec. Thus from a weight
standpoint this idealized PWM system represents the theoretical optimum that can
be achieved with an RCS systoem,

The weight estimate for this system is bas d on CDIST = 2.815 x 10'5.

Required thrust acceleration is 1.538 rad/sec an the propulsion thrust level is then

e = LSBLLZ 95 Newton

Multiplying this value of CDIST by the integral f dynamic pressure gives a
required angular impulse of 148.1 rad/sec which orresponds to a total impulse of
196100 n-m-sec. An estimate of the weight of an RCS system to achieve these

requirements is as follows:

V-
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Fuel 20,1 kg

Ox1dizer 32,1

Tanks 1.2

He System 2,1

Valves, Nozrles, etc. e
h7.8 kg,

5. Flap Trim Control System - With this scieme flaps are used to counter the

effect of roll asymmetry terques but the respons * to roll cemmands 1s accomplished
by means of an RCS roll control system., One of ‘he problems 1s to design the two
systems to minimize interactions (1.e., disturbaice torques have little effect on
propellant requirecments and roll commands produc: relatively little fiap motion).
In order to minimize interactions at high altitudes the flap control was not
activated until axial acceleration reached .05 earth g's,

A block diagram of the flap control portion of this system is shown in
Figure V-14. For large roll commands, $ignals will be saturated and under these
conditions 1t is desirable to have ERIR = 0, 1.e.

Kl LIM1 = LIM2
Since for large commands contro) 1s by means of .he RCS system
ERGT = 1.5 RGIR
Thus for the signals to hit limits simultaneous) .
LIMT = 1.5 LIM2
which leads to K1 = .667. Setting LIMI = ,075 v d and LIM2 = .05 rad/sec is a
matter of judgment. The deadband in the RCS sy: em was also set at .075 rad. K2

was selected to give a rate loop crossover frequ ncy of a little over 1 rad/sec.
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For this case the flaps were designed so th maximum value of CDIST results in

9" flap deflection, Flap roll torque is proport onal to CDELR » DELR so

~h A
NI UL S T B

£

Response to roll cammands is pravided by an RES system with contrel acceleration
of 0 deg/sec or L 349] Pnd/seca. ODperation of ¢ 15 system 15 the same as that.
described in Ref, 1-1 except that the doadband w 5 sot at 076 rad and the Tow

thrust actuation was eliminated. The roquired t rust level is

1L.3491) (1324)

o

o

c 176 Newto :s

¢ (2)  (1.32)
Integrated angular impulse for the three cases w re
6.075 x 107 6.1 rad/ oc
0 5.2

6,075 x 107°

6.1
Using 7 rad/sec the total impulse required is 700 N-s. Estimated weight of the

RCS system to provide these requirements is summirized below.

Fuel 1.0 kg

Oxidizer 1.5

Tanks 0.1

He System 0.1

Valves, Nozzles, etc. 1.8
4.5 kg

The maximum difference in exit velocity for the hree cases was 1 m/s,

V-13
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Performance of this prol) control system is i1lystrated in Figure V-15 theu 22,
Flgure 15 shaws the flap mation with CDIST = g indlcating the relatively small
response to roll cammands, iqure V-16 shows the even smaller response of the
integrator which storos the flap commard necossary to counter the rall disturhance
tarque,  Figures v-17 through 19 show the flap nation and the propartional and
integral components of the command for CPIST = 6,075 x 10”5. With CRIST -
=6.,075 x 10"5 the response ig assentially the mirver image,  Figures V-26 through 22
Show the first 100 seconds of these same curves Mustrating the 1nitia) rasponse 1in

yreater detail,

6. Flap Control System - In this approach Maps are used for total rol)
control. A low thrust RCS system was included 14 provide exospheric Stabilization,
This system had a control acceleration of .01 rnd/secz and was allowed to operay2
throughout thr atmospheric flight, In this casc the flap system was ectivutay ¢
the start of the entry trajectory. In the actuel system, s'rsc b HCS system
cannot provide significant atmospheric control, the flap system would brobably b

activated shortly before entry.

a) Design
Using the philosophy of flap systen design outlined in vef, I-1

CDELR » QBN * DELCMAx =

COIST * QB + 2 (.3616)
0By = 27325 N/
DELCyp, = 10°

CDIST = 6.075 x 105

. 1,660 + 2 (.3616) _ -6
CDELR - 27325H7ml 8.72 x 1076 deg

thus
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A block diagram of this system 15 shown in "1gure V-23, The gain K2 was
set at 450 to make the rate loop crossover frequ-ncy about ? rad/sec,

For this system the flap deflection require: to counter the disturbance
torque is

eRIST 6,075 x 107 | o oo

With this large a value the additional flap motion due to roll commands causes

the flaps to hit the 10° 1imit, particularly for negative CDIST. This is 1llustrated
in Figures V-24 through 26, which show flap motiin for CDIST = 0 and + 6.075 x 10'5.
The net result is that the exit velocity is someshat sensitive to disturbance

torques as shown by the results below.

6.075 x 10> 2402 m/s
0 2400
-6.075 x 107° 2392

b) Redesign for Lower aV (exit)

In order to minimize the variation 'n exit velocity the flap siz¢ was
increased so that worst case distu rance torques could be countered b

5” of flap delfection. Then

-5
coeLr = 205X 10— oy oy 4 1075 )deg
5

No RCS roll control is needed sincc the flaps provide all roll control.
Also it is assumed that flaps can jrovide pitch/yaw damping. This
can be confirmed only by 6 DOF sim lations which are recommended for

.uture studies. Estimates of flap ind actuation requirements are

given in Section 9.
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Performance of this system 1s 11lustrated in Figures 27 through 31 which show
flap deflection far CDIST = 0 and + 6,075 x 10°°, 1t 1 seen that there s less
tendency to hit the 10° flap Vimits than in the previous case, Maximum variation
in exit velocity for the three cases was 1.m/8. The only change in the block
diagram of Figure V-23 1s that K2 was set at 325 to keep the rate loop crossover

frequency the same.

7. MMRC Roll Trim System - The MMAC system was not actually simulated.

However, with a design as shown in the block diagram of Figure V-32 {ts performance —
is similar to that of the flap trim system, Assuming that 90% of the travel must

counter the worst case disturbance torque, with C2 = ,635 cm;

P

wax = CDIST » QBy = 0.769 rad/sec?
Cy * QB * A

9 Xy v (wax)
M* I

Substituting parameters from above

MV (MAX) = 21.0 kg-m
Assuming Ym(MAX) = .45 m the weight of the movable mass is 46.7 kg. Assuming the
weight of the support structure is 30% of this, the total MMRC weight is 61 kg.
This system requires RCS control to provide response to roll commands and for
pitch/yaw damping. The effect on exit velocity is assumed to be the same as that

for the flap trim system.

8. MMRC Roll Control System - With this approach the MMRC is sized to provide

response to roll commands as well as to counter roll disturbance torques, Although

this system was not simulated, with a design as shown in Figure V-33 its performance

is similar to that of the flap roll control system.
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Using the techniques of Ref, 1-1
Puag = CDIST » 0By + 2 (,3616)
= 769 + 2 (,3616) = 1.497 rad/sec’

Cy » QB, » A
Ay (k)
Mow IR

-

Then Ma¥on (MAX) = 36.7 kg-m. Again assuming Ym MAX) = ,45m, M, = 81.5 kg.

Adding 30% for support structure the total MMRC rcight 1s 106 kg,
For a rate loop cross over frequency of NRL = 2 -ad/sec

K2 =204

To counter the worst case roll disturbance .orque about 52% of the mass iravel
capability is required, Thus we would expect to :ncounter only small errors in exit
velocity. RCS roll control is not required sinc: all roll control is provided by
the MMRC. However, an RCS system for pitch/yaw -lamping is required. The effect

on exit velocity was assumed to be the same as fr the Flap Control System.

9. Estimate of Flap and Actuation Requiren 'nts

a) Simulation Studies

The time required for a flight test:d MMRC to travel from zero to
maximum excursion under no load conlitions is about 0.2 sec. Assuming
that the no load slew rate required is proportional to rate loop band-
width. The requirements for flap t -im and flap control are 5 deg/sec,
and 10 deg/sec respectively, Howe::r, this no load speed must br.
maintained to some value of My whic ' would be determined from cortrol
stability studies. Furthermore, th: actuation must be capable of som

lower slew rate at maximum hinge mo ent. This value would also e
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b)

determined from control stabi1ity - tudies, Based on these
considerations Linear speed-torque requirements are estimated as

shown 1n Figures V-34 and V-35.

Flap actuation response was approximated on the 3-1/2 DOF simulat ion
by a first order actuator as i1Tustrated in Figure V-36. For th
entry velocity of 10 km/s, maximum dynamic pressure of 34500 N/m“
occurred with entry vy = -33°, ror this dynamic pressure AZB =

-68 m/sz. The slew rate Limit was defined by

FLRL = 1.0 - —B— AzaM
= 1.0 - 8.824 x 1073 Azp1

where AZBM = 'AZB' KA was set at 0 deg/sec/deg for flap trim and
20 deg/sec/deg for flap control. ‘uns were made on the trajectory
defined above. Performance was no. significantly affected by th
addition of the actuation response characteristics, Elap oversh ots
in response to roll commands increased somewhat as i1lustrated i,
Figures v-37 through 39 for flap trim and Figures v-40 through 42
for flap control. These can be conpared to Figures V-15 and 17 for
flap trim and v-27 through 29 for flap control to see the differ:nce

in overshoot.

Requirements for Flap Trim

Preliminary control studies on the 3-1/2 DOF simulation were ba: d
on linearized aerodynamics. Howe\ :r, the aerodynamic characteri :tics
of flapped vehicles are actually ciite non-linear, Thus, the
characteristics of a realistic fle) system will differ somewhat -rom
those previously assumed., The following estimates of flap size and

loading are based on a more realittic analysis of flap aerodynamics.
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Maximum flap control torque must bc at least suf<icient to overcome

the worst case predicted roll asymetry torques, Thus

Colomax) Ay 9415 % 1078
e

where CL (SMAX) s the roll torque fue to the flaps with maximum roll
deflection. Then € (80 ) = 6.33 x 10°%, A discussed in Section
VI, this can be achieved with 18% 1laps at 4.8" with +4,8° of roll
deflection, i.e., each flap varies from 0" to 9.6° with respect to
the vehicle, Maximum flap hinge m ment was found to be 4000 N-m

for the following condaitions,

@B = 34500 N/m°
a = 20°
& = 9.6°

The 9.6" flap angle results froma 4.8° roll deflection from its
neutral angle of 4.8°. Then if we assume a speed torque characteristic

as shown in Figure V-43 the requir d actuator output power is:

Pn =7 (5) (6680) = 8335 Nam-:eg/sec
or about 0.2 HP, To this must be .dded the power required to overcone
friction,

Flap and actuator design is discus +. in Secvion VI. Results are

summarized below:

Flaps 68 kg
Support Structure 20
Actuation (Electric) 16
104 kg
V=19
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¢) Reauirements for Flap Contro]

Assuming the same flap deflection . s for Flap Trim the required
flap arca 1s twice as areat, i.e, (3% of the hase area or

I\r =+ 1,97 m2. Assuming hinge momert 4g proportional to the 3/2
power of the flap arca, the maximw hinge moment is 11310 N-m,
Using the speed-torque characterisiic of Figure V-44 the required

actuator output power is

Py * ; (10) (18860) = 47150 N w-deg/sec
or about 1.1 HP, Again friction lesses must be added. An estimate

of the flap system weight 1s as fo'lows:

Flaps 136 kg
Support Structure 30
Actuation (Flectric) 20

186 kg

Application to Mars Aerocapture - A br of investigation was made of the

application of the above flap systems to Mars & rocapture. The trajectory used

here was the same as that used in Ref. I-1 with entry conditions:

and

H = 200 km

v = 5359 m/s

Y = -15,5°

) = 89.61°

Vexrr = 3650 m/s

AXBR = 'DREF = =14.71 m/s (1,50 )
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Assumed characteristics of the MSR vehicle were
M = 4420 kg

R B = 1,72 m
A = 9,208 nf
Ly ® 1401 m
L, " 184.5 kg-n®
Ip  © 1y = 13800 kgen”
ap = 200
G .24
Cy = 706
€y = .487
¢, = .67
then

Eo= 1267

Esx = 977

Ef%? = M

a) Pitch/Yaw Damping

Assuming a torque to inertia ratio of .05 rad/sec2 and
Lc = ,32 LA = 45m

The required nozzle thrust is

1o = L05)(13800) | 0o

4.5

Assuming a total on time of 50 sec the required impulse is 7670 H-se:.,

The weight summary for the RCS sys em is as follows:




c)

Fuel 1.04 kg

Oxidizer 1.66

Tanks 0.7

He System 0,2

Valves, Nozzles, etc. 1.8
4.8 kg

thus the total weight for both pit h and yaw is 9,6 kg.

Roll Disturbance Torques

For control simulation studies rol disturbance effects are calculated
as in Section 1 except that the as umed lateral C.g.=C.p, uncertainty

C2 = 2.04 cm. Results are summari ‘ed below

L 8.469 x 1076
C, = 2.04 cm 6.913 x 1075
Co= 1070 7.023 x 10”7

CDIST 7.83 x 1075

with C; = .635 cm this becomes CDI T = 3.069 x 105

Flap Trim Control

For purposes of 6 DOF simulation < udies flaps were again sized 0
that the maximum value of CDIST rsults in 9° of flap deflection.
Then

CDELR = Z—-§—3-€-‘-9-§ = 8,75 1076

To keep oL the same as in Figure 4, K2 was first set at 197,
However, due to the fact that norn +1 acceleration builds up more

rapidly than on the Titan trajectc 'y the flaps did not come out ast
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énough and performance was quite poor, The gains were then changed

to K2 = 270, K3 = 0,2 With these iains satisfactory performance was
achieved as indicated in Figure V-8 through 61, Figures V-45 through
h2 show trajectory parameters for «.DIST = 0. These are not significantly
affected by other values of CDIST. Control response for CDIST i
illustrated in Figures V-63 throug: 5. 1t is seen that flap re:.ponse
to roll commands 1s somewhat highe~ than before due to the higher
control gains, Figures V=56 throuh 58 illustrate control performanc
with CDIST = 7.83 x 107, Figures V-59 through 61 show the init.a]
response in greater detail. Respoise with CDIST = -7.83 «x 10'5 '$
essentially the mirrvor image,

Exit velocity for three cases were

¢oIsST. Yexn
7.83 x 1073 3652
0 3653
-7.83 x 1073 3653

Thus AV[XIT is 1 meter/sec.

To size the flap, CDIST = 3.069 x 0°5. ‘then

. (owax) Aly 3069 x 1075
T, X

Then C (SMAX) = 4,832 x 10'4. Using the same flap configuration as the
Titan vehicle this reguires flaps 'qual to 13.7% of the base are- or
AF = 1,27 m2. Maximum Q@ on the Mo s trajectories was 22000 N/m:.
Assuming

My Q « AF3/2
and comparing to requirements for Tap Trim on the Titan vehicle, the

maximum hinge moment is

. 22000 3 .
M, 4000 [34500] (1.295)% = 3670 N-m

v-23
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Then from Figure V-43

P, = 7835 N-m-deg/sec

A
or abhout. .2 HP,

Aosuming TPS requirements of 7.7 kg/sq  meter the welght of the flap

qystem 1s estimated as follows:

Flaps
Support. Structure

Actuation (Flectrie)

28 kg
b
16

et T

59 kg

The required thrust level for the RCS .ystem is

T, * %QB—H%}} = 187 Newto1s

Worst case integrated impulse was less than 4 rad/sec, Using 5 rad/sec

the total impulse requived is 5360 N-s-c, Lstimated weight of the RCS

system is as follows:
Fuel
Oxidizer
Tanks

He System

Valves, Nozzles, etc.

0.75 kg
1.15
0.1

0.1

1.8

3.9 kg

d) Flap Control - Sizing the flaps fcr simulation so that the maxim m

value of CDIST results in 5° flap leflection we have

-5
coELR - 183 X107 g 666 (1070

5

To keep wp, the same as in Figure '3, K2 was set at 200. The

trajectory parameters for this ca @ did not differ significantl: fro
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Figures 45-82, Control performanc: is 11lustrated in Figures V-62
through 66, Figures V-62 through 4 show flap motion for CDIST = 0
and + 7,83 x 107, Figures V-66 ad V-66 show the 1nitial response
in more detatl for CDIST = + 7,83 . 1077, Comparing these to Figures
27 and 28 it 1s scen that the flap. come aut considerably slower than
for the Titan mission since Initia: dynamic pressure is lower (.06
Farth ¢'s axiai aceeleration occur. at about 140 see, as oppased to
about 18 sec. after the start of 11 Titan trajectory). Also the
flap motion is somewhat oscillator due to the fact that this transient
occurs before the point where rate loop gain variation is started.
Control stability improves at high » dynamic pressure. In any case
system performance is satisfactory.

Exit velocities for the three casec: were:

sl Yenr
7.83 x 109 3652 m/soc
0 3652
-7.83 x 1075 3651
Thus AVEXIT = 1 m/sec

Required flap area is twice that 1,r Flap Trim. Using the same appre ich
as for the Titan vehicle we find i iximum hinge moment to be 10380 N-r
and required actuator output powe' about 1.0 HP, Estimated weight of

the flap system is as follows:

Flaps 55 kg
Support Structure 30
Actuation (Electric) 16

00 kg
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N, TRAJECTORY STUDIES

Entry trajectory studies were made on the i=1/2 DOF simulation using Flap
Trim roll control for Titan, Mars and Uranus. 'ho purpose of these studies was to
define sensitivity of trajectory and guidance p wrfarmance to entry velocity and
path angle and their effects on vehicle heating.  Heating results dervived from

these trajectories are discussed in Section IV,

1. S02P Trajectorigs - Titan aerocapture rajectories were run for several
comhinations of entry velocities and path angle. 1n an attempt to define a set
of nominal entry conditions for which satisfact wy performance could be achicved
with a tolerance of + 5" on entry path angle, /Jehicle characteristics were the
same as those used in control studies except that ap © 30", Aerodynamic charac-

tevistics wero

Cp 0,36
CN 1.220
¢, = .o
¢, - .87

then
[L] = .94
M ‘
ok 7 e
%ﬁ = 545.7

Desired exit velocity was 2400 m/sec and value:r of AXBR (-DREF) used were as

follows:

V-26




v AXRR

(m/s) (m/s”
(000 -14.71 1.5 6)
BOOD 29,42 3.0 GE)
10000 -19,23 1.0 G )
14000 =39,23 4,0 G[)

The SO2P teajectories are preseated tn Appondix A, included in Volume 11
of this tinal report, Tahle V-2 gives a summar of exit velocitios for the various
entry conditions, It is seen that a tolevance f # 5" on entry y can be accomno-
dated only for V.= 8 and 10 Km/s and even for t ese cases the error in exit

velocities exceeded the desired 25 m/sec at the edge of the entry path angle band.

Y

¢. Mars Trajectories - Mars trajectory studies were conducted only for the
acrocapture trajectory used in Ref. I-1. Characteristics are discussed therein and

in Part € of this section, Desired exit veloci:v was 3650 m/s and AXBR = -14.71 m/sZ

(1.5 GE).

fTrajectory results, presented in Appendix :, Volume IT, are illustrated in
Figures Bl through B9 for y = -14,5°, Figures & ) through B18 for v =+ -15.5" and
Figures B19 through B27 for y - -16.5%., Exit v locities (H = 250 ki) were as

tollows:

. Vet Mexir
-14,5° 3649 w/s -4 m/s
-15,5° 3653 -
-16,5° . 3658 +5

e e A




No further studies were made on Mars Aerom neuver trajectories. However,
with Flap Trim control system performance will e quite similar to that 11lustra‘ed
in Fiqure V-16 of Ref, 1-1. In this case the disturbance torque CHIST = 0 and

contral acceleration af the RCS system was 20 drg/secf.

3, Urapus Trajoctories - Uranus trajector: studies were conducted for the

following entry conditions:

H £ H00 km
VA 7 30 km/sec
FPA = -8", 10", =12°

Desired exit velocity was 21288 m/sec and value. of AXBR of -196.13 m/sec2 (20 G[)

and =147,10 m/sccz (15 GF) were used, Vehiele bharacteristics are summarized below:

M = 1600 kg
Rn = 1,32 m
A - 5,47 ol
“1 - 200

CA = 272

CN = ,689

CD = 491

CL = 555

then

n
—
.
—
W

X - e - ) - R TR




Trajectory results, presented in Appendix C, Vo ume II,

C1 through €24 for DRFF =20 G

Variations in entry path angle resul tod In size e

indicated in Tabhle y-3,

to correct Cross-range errors,
roll-over near the point where the vehicle star s ity
velocity being vory sensitive to perturbations. This factor
thoroughly in future studies.

of acrocapture using the ahove defined ve

for TPS design,

deadband from 5000 m (value used for results in
41d not change the variation in VEXIT significautly for DREF = 20 GE'

with D 15 G, were considerably smaller.

REF i

this hrief study is that the

control response timing and variations in trajec

However from Table

One factor in these va fations is

¢ and in Figures 25 through C48 for D

are illustrated in Figures
Rep = 19 B

varfations in exji velocity as
the roll-over maneuyer

With high 1ift iceeleration, occurrence of a

exit results in the esit

should be investigated
However, the sin lations do demonstrate feasibility
hicle nd provide cstimates of heating

V-4 it is «en that changing Cross-range
Figures C1 through C24) to 7500 m

Variations

The only conclusion to be drawn from

tory parameters.,

re is a potential sonsitivity of exit velocity to

TiEm e e g s —————

Table V-1

Control Sys em Summary

Control Ro&l RCS P/Y RCS F ap
System (i;§ ?;;i¥ ? ;i_m
1. RCS 182.2 12.0 -
2. PWM RCS 57.8 12.0 -
3. Flap Trim 4.5 12.0 4
4. Flap Control - - 46
. MMRC Trim 4.5 12.0 -
6. MMRC Control - 12.0 -

T S

v-29

Exit

MMRC Total Velocity
Mass Mass Accuracy
(kg) m/s m/s

- 194,2 41,

- 69.8 3

- 120.5 1

- 186.0 1
61 77.5 1
106 118.0 1
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Table V-2 Exit Velocities, -0pp Trajectory

N

v a Vexir AVexny
m/s deg. _m/s /s
6000 ~22.5 2396 -4

~26.,5 2400 -

~30.5 2378 -2

8000 ~-73.0 ’A413 t4]
l 28,0 2007 -
~33.0 2406 44

10000 -23.0 2394 -7
~28.0 240 -

' -32.5 2377 -24

J =330 2350 =51

13000 =23.5 2407 + 7
-26.0 2400 -
’ -29.0 2387 -13
Table V-3 Exit Velocities, anus Trajectory
DRer CROE a(*) VextT Wexor
Gr Meters Deg. n/s n/,
20 5000 -8 21660 380
=10 21280 -
-12 21450 +170
7500 - & 21130 -140
-1 21280 -
=10 21580 +300
15 - ¢ 21280 0
-1 21280 -
-1 21320 + 40
V-30




Figures, Seetion V

The Figures of Section V present the IHItowing relationships;
|

OB v, VA

H v, DRNG
HWows, 1

VA vi. 1
FPA vs, 1
AXW vs, T
RGED vs, 1
TDIST vs, 1
APl vs, 1
PROP vs, T

DELRC vs. T

Dyvamic Pressure (N/m°) vs, Air Relative
Velocity (m/sec)

Mtitude (m) vs. Jdownrange Distance (km)

Mtitude (m) vs. Time (seconds)

Nir Relative Velewity (w/sec) vs. Time (seconds)

Air Relative Flicat Fath Angle (deg) vs. Time (seconds)
Drag (m/soc?) vs. Time (seconds)

Bank Angle Commard (deg) vs. Time (sec)

Average Thruster Acceleration (rad/seca) v, Time (uec)
Autopilot Integrator Signal vs, Time (sec)

Autopilot Proportional Signal vs. Time (sec)

Roll Flap Deflec ion Command vs. Time (sec)

V-3




ATt # VM3 R P

FAQIIBLBA} UBLL. “ouait>d3u] Tideakg

b
MO«

o T

1111

'8 0°L

1111

=4

R HA T

on

9°S
11 t1.

&'y
1111

TTTsTTT
Cm
w4

]

Ca

08,61 AW »¥»:9T

L L 9=281G0UIYL avld

TeTTTT
0

R

M-

"
Ay

RN
SE e

K-8t o3

B Ly
LTy

vy
’

| Y
Py,
v '“,Y‘r




L

R P A RS 8 AP N TP WLl £ A d TN IS s A AR 108 B ISREY B 8 0a ke T

- i et aratantedily o o b v e

Ficval84f Ueyly Sapniiity /-r Sattiis

9° 909t LA = 9° 0042 0° 908t 0°0083 9°008 A

P 1 11 i 111 P 111 j &t 1 1 111 1 111 g

LI

-8~

ll.l[_rflll

€

e

8. ‘8T AW v'nﬂn, Lo - . . @®iSIgONI¥L .&c&u S o

v-33




A P

AT $ VPR AT 457 g Pt araby Ny OB Y W

LA L
111

ST
TRt T8 5

P 1 11

o°opb

L1t

UDTL “OPNMiie,y - Sdfilyg

4

.o§ Oovs Cbxa o

1 111 1 11 111t

8. ‘68t AW #P:9T

s Ve lSIBOHINL VS ,.

T 'i‘_l"'.:

:

1

I

5

-9

]

34

V-




ATl B RN AN e IN Y  0a0  W Ren T 1T el P I SO A MY WL b g iae ey e

o.oﬂ, i _omotm_ I mo_.owv_ I _oh.._oan oo or !

88, ‘ST At #p:33 . - Ou.uhmno.&..ﬁu&k.gm .GM. o

V-3h




Pt i AT 4RV ARSI RN A A A AR AT AN Yy T 1 R AN S R 21 e e

| SIS I I P 1 i !

Ll o L c.oav_ : .omoﬂ o°op2 0 ot °° m

—°92

‘ .. ey
08, ‘ST AVW bp13T - 9elS1G2°WINL NS -

V-6

“a g




Gt e e 4 e - ——— - —

£aGLus.8d . ulltl ‘524l

g-f, 3unb1y

B T L R SN

SANRGE A aisl ¥ FEVC U ROy SV Y LS ety R N s

o 093
RN

| I |

LAl 4

| I |

d

0'%E oo

j t 1 1

1.1t 14

o o9t ®°

1.t 11

03, ‘93 AW 89:89

--@= 18I0 UIBL NI

P

i.

V- 3/




e canea a

T Y TR

Rt TR . 0 1'h LON Jo R - WA Ao ) BT ATS R T PR S SBA I A AR W A

e g8

| S N |

irirl ‘DuBaksT T SUg o5

J 1 11

IR YL TS

<

8°00E 9° 0°993 o

It 11 I 1 & 1

98,81 AN #1937

- @elSIOOWINL W4

b e

V-33

‘I




Rt R SR e WUQ \ﬁ&

G 7
"

&

Sufis . 4

Y 394

2oL
FIT
stz Z 2L
CIZUNINGD Dt S
N'
4
17’ _
o°l¥ ST
SwT T
205

Hint17]

| L77°

¥Isly
Ziv17




JR T el T A e R el das otadenhan it i

ot WWAALL

cd CUDBEIBADIBUS; ava e o cavay G vl L4

=

i

O0pr S'OPE 008 08T  @° |

4 15 15 N5 [ N A S W5 I N (N T (N N U O N AL 2

d

QP

o o v
oo

s @ - -
P W waam: =

8. ‘92 NN T¥:ST

| |
w_ .

CIICEINOT - SLY b¥e’

N
TY

A}
4

Y ae FaQE

V-40

L4

i%ain

CIF OOt T

‘i




P ——

A P B W g s

(RN

——rens .

L e et e
- - — -
Tk T

N LI N

Ry

b & mrre o

o eGP @ RPRE TR cy B 65

M
'
I .

.
P |
-~ £
& :
o - -
- -
- =
<.
o .
2
T et
.~ =
e
.
prun ==
P
T‘
L]
B
» -
[} —
3
>

i

I Y

od. ‘03 N TriST

R=153ACCHINOS

€L Ve
01




- ———

S e

L

T E—— T p—

ZLTrL.L 3DD

5“\.}:.. [ S

(i-r 2unbi g

b

ARR D FOSTII U 9% T

1-.
-

* ‘v

P

v v et Py fm—

Y

-ZLLP el

V-2

~




{Q4TUQT L. 04 ifa CLeuBLS 403ea893uf 3O0p:doiny  Si-p 4nbi

s

009 °°095 o oPr 0°9Q€ o a.o4u o’
—t Lty iy tiryiryyiitiyllog-
i : -
: =
: —
-
. m
!
] ‘
: i ;
| m
e ] {
!
4 I [
H . ;
i ¢ 1
— E e -
©B. ‘L2 NS Zv:EO §-Z5L@Cele SO I I

V-3




3099 @ ?°
O B h@%ﬂh.h-h

TSRS SIS
PR NI

.
UV S

opr

e AT
Fﬂ&(nu “

TR T AT ST Y IR TTTRT
Tuv, JL(:HU.;Q

R O
J.

o9

o. o*
S SN N I S B W on‘_.h Il

|
M

TETIR

0° 991

ceoe aanby

|

0.
111

W Brme——r——

~u—n-m-nnnn-»a_nmﬁ«mn-.

3

G, ‘€2 NOT ZF:EQ

B, e -

Surenl r--d--nnnn L T

|||||| L

b od - - - - . .
S-2ELREe il CLINCUINAL e b

....:JF

A

- -_—— -

'
4
1}

.@\._. ‘.—-.T - - -—.-l’zo- e cmm- .n‘ . ame

A .o

TLieoa

.
N

w

e .l
° -
.-~ -
-
e
)
yml
.l
=
-
.
-
<
< <
>




1043U0] wildl del4 $i-A 24n514
= ND :
275/ o°] = = ¥ <
\n:\u\ 22°/ Y7300 ¥ W ¥
AM\Q}N:\ AT A N NN HIIM QZY— = WazZVY
R
550" %
Twr?
TATHY
s
+ r - -
X724 192y 79432
..M o rﬂ m+ /99 |e- +
y 22 | wEpy [ X770 + O1E |yryz
Rl I Stog
Wi Wi
ol 7
ad VAN

e 224

V-45




P Y R L PR

-
[

[Q43uCT itu; Jeps cpucs

9°'® 9 e o
oﬁoh_m oabhnhrotv.___

L1 11

SL-a 94nity

0993 o°

1. 1 11

[

L o

4 1. 1 1 o Te

62, ‘6T AU P19t

PP A .lﬂ

T 919100 WINL VI

QuWLXO

Vi




m-‘m‘nf* Y Y W RNYIT LR b L] O N L B it L

..s'
1 211 Lt 11

Ko

8. ‘8T AJU P13

8=iS700°UIYL gm

23

L W




Rt S I TR L]

Al o} AN R A s AV Mt "

N A AT L

PYSEYLIE CXUNS

wvo.buvcl..(. v Gz g P

e o°99s
23§

0 opr
111

UEuW0] J0i3991590 624 1:04 [Li-A 94nDi4

9°00€
L1

4
o 0.03_ ! .o.

NN NN 1

i

e

8. ‘98 AW EE:302

S-3520°9=401C0°UTUL U

Voo

QuWLAIEO"




oot A EIE o AN CRA A . B A BRNAR LT Ay PR S AT Y ey v

° 898

s -

08, ‘02 AW EE:308

S5-3S5L9° mnktuno.zuMP g

(043uT] =isr aep4 *jeubyS [eust340d04d 3C|LAOYNY gl-A 34nDL 4
i
e°9s °'opr  9°09€ oopz  o'ogr o
1 1 11 P 1 1 1 1111 1 4 11 P 1 1 1 1.1 X 3.
m
i
i
.o _.1l:3

Lxoa

v-49




-

e Niombn o br @ PRAATAT PISZY 0 R e it P R LT L L e

...im i _OMAsm

(Uayu0] wiap dRE4 Ti®

Lt _0“4'

| -O“i

USLS 403EADSIU] 1011do3ny  pi-A vanired

i

* o °oPT g
_-n._inn-_snn-

1

€8.°02 AV EC:be

§-3520°9=1VI00'UINL

&)

3

0y =

- & )




LS PPN SR

[T L7 & U SN A TR

~Jd

B L pepe—

..........

fudeusy wiwy CEiq CDUBLENO] UGL303( 4oy GeiL 1108 QZ-A 94ndij

009t _ o'ep

ooy

1

1

L 8

ooy  oep

.O

Ny

W

e

08, ‘82 AWhi EC180

§-3529°9=4V100UINL

vld

Qu.JIEKO

V-5]




N e Me e mrmme =

ATt W IERRW PO P Y LR LT TR R 77 o L R Dl ot it b sl

A s s e
PO“.‘(:» ek Wk

o ot °°3y

TTBUBLS 12uciyA0304g 4uyioc

i

o°ey

1

- - ~nBy o
P B R TPl (N PR

i

ooy o-og °

1 ; 1

s S A w S IR A M. A W

- -

8. ‘08 AV EE:80

5-3520°921V100 " WIUL V14

®
Lo~ anes

Lxoo

V-52




P N s 2RI LT et wnge e me e s

LR AL N

s VR bk AT A i

0..4n

i

—

{Qi% 407 wew, GEi4 *(BuBI5 40384633U] 30(1d03Hy e vt
L e i - £d 3 b P (A9 —_ [

e'ep

o959

ooy

i

‘s.‘ 0o

1 : 1

o -

8. ‘03 AW EE:89

’
S o coapmngn aoe wwioms cuni w m: =

S-36.2-9s1VIA2WINL I

Asmesssspsnsmns..al— -

[ & S

\-h3




— e~ rev AW ~= Y=g
053 SAS 1C4guC] 224 TzZ-A 34nDi4

Sfur 4T/ JI1THN WAWINIW HLM Q7 — = Wz
<

i

—

> T

! #Z T : A
b > H L -
LT H e
E— ;

i

- 1 !
e ettt < ! - H
t
“ —_ : - e P '
> > r ol . |
e e — >7
! N < ¢
P YRS - 2 o f
|
I3
R
(e
LN
A 1
“TXHJ*




Fw A M RAS e rE

WY, sewere

verrag

S

PR IRV, N

2°299 3°09s
LI

1 i

L 0

I 1 1}

. o Te sieim Tels -
e 1,$MIWLH\( tkm&&arliqw.k -3

| 3 B

9:29€

o oue€ FC-R S4nDis

eg2  oeps o

| 30 N 1 £ 11 1 1 i

5 ,a\\m* D R P NE S

.*'

2

ol e —araes s ol r,_..

QRO

8. ‘22 Al 80180

245102 *ICBINOD - A1 2

. 2p




B TR

paprree LIV AR FY R RLIE I ELL LA TR LI ch b

(GWTZCT T SDUTUIDT @3ii33i48C UPlx fio_  sg-n vdAlDid

-

-

.l% ’Q& o.s 0.* o. °‘. " “
| N A A S O O A O P 1 &1 nmhb—hmnm

__-g3-

B i

3o

QAU EQ

!
.

L

08, ‘T2 Ad 5T180 6-369°S=151020 “IOUINOD U4




RGN T aRmy TeReE an o s cemoma s s

HART £

ar

LT EE Y

TR I R O R L T

0..% [ R .os'

S S N N A B

11

0.40

3

d

L1 I}

..* 2°693
1111 11181

Pt N N g~ ps . T
Letpas wlod VuCuiadiU} wuo,qo g -=

o] WN|~-«. mw-xw.mm.-h

LS Sl *J

22

B

a
1
QuW.Jx o

08. ‘T2 AW €180

$-23520°9-

= 15702 *IGHLINOD .

el




1633007 Ge(d puvwio) uo13d8 (43¢ vRld [1Cd {Z-A 34nDLyj
d
0.01 Q.Oﬂm 0.4# 0.80 o.i ‘0t &°
LIt i L1 1 141 1 111 ____4____151
I.“-
. | i o1
. i . — o)
; . Y
— 3
“ | - 3
- a
w ] i €
i .
: — ! i Y
T e@.12 AW 2E19T ‘ e=151G0 I0ULNOD V13




PR L LN

N

TR AR Lok

PR 1N N2

O-Oﬂﬂ_ 1 MOM

c4zut] 3E

?°
P 1 ¢

]

1

$mize T .~ - - -
2 SDUTLEDG U0 TLEPe =¥ud

o.
l

i

o.. o. “‘.
) 1 11 ~———4nm-—

.

sy

o8, ‘12 Ak EF1IT

S-3500° 9 LS1G0 “IOULNOD Y

Y 3

QUWLAEO




P N

e a s, AN Ry

SFAY A ) et Tler } &

oL X L 7T N R

0.&10 ¢°99S 0°09» 3°29€ o°opa 2°098 ()

16431U07 d2j4 ‘pudiuio) u01303139Q dEiJ |04 62-A a4nblLy

d

| S I | L. 111 | | J I | i1 11 | .
i
-
— e e & - - e | e ———— 'y
i e
»9
—- g

68, ‘18 AWl SS:97

S~35#L0° 9-+.5103I0¥INOD JUT S

QUJINKO

V-6




P I N TS SRR WU e

LO43UCT dRLy “PUBLIO) UDL3IB|juy Gi,s ;|04 OF-A ddNBiy

4
.% .4 Omm .“ .u ']

L1 ] Ll 11 L1 11 Lt 1 1 1111 .9
Py
2y
“h‘

_ ~

[

' o
1_ -
‘ P

] n

. prasn

H o v
1 =3

[ ]

8. ‘18 AW Ep19T

S-38L0°3+4S130°I09LN00 1S

T

Qw.xo

V-61




1. .

» -

ee .

e e e R R

[ da Rl YTNTEP ST

BOASWRLY AN D SRR i gt AR

8.

—

1241003 de|J ‘puvueio) :owmmmwnum:NMmM-Mmmm LE-A 94nb1y

11 1 1 — .

L

‘18 AW SSi9T

8-35V.0°9-+2S100°10MINGD FFly

[
W
uo.ﬂ
[} ”
§ -
i —
T L ~¥
- p—— .-
: N
: -
' £
I

QU EO

on g

¥
N

v ey
'} VYT

'o‘,’."'» 1 .
vy

LS Y

.
b ”‘,,’.“ or,

h)
L

V.52




L03UO] WLl YW ZE-A 94nbiy

y
T
27s/ 90 = — = T¥m
avd “y ¥ Y

23/ s T TATUN  LaNINILY HLIM MNTI = WgzvVv

%,50°F
T 17 = %
TNE9Y
. (=
wr | R - -
i hr i S Ms‘u\\ \~ EQNQ y + ] NQQN L
zoy L | ¥r8 W , ! Lyvyz DLyy
A ‘USLo°z
Sivrr The17
Wso’ s

i




WIISAS [0JJUO) (10§ Jurld £€-A 3u4nbyy

25w AT INTYN WAWINIW  HLim IZY —= gz

W x -
Friat7 3
<
r - _
s 4 wl + Wazy |23y 1 1oy2 4
- p - .WNm\llys - .N\V\ NW“ | <
&
Ty 2y | s -y
E\n*..,ﬂ h\w 27 WLSIF
Sl TWi7 W17
Ewmsﬂ

P )




B oy
é - ‘.._-’)‘:(—:
l ‘)(;L:

/0\

1.’.,'4‘ _— e \
.

o Mar» My ST Akt
) [‘(H
HINGE  MedeNT

Pigure V=34 Flap Actuation Requirements - Flap Trim |inear Simulation

S, leg
¢ ( e (o
20O

e} MAs My SrAct
~iu
HiNcEE NMNMocieNT

Flgure V-35 Flap Actuation Requirements - ilap Control Linear Simulation

V-6h




[ 2 m
FLRL

PELCL Ka DELR

Figure V-36  First Orvder Actuction Simulation




LSAGGG) widl S804 SDUBGEDT SUCET o8 a8 S o - e g
PHGL il SBLT “PURKI0Y SULLITA[4EC G¥L; [jud  [E-f S4By

.o‘ .o* 9°

4
o' pE 0°op8 o 0Pt 9

rl_vh!ﬁ L1111 ltlr.h.l_tlr.—.!v - N S AN N O I
i
!
i
. :
! m
. i m
m . 3
| m W |
. B
t | “ h
i m { B
: ; ]
i | . .
P » bﬂ

8. ‘9@ NI\ 8b:3%

N

@°JSTATT - ITH. 080 ST TWIN) s

AUJEO

Vaty/




— e mr— e e

1045303 Zte. GE[5 “puPLil]} UGLIZ31;3C d8(; ([9d oE-A 24nbL4

e

99 (R o oP» °90C 0° 038 2°09t 0’
A5 0 U A N N B S I A NS 118 1112110t mrys
— -
W . _ 8-
h -
i
TI'I i -+ - ——— e an o oty - o L ‘0-0.
| _ -
| a 2 .
1
, . | ..
{ i | )
i ! - 1
| m 3
: m ¢
nr — - —— - mf -~ o . ———————— — - . -0.‘-. ...... ﬂ - -— - - B - .Cm'

* | _
| S DR ooy

oF. ‘3¢ NI ELET €-3620°9°1S300° 106 QN0 151°WINS &1 -

}u.nn-r-—rm .
[ ]




B : - e e
o — T —_— T T~
- e - AL . ey nm tlep e n L T - :
I T T - [E 20 N S, .h,.\.-..i.snu_.“mwﬂ- ..lv'u.lh PN Qw.l.ﬂ. dAll 1 |

e
L LUL

_..Axmw

x5

‘ﬂ
11lll

[
U5 S I Sy 0% 55 0 W

o opt

o ewsmvarme

L]

Ll T P TE

- a® e - -

“ .rl..l..-

8. ‘98 N wn.Mv

- — ———

r— . & e -

!

& 4

®

R St

mlnaNO.wouhmwa0~.h)x ~¥0C-45T° NIV s

- @Y

S —

WIJIE®Q

V.60




T I —m——— — T —_— B o pa

)

1
-
P
4.

" ma

Vo

-—-mm prttnt o= -

g

)
¥
: . 1
* i H
- | . !
: ‘
_,. H . .
w | m |
| : :
' L -1 1 L ... 1.

© @edSIG07 408 "QUO ST 4NOD Aris N

| 0% NOr iEeLT




-FOAZu0) def- ‘puPuki0) UGLII3{;3Q d°lJ [L0d (¥-A d4nbiy

4

A A A AR I A, L A
RV YN TN EN AN EN N RN RN s 3

| )
§ TS
3 m 1'
: i
]
{ ]
H - .Q
: i
W m -
: []
i
Ml'fl L - - AT
m ~
lu
m -
i .«
i
” - - o B P LA R - ¢ - o
i ¥
' : 1
{ . 3
’ ¢
i
1]

' '
m X 1 N |
o8, ‘98 NV 959:8T §-3€L8°9=L8]CQ0° LU QN0 . 1ST2°INCT NS




e+ e i i

|bl.v|.;lwsv|
=~ =3n-~ 'zl
pRVLsul-

o3 L
r.._. Lt hi.m ill

[
?

!

o8. ‘3€ NN 6C:8T

. - » o~ — - -

36¢2°9-5151007 "1 “Q¥O ISTOLINGS v

!

——lp e o —— - - - -

o

H
i

-
!
| {-e

WY HAO

0

\ -




i

o)

. Décaédnw
_____________ '
\
' ——
1 M g (r1ax) 1.667 (1 (1)
STALL
HINGE MeviemT
Figure V-43 Flap Irim
PiGe
\
‘ ———
0 ’{H(MM) 1.66719'” LTV :

STALL
HINCE M 1ENT

Figure V-44 Flap ntrod

V-73




-

a panre

- v g
T WO TS o e e o e T e T AL s 3 PR 4
Fanssales | SU6 5urissi S Rurs S9-f 340504

o° 00g

1 1 1

1

on

L dh o 4d 9 9eHE L2
i 1 1 1 1 1 1 .1 1 1 la

1

8. ‘82 M €29

do-c2
9-1S100°KIeL avia'sogy | e OF

V.74




B e R

£i03030Ba. Sioy apfiti(y Ch-f du4nbiyg
B/

0.5 .o!ﬂ 9°08e 0.% 0..9#« [

IS ESENE NSNS EENEENEEEEN. -_

o°00p

11

..
L1l L] ig-

m

4’8@:

e8. ‘S8 WY 1e:St

—9-2F o1

9215700l EL MLLISUGH >

vt




B R T

TRy

e oegt _o.uM

8.

FoATES

~21337RAL SUR] IPRIITLY  [y-l S4niig

h.ajn

o o0gs

1

i

0009 0-0es

‘B N 1E:ST

9=LSIQOkIVL V1I'SuY

Vit




LR T

BPP> R MW B e e

PRSI TIRT F SerBi

Aio303led; sae, “apnitiiy  8Qy-A 34npLy

i
L W.. ‘008 o°0sp 0..—4 0°00¢ 0....* °90F o° .Jfl

11 i1111111 111131111 L 11811e1
‘ n

[ J
*
9

v-7)

—

|‘r9.8!
o

P

lf | »
o8, ‘82 MNr tEiST 0-15105°30), aateiwn o), 93




. T R raeg YT et e R 4w

»

—

o
Fic

S°O0E 0°38¢ 00 o003 000y
1111 111elea1e

.‘
111

4

oor o003

Ll a1 210881111

1530 sug “ATI36I5 BALIR(3; 4id  6y-h @4nbLj

0°90F o

—

i

e

)
H

V- /¢

G

I
2

* i

8. ‘88 MNr IE:S53

©=15302°k ).

<V .mﬂ.«v.




g M ARSI Bemimy e 4ty e mess

—og M4 K IT s TN ART e -

FIQ738Ri_ SAEy “5(5uf G3Es Lubilg 3ALIB[3d iy 45-h anbi

4

[ M ..u [ M ..i ..j | M A ..3 9°00} ©°
1 i tL} ! 1111} P11tk Ltitd 11114 -h_mm‘l
-
e
+ 4T . -
1
- -/
d
°9t 4
._ -
1
22

8. ‘S8 N tE:ST 0=4SIAC‘KILL W1 SUvl




- e

% SAPPIEPE AOws ¢ o % GO - I BN 3 Ry TR My A

T T R S S T R T Y -3TT &
"4C238LCa. Sag, ‘CUPLLGT] BodY AuSg  [a-f F4nEij

Fe

A 11 i i 111 1itl1 11311111 111111111

0°008 800, G089 O ® ° . . .
i o—“ iy v il Li1 f.ou«
F

Xooa

8. ‘82 I IE1ST @=45T702°K 1YL V)

gllllgllllﬁllrl

-

.
278%H




2 .

cam

PR 2 L acsnuliladl] AN M B IR A ae b T

A e oz - — . ==

Fi0L35.0A . Sagy beag 25-i s4nbig
i
M 0°00C 5°003 O0°e6} ©°

spep bt lrrreligrnirraanietgl o ogpa
e
1
e

i =81~
| -
F { L
]
I =
* Mﬂ -01-

-
‘ —
] -

o n

X

T Lﬁﬂ 28— Y
. s
" i

98. ‘82 M IE:ST

8=4S3100°KIEL W12 SV

V.8l

o~




A |MEmE TR

Al ot

[Ga3u03 dii_ Cel4 ‘rucuio] usi1dai49a deig (104 E€5-A d4nbL4

i

..i ‘.‘“ ..
RN RN RS ENEEN

oW

{ _

3. 3% M 1€1ST o R=15300°b 10l V13 °SuvH

QWIEO

v-82




[T

-

R et W

SR TV 0 (PN T

[943UCT Tii [ EE(] “1eubiS [BuUOL340d0uy 30i{td

s

vy Phtve i

010y  p3-A 3u4nbiy

08} o°

11484

1111

L5 N

]

I
Cxoa

8. ‘88 W 1E1ST

P=4STAOKIEL V1%L

V.83




e - 3 LESay R gy

S . - . a. e

S ORSPANE IS ) wl 6 S S SR PRI § YA s e (g

» AT TSt -
< mrAl TTly g ELdel ALLGTADBRU] +veaC3Nly 562 AN 4

°98F o
111811t

:T.

*IHIJ{HIT£HIIIHIJ§H|
¢ L] [ ] * [ ]

8. ‘88 M 1815 O=iSTUD'KIdL W20y

!

<o m

V-84




- grema v

TRARA AT e B ey *

[O43UG] Wi el “pueumio) uoL}I3(jaQ deid | 10d S5-A 94nbi4

&
Oﬂw ° 08¢ ..G_Oﬂ

11 11111111

g ooy o s P

111 .aganmo

fi1i1 Fﬁlh“ﬂl

V-85

AL

4’ .u.l

QAu &Y

1 | .
o2 ‘S8 T $1:ST . 9-3E8°2-JSTEOLIVL M12°SWM




SOV AT TP € R 8L () el R B

— - ety AT e =
Ip— v g " . g A y i - v——

(042U0] widj J&(5 ‘_2ubl5 [eudijuodoag joptdoqny ;/G-A sunbLj

4

o' 00 00y o o @ o 0‘00F o°
| FEEN :ro.ox:.o_l ..ﬂ.ﬂ F*;:. 23
b
d
o
| - Y
| - d
“ e
i | =
o8.’S8 WYX sliSt . S-308°L=1STA0°WINL VIZ2'S0vl

A«

V-£6




g

(04340 Wta] depd “jeubis aoleadaju] 30(1doIny QG-A 4nbLy
i

0°003 ©°ooy !oJ" o 0°00F o .

SENEENEEVEENENENNENEEENE R Yo 2

g3

D

. o -

N

=1

28~ S&

-4
$
V-87

S-3€B°L*1ST0D ' NIEL - SVIL St

|
g




i
i
t
t
{
L
}
i
H
i
£

’ oG, 88 W »31S5%

SN -

T s =

35113q de -\ aunbi4
TGiTu0) WiaL deyd ‘pueumo)d U01399149q deld 1104 65 A
X wl
4

Q.Ju ' 0.4« . o't ' 0.4& ' ..4d

= ,.

——
—T
4
o

QWSRO

+

—..

| : - e s e @ weds - . B
‘—M




o T PP

(047Tusg Wt4L dej4 ‘Leubis |eu0ij40dodg 301+d03fy G5-A 34nbtyg

4
LA, . e ot Y L U P<J4« ! o gt . e.‘mm..
\ | | -
| i
'
, i

08, ‘SE N ¥15ST

o368 ° L=15T00 ' WIAL V13 SuuN

Lxon

V-84

‘6




v WORIIIRATOVIC 04 Bad "W AGPn (8 AR @

{GJ1uCT uitd. dep4 “teusis

o:ogt

= 4G eubo3u] 30(Ldo3nyg

4

i _.oglﬁu i

[9-A 3unbiyg

o°oyt

o opt

~8%-

v-20

AR rmn e W -

| o W

-

AL

08, ‘88 M pIiST

S-2€8°2+1S100°KIEL M1 5V

- 2

L

——




ry J|y i FTYIERE VY R ®Y

WTVEVT Y e v Ty

e 204

L1

(343uQ] deis “pupiu0] uCii23ij00 42,4 Li0d ¢9-A 8anbij

®
nhmnjm

o o0

i1l

4

@083 0°00
111811884

a

..
1111

8. ‘1€ M 62t

=4SICH IOVILCH Y27

=

QWX

Vol




Lol LEad

1341303 degd “pueiwo] uOEL3d9{43] de(4 Li0¥ Ey-A 34nbi4g

4
003 0°08. 0°003 0°005 000 6'00¢ o o-00F o°
pear barerferee baanslaanrlaaritaaaafoneal-gp.
01“&-
ﬁ. -
| _
29~ N
Hﬂ.rrv e ]
7 -9
f 3
1
— 3
a
.m'

ll

. ‘TE TNr Crill

S-IEB LeJSIAC TONINCD JUTI 2l




- — -~ < ~ - ~ e

~ - .

.Q! .o! .01 003 .0! ®° o .08 ®°
Pl i i iy tiiiy it _mm-ﬁ_ppb D~

V-93

&
QuUWEQ

Y}

8. ‘1€ WY 85:1it S5-IB* L-=JEICNATIRNINCD YT EL




(043UCT JE({ “DUEMIO] UCG(3591;3G 3214 (104 53-4 aunbig
&
e eyt o)t .o4ﬂ e T .os 0.4 ..4 °op ®°
1 . | i } | 1 i 1 kY -
-
-

.L'-

V-494

S —

QWO

- At

J’ i .lo

8. “IE NI CriLT S-3€8°L-1S1GC  I0UINCD Ui SEBW S




L04TU0] dB[4 “pUSMIC] UOL339143Q dCi4 [0 a9-f o4nbtg

QT oot ecepr oceps
i J

s s

i
ed

h0.4 -..

LRI

8. ‘€ 1Nr 8s:1Lt

S~FEB L-=3STICIITVINCH QYN27CL el

QWX

g

i



- ME S D e

Vi. VEHICLE DESIGN
A. APPROACH

The design approach for this study was te cvolve a single generic spacecraft
concept. for several aerocapture planetary missicns, The goal was ta develop a
structural design such that either skirts, pane's or sections can he added so
that the hasic design can meet length constrain's and still package the mission
payload.

A generic spacecraft aeroshell configuration was developed that met per-
formance and packaging requirements for the S02", and Uranus missfons, The 575
IUS/SEPS launch Vimitad the Tength to 6.3m for these missions, For the MSR
mission the basic configuration is lengthened b a 3.3m jong skirt added to the
basic shepe (allowed because the SEPS stage is not planned for the MSR mission).
The output of this vehicle design effort consists of a definition of the aeroshell
design concept, including geometry and mass properties required for Titan, Mars
and Uranus aerccapture.

The section is partitioned into a Generic Hesign discussion that presents
data common to aeroshells for all missinns and characteristics of specific design
concepts for the S02P, MSR and Uranus missions. The spacecraft configuration selec-
tion is based on aerodynamic, thermodynamic, control, interface and packaging
constraints. The first three parameters are di cussed in Sections 111, IV, and V.
Interface and packaging constraints are listed n Table VI-1 along with their
offects on aeroshell design.

A comparison of configurations evaluated i section 111 vs. vehicle design
parameters is shown in Figure VI-1. A geometri visual comparison of the studied
shapes is shown in Figure VI-2, Shape 7-6 was elected for study analysis based
on the packaging volure, the results of JPL's p ckaging studies and the data
available on its characteristics as the SM conf guration used in the Mars Aerccapt.re

vehicle Definition Study, Ref. 1-1.

vI-1




B. GENERIC VEHICLE DESIGN

This section contains data and analyses that are applicable to the generic
aerocapture vehicle as studied for various planctary missions. It contains geometry,
untt mass properties and structural analyses that arve applicable to the basic 6,3m
long SM configuratior and its extension to a 9,.6m long design,

Geometric and aerodynamic data are presented in Figure VI-3, A geometric
solution for the intersection of the two frustums is shown in Figure VI-4,
Achieving a smonth intersection 1s not straightforward since the frustum cuts end
up as different ellipses unless the cut angle 14 compromised andla step 18 formed,
Three solutions were studied: a) A wedge inserted between the two sections with
each cut at right angles to its centerline; b) Use of an elliptical forebody or
afterbody; and ¢) Use of an offsct centerline, a slanted cut giving a matched
intersection with coincident ellipse.

The last method was chosen based on minimum perturbation to aerodynamic
characteristics and manufacturing simplicity. This results in slightly modified
geometry when holding basic shape dimensions as inputs,

Surface areas, centroids, enclosed volumes and unit inertias are given in
Table VI-2 for the shell parts. These are uced to develop the properties for
a specific mission condition after the structure and thermal protection require-
ments are set.

The shell structure sizing analysis is don» parametrically by analyzing for
a range of atmospheric pressures that might be sustained during aerocapture. 4

range of dynamic pressures from 13 to 150 kPa wis used for sizing the aluminum

honeycomb sandwich used as the shell design. Inertia relief is based on preliminary i

center-of-mass locations for the aeroshell and payload. The pressure distributions

VI.2
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used .re shown in Figures VI-% and 6, A hasic <andwich design using aluminum face
sheets and honeycomb core was used. The depth is varied to provide the required

strength. Figure VI-7 gives the unit mass versus depth,

C. SATURN ORBITLR DUAL PROBE AEROSHELL DESIGN

The S02P misSﬁon spacecraft 1s designed for a Titan atmosphern aerocaptuve,
It will be transferred by the STS shuttle to a low carth orbit and propelled in
the trans~Saturn phase by a 1US-SEPS combination,

The spacecraft will consist of an acroshell supporting and packaging a 11tan
probe, a Saturn prohe and a Galileo type Saturn orbitor, study configuration
(Figure VI-9) supplied by JPL placed the Titan probe at the nose and would he
deployed after the aevocapiure maneuver; the Saturn re-entry probe s next in line
and is ultimately deployed into the Saturn atmo.phere,

The SO2P estimated payload mass as defined by JPL For this mission ic:

Orbiter 1072 ka
Titan Probe and Support 228
Saturn Probe and Support 50
Total = B¢ kg
Using the mission performance curves of Figure 1-30 the net allowable snaceciaft

mass depending on mission time is as foilewe:

Entry Velocity SE2cee! 17t tuss
8 km/s 2660 k¢
10 2501
13 > 401

Hence the mass gozi e the Aerocapture syscem - irics between {4300 - 1550 =) B50
and (2665 - 1550 =) 1110 tg. As the ceroshell : 1sc increases with increasing

ertry velocity, t'e greatest allowable ferccapt e mass occurs at V. =8 kwser,

e amaacE el e o




The design and mass properties for the S02P aercshell are obtained by combining
those for the structure and thermal protection subsystems that are required for
typical Titan capture missions at entry velocities of 8 and 13 km/s. An aeroshell
mass summary is presented in Table VI-3 for an 1 SM solution at 8 km/sec and carbon

phenolic solutions at 8 and 13 ki/sec.

V. Aeroshell Design - The shell structure sizing has been performed at the

high and Tow extromes of 1ikely entry velocities., It is based on the maximum pressure
attained during control system runs of Section V and on the accelerations during IUS

boost, The pressures correlate with the following TPS solutions:

Vo a Q. _
8 km/S -23° 15 kia
13 -23,5 20,5

An aluminum sandwich was assumed as the shell configuration for the monocoque
aluminum structure. The aluminum structure is protected to room temperature during
peak pressures even though it soaks out to 590K after aerocapture loading has sub-
sided.

The sandwich shell used is defined in Figure VI-7 as to geometry and unit
weights. Figure VI-8 gives parametric data on the honeycomb thickness required for
a range of static pressures for the three frustums of the vehicle.

The structural shell requirements and ring masses for the aeroshe'l are given
in Figures VI-11 and 12, Mass and center-of-ma s analyses for the structure are
included in Table VI-3,

The thermal protection materials as define:! in Section IV and unit masses are
shown in Figures VI-13 ard 14, Tables VI-4 and 5 contain the detail mass and CM
analyses for the TPS, and Table VI-6 for the structure.




A summary of the structure and TPS masses vequired faor the S02P acroshell
at the Titan entry conditions are given in Table VI-3,

An alternate TPS consisting of carbon phenolic material in the high heat areas
of the vehicle was examined for the B km/s entry velocity mission. The requived
protection map 1s shown in Figure VI-16, and the analysis in Table V1-7., Thi: TPS

solution would imposc 2 145 kg mass penalty.

2. Mass Properties ~ The structure, TPS and aeroshell (structure plus T1S)

masses have been presented in Tables VI-3 throuyh 7 for the three parametric design
concepts evolved in this study, In addition, the aeroshell inertia properties are

presented in Tables VI-8 and 9,

3. Flap Implementation Analysis - S02P - This section contains the results of

analyses performed to determine the design impact of using flaps to achieve roll
trim for an aervcapture vehicle, This analysis was performed in support of Section
V - Attitude Control where six control configurations are examined:
1. RCS Roll Control
2. RCS with Pulse Width Modulation
3. Flap Trim Control
4. Flap Control
5. MMRC Trim Control
6. MMRC Roll Control
The results presented provide a weight est mate in support of 3 (Flap Trim
Control) for a specific SO2P mission and config ration,
The assumed design is a trailing, split-wi dward flap concept on the 6.:n
Tong vehicle as shown in Figure VI-16, The tr. ling flap has a lesser impac!

on the aerodynamic and structural characteristi s of the vehicle than would - cur

VI-5




with a larger slice for body mounted flaps. However, the trailing flaps can
complicate the interface with the propulsion module or a jettisonable skirt
arrangement. 1ike the one evaluated for tho MSR mission,

The following design requivements and assumptions are devived from the

simulations discussed in Section V.

Rol1 for Titan A/C (QB = 34,5 kPag o = 20" & ~ 9,6")
Trim for 6.3 nm center-of-mass offset
Area - 18% of base arca (0.98m2)

Span -~ 1.15m

Chord - 0.86m

Opcrating Angle - 4,89 +4 8¢

Pitch Rate -~ 5 O/s

Pitch Freq, - 3 Hz

Ope+rating Time 200s

Hinge Moment - 4000 Nm

The flap structure and thermal protection details are defined in Table \ ' -10.
The required aeroshell supporting structure is -jiven in Table VI-11. The tota}
masss of the tlap installation using the lighte.t weight actuation subsystem is
given in Tabi. VI-12 as 100 kg.

The dynamic requircments for flap actuation can be met by hydraulic, pneumatic,
or olectric actuation systems. Hydraulic actuation was rejected as unsuitable for
space application, so a trade-off was made betwoen electric and pneumatic des gns,

The electric system allows the easiest maintenance and check-out procedures.
The system comprises a drive electronics packace, and two actuators, ecach
consisting of a 1/2 HP <amarium cobalt permanen' magnet NC serve motor driving

an acme worm through a gearbox. The system wei thts are:




2 Actuators 8.3 Ig

2 Motors 4.%
rive Plectronics 1.8
Cable i
Battery Delta b
Total 15.9 1g

The pneunatic system comprises a 69000 kPa helium storage bottle with a
fil11 and squib valve, a 5500 kPa regulation, two actuators and a control elec
tronics package. Fach actuator employs a differential area piston with system
pressure on the smaller arca (rod end), Pressure in the large end is controlled
by a torque motor oporated three way Tow leakage poppet valve. The actuators

are 9.6 cm in diameter and 33 cm Tong plus devi: es. System weights are:

Filter Tank 4.5 Ig
Regulator g
2 Actuators w/Contro) 5.5
Valves
Lines J
Control Electronics 2
Total 11.6 kg

The pneumatic system is Tighter and has the potential for better dynamic
performance,  The electrical system simplifies ~ervicing and check-out proced. res
and has an inherently longer storage life. Fin-1 selection must be based on inter-
planetary cruise time, cverall system mass and otential integration with pay ! oad

power sources,




D. MARS SAMPLE RETURN AERQSHELL DESIGN

The Mars Sample Return Aerocapture aeroshcll s designed for a Mars
atmospnere entry as defired in Sections 1V and V of this report. The payload
will be the Orhiter, Lander, and the trans-Mar< flight compenents. The space-
craft and IUS are to be launched to a Tow Earth orbit where the spacecraft/Ils
assembly 1s deployed, The IUS then provides the velocity increment for tran.it
to Mars,

This spacecraft mission was studied exten:ively as reported in Ref. I-1.
The current study was directed toward using a veneric configuration for the MSR
mission that can also be used at other planets.

The allowable vehicle length for the SO2P and Uranus missions is 6.3m.
This is based on packaging of the spacecraft and their propulsion stages in
the shuttle. MHowever, the MSR mission propulsion allows a vehicle length of 9.6m.
The MSR spacecraft as defined in this section consists of a 6.3m long vehicle
as generic to Saturn and Uranus with a 3.3m skirt added to the base to provide
a 9.6m aeroshell to house the MSR Orbiter and Lander. This presents a challenge
to packaging the MSR payload. A potential inboard view was developed 2y JPL

and shown in Figure Vi-17,

1. Aeroshell Design - The structural shell sandwich is defined in Figure VI-7

and the unit masses are given in Figure VI-18. Table VI-13 contains the analyses
for the mass and CM of both the AC and AM configurations.

The thermal protection required materials and unit masses are shown in Figure
VI-19. TPS mass and center-of-mass analysis i summarized in Table VI-14.

The combined mass properties for both the ierocapture and aeromanecuver -oro-

shells are given in Fiqgure VI-20 and Table VI- 3.

vi-8




L, URANUS MISSION ALROSHLLL DESIGN

The generic spacecraft configuration was adapted te the Uranus mission by
destgning a thermal protect.ion and structural cystem to meet the requirvement:
for an entry at V - 30 km/s and a = ~12°,

The basic honeycomb sandwich structure of Iigure VI-? was sized for dep'h-
Figure VI-21, by using Figure VI-R, Table VI-16 contains the data on structure
mass and conter-of-mass Tocation,

The thermal protection wap is given in Fiuure VI-22.  TPS mass and CM number:

are contained in Table V1-17,

F. VEHICLE DESIEN SUMMARY

The Vehicle Design Study results support the feasibility of a
design solution for a structure and thermal protection system of a generic
aeroshell to accomplish the proposed missions to Saturn, Mars and Uranus.

A 6.3m long aerosheil has been defined for use on the S02P and Uranus
missions and a 9.6m long aeroshell defined for the MSR mission by adding a
nekirt" to the basic configuration. The MSR " kirt" can be jettisoned after
Mars aerocapture so that the forward section will perform the aeromaneuver to a
specified landing site.

Table VI-18 summarizes the wass propertie. of the aeroshells for the SOP,

MSR and Uranus missions,
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Table VI-2 Aeroshell Unit Data
- Surface - T
L r R Area xfh Valume IR lP&Y
o
Part. (m) (m) (m) (mz) (m) (m3) (kgm®) (kqmz)
Nose (0.72) - 0.2 0.25 0.1 0.02 0,0267M 0.0167M
13" Frustum 3,37 0.2 0,98 12,82 1.31 4,22 0,50M 0.15M
7" Frustum 2.74 0,98 1.32 719,95 1.30 11.4% 1 .36M 1.30M
Base @ R = 1,37 . - 1.32 5.47 0 0 0.871M 0.136M
7¢ Skirt 3.3 1.32  1.72  31.7% 1.8 24.09 2.35M 2.8M
Base O R = V.72 - - 1.72 9.29 0 0 1.48M 0.74M
o -~ = B A s e s o LT T R I S o N B t
NOTES: Basic - SM Shape 6.3m long
Extended - 3.3m long skirt added
Table VI-3 S02P Aeroshell Mass and Center of Mass
) PS Structure Aeroshell ]
bty Mass MX  Mas MK M M X
Condition TPS ass a-s ass fh:
_ V(km/s) a Matl. (ka) _ (kgm) _(kq) _(kam) (kg) ~_(kgm) _ (m) |

8 -23° ESM/SAM 343 nol 129 288 472 1389 2.94
13 -23.5° CP/ESM 781 2264 133 288 919 2552 2.80
8 ~23° CP/ESM 488 1412 129 308 617 1720

N
~J

R

vi-n




Table VI-4 502P ~ TpS Mass and Center of Mass, V = 8 km/s

Part 2 M/A2 M be MX
(") (kg/m®) (ka) (m) (kgm)

Nose .2h 92.8 23 6.2 144

Fwd. Cone h,70 4.9 8 4.05 113

Upper 160"

fwd. Cone 7.1? 24.4 174 4.05 704

Lower 200"

Aft Cone 8.87 2.5 22 1.30 29

Upper 160°

Aft Cone 11.08 7.7 85 1.30 M

Lower 200°

Base 5.47 2 1 0 0
343 3,21 1101

—— —
Table VI-5 S92P - TPS Mass and Center of Mass, V = 13 m/s
(n”) (kg/m®) (kg) (i) (kgm)

Nose 0.25 210 53 6.2 326

Upper 6.41 9,05 58 4,05 235

13° Cene

Lower 6.1 47.2 303 4.05 1226

13° Cone

A 7° Cone 2.9 8,12 24 2.3 54

Upper 7.1 4.74 34 1.30 43

7° Cone

Lower 10.0 29,28 293 1.30 380

7° Cone

Base 5.47 3 16 0 0
781 2,90 2264

_ — e e e — -
VIt




Table VI-6 $02P Structure Mass and Conter of Mass

[PS, P i et s e et e am e e e ——— e

Part Vo= 8 km/s V= 13 k/s
A Ke,  MIA M MY MA MX
() (m) (ka/n®) (kg)  (kgm) (kg/m®)  (kg) (kem)

Nose 0.25 6.2 2.8 1 4 2.9 1 A
Fwd, Fru, 2.8 5,3 2.4 ] 4?2 .9 B 41 |

Fwd, Ring - 4,7 - 5 23 - 6 2

E Mid Fru, 10,0 3.6 3.0 30 108 3.1 3 Ny

irk., Ring - 2.4 - 6 16 - 7 149

AfL Tru, 20.0 1,331 62 81 3.4 46 86

Base Ring - 0 - 10 0 - 11 0

Sep. S/S - 2.0 - 7 14 - 8 16

129 288 138 20

*j Xy = 2.23 Xi3 = 2.23

Table VI-7  S02P - TPS Mass and Center of Mass (CP Alt,)

’ ” A M/A M Xep MK o
2 2
Part (m®) (kg/m®) (kg) (m) (kgm)
Nose .25 132 33 6.2 205
Upper 13° 6.41 7.48 48 4,0% 194
Fru.
Lower 13¢ 6.4 27 .4 176 4,05 m
Fru.
A7° Fru. 2.9 7.33 21 2.30 49
Upper 7° 7.1 3.42 24 1.30 32
Fru,
Lower 7° 10.0 17.0 170 1,30 221
Fru,
Rase 5.47 3 16 0 0
- S a8k 2.89 1412 h

VI-13




Tahte VI-R

S02P Aeroshell Inertias, V. = 8 km/s

L - eamean e s esaca T

e e g = f' - ,MHMWNZE_S".*mm__;W,-*MH__
etk Cka®) (kg ) ) (kam®) (kom?) .|
Nose K4 1 3.4 624 €5
13Y Frustum 400 200 46t 1.25 625 105
7¢ Frustum a7 563 54, 1.50 438 1 130
Rase 16 14 2.80 125 32
fwd. Ring 6 2 1 1.9 22 ’3
Brk, Ring 7 7 4 0.34 1 5
Base Ring N 21 W 2.80 86 16
Sep. 8/8 & 8 ! 0.80 5 13
L w6 300§
* M@ 2 .80m S T
Vi-14

=

[T

7]
bart M x"z Ig&?f‘ xC; ')(""?M2 Imz
(kg)..  (kgm”) _ (kgn') (m) (kym”) (kam®)_ .
Nose 25 1 Negl. 3.26 265 205
13" Frustiam 24() 120 2l 1.1 296 h172
7" Frustun 169 208 220 1.04 4bh b/Y
Base 1 10 b 2.9 9h 100
fwd, Ring 5 2 1 1.76 1h 16
Rk, Ring b 6 4 0.20 - 3
Base Ring 10 19 10 Q.94 86 96
SER 578 7 ! 4 0.94 6 10
* CM 2.94m from Base

Table VI-9 S02P Aeroshell Incrtias, V = 13_kin/s
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Table VI-13 MSR Structure Mass_ .and Center of Mass

o e ey

ME Contdg.  A/M Config.
Part A, D M/g M ifb A X MX

(m“)  (kg/m™)  (kg) (m) (kgm) (m) (kgm)

Nose 0.2, 3.0 8 9.5 8 6.2 5

Fwd. Cone 12.82 3.0 38.5 7.35 -83 4.05 186

Center Cone 19.95 3.3 65.8 4,60 303 1.30 85
Aft Cone 31.7% 3.4 107.9 1.58 7N

Break Ring 6 6.03 36 2.74 16

Sep. Ring 10 3.3 33 0 0
Base Ring 16 0 0
Sep. Parts 10 1.65 17
ACz 74 255 3.34 351

Amy, ;§~-' 121.1 2.16 262

VIi-18
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Table V1-16 Uranus Structure Mas< and Center of Mass

M
Part o et (kam)
Nose .2h 3.2 1 6.2 144
Fwd, Frustum 2.8 3.2 9 5.3 47
Fwd. Ring - 10 4.7 47
Mid Frustum 10.0 4.0 40 3.6 144
Brk. Ring - 12 2.74 33
Aft. Frustum 20.0 4.5 90 1.30 117
Sep. S/S - 10 2.0 20
Base Ring - 20 0 0
B W asm
Table VI-17 Uranus TPS Mass and Center of Mass
M
Part (22) (kgl/‘mz) (kg) )((,ff; (kgn)
Nose 0.25 55.05 13.76 6.2 85
Upper 13° Cone 6.41 17.25 Y10.57 4,05 448
Lower 13° Cone 6.41 37.2% 238,77 4,05 967
A 7° Cone 2.9 27.02 63.86 2.30 147
Upper 7° Cone 7. 14,68 104.23 1.30 135
Lower 7% Cone 10.0 24.77 247.7 1.30 322
Basc 5.47 3 16 0 0
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VIT. CONCLUSIONS

This study *a< resulted ip system design capcepts for a generic Aerocapture
contiguration for the S021'y MSR awd Uranus mis ions.,  Jhesp cancepts, alany with
the controlled entry stmulations, suppart the feasthility of the generic Aern
CApture concept.  The desian concepts constst f: anvodynamic configuration,
control systems for atmospheric energy managem nt; entry thermal protectiony nd
structural definition,

The design concepis meoet Lhe requirements of Section 11 with the exception
of S02P payload mass at 13 km/see,  However, tio 8 km/see entry has a significant
mass margin and it is estimated that entries up to 11 km/sec can accommodate the
current payload mass estimate, Additional capebility can become availahle ae
overall mission studies progress relative to SO2P payload and launch trajectory,

Based on the rosults of this study, the ¢ 3m configuration design concept for
S0P could also he used as the MSR aeromaneuve vehicle, It would be very
inefficient from the mass standpoint but would allow not only a generic con-

figuration but an identical design for both mi .sions,

VIT-1

. e
o et w
ettt i




VITI, NEW TECHNOLOGY AND RECOMMENDAT IONS

Based on the results of this study, 1t 1s .trongly recommended that existing
aerothermodynamic design technology he e panded to meet generic Aeroéapture needs,
Emphasis should be placed on thermal protection systems and associated vehicle

interactions. Specific recommendations are as 'o0llows:

A.  Therma) Protection Material Response in Aer capture Environment

1. Contemporary thermal protection materia:s 1ike carbon phenolic should be i
evaluated in plasma arc ground tests in alr to assess their performance

capabilities for the long heating time high heating rate environments

2. Reuse capability of the above contempor iry ablators for subsequent entry r
in a more benign ballistic probe type e vironment should be evaluated in

plasma arc ground tests,

3. New composite thermal protection materi.ls, such as carbon/carbon over
a carbon foam, which offer potential to significantly reduce TPS weight
should be surveyed and several selected, fabricated, and tested for

comparison to the contemporary material .

4. Full scale panel to panel ablator gaps hould be tested in a plasma a~c
at angle of attack to determine ablativ shape change effects on gap

thermal performance.

B. Aerothermochemistry Effects in Dissociated ypersonic Flows

1. Material surface - gas phase interactio s between carbon and silica and

CH4 and N2 should he evaluated.

VIlI-1
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1. Thermodynamic and transpert propertics for (ZH4 and N2 should be yencrated,

‘d

K

. Aerothermal Design ot An Aerodynamic Contrcl Surface

1.

In-depth thermal respopse of carhon phcnolic, refrasil phenolic and
elastomeric shield materials in dissociated ”2' He, CH4. and N? should

he evaluated analytically.

Facilities should be surveyed to deternine where plasma arc tests can

pe conducted to validate the thermal rosponae modeling of task 2 above,

Plan and conduct plasma arc tests where feasibility has bheen indicated

in task 3 ahove,

faminar and turbulent heat transfer to typical aerocapture confiqurations
(with and without aerodynamic control curfaces) should be experimentally
evaluated on the windward side, leewarc and base areas. Predictions for
the combination of gas composition and test conditions should be made

utilizing the G - 30V code for windward and side arcas and a semi-

empirvical separated flow heat transfer algorithm on the leeside and
base arcas. Predictions should also be made for typical aerocapture

missions,

Uncoupled radiative heat transfer compitations should be made for the

S02P and Uranus aerocapture missions,

Ablative shape change of a split windw rd flap control surface should be
evaluated laterally and axially by emp oying heat transfer distributions
from task €2 and the analytical ablat-ve material models calibrated in

task R-? above,
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2. Thermal design of the flap hinge 1ine and actuator box seals should be
investigated in sufficient detail to provide preliminary design type
weight estimates, Design concepts should be derived from previous DOD

flapped vehicle designs,

3. Aerocapture vehicle nose bend required vs, hody slice size (Lo accommodate

a split windward flap installation) should be genevatoed,

4. Techniques to enhance the acrodynamic yaw stahility Tike yaw tabe,

bumps, or ears should be investigated.

h. Refined weight estimates of the split windward flap thermal protection

and structural support system should be made.

Six~degrec-of-freedom aerodynamic characteristics should be generated ,

inciuding the effects of:

1. Vehicle asymmetries

2. Ablative mass addition phasc lag

3. Skewed Taminar - turbulent boundary layer transition front

4. Ablator roughness

§, Split windward flap shape change

6. [ree stream gas composition

Tvajectory and control simulations should be performed to demonstrate the

mission impact of items 1 through 6 above,
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