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FOREWORD

The research described in this final summary report (Vol-
ume I) was performed by Goodyear Aerospace Corporation,
subsidiary of The Goodyear Tire & Rubber Company, Akron,
Ohio, for the Jet Propulsion Laboratory, California Insti-
tute of Technology, under the authority of Contract No.
951153. The work was conducted from December 1965 to
October 1966. Mr. James M. Brayshaw, Jr., was the

Jet Propulsion Laboratory Technical Representative.

The work was performed under the general direction of
Mr. R. L. Ravenscraft, manager of the Aero-Mechanical
Engineering Division and Mr. Fred R. Nebiker, manager
of the Recovery Systems Engineering Department. The
program was directed by Mr. Jay L. Musil, project engi-

neer.

Personnel contributing to this effort were Mssrs. A.P. Ahart,

configuration, weight, and strength analyses; K. Birklein

and J. W. Schlemmer, computer analyses; I. M. Jaremenko,

pressure distribution analyses; and W. W. Sowa, thermal

analyses.

This is Volume I of two volumes. Volume Il presents the

supporting technical information.
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SECTION I - DESCRIPTION OF PROGRAM

INTRODUCTION

Goodyear Aerospace Corporation (GAC) has conducted a parametric study
to determine the suitability of expandable terminal decelerators for a
Mars lander capsule. Under the terms of Contract No. 951153 from the
Jet Propulsion Laboratory (JPL), the study was based on the analytical
formulation of the effects associated with the model environments of
Mars and specified entry capsule characteristics and entry conditions.
These effects, characteristics, and conditions governed the require-

ments for the engineering applications of expandable decelerator devices.

The main objective was to determine fundamental engineering system
design requirements for initial-stage, expandable decelerators that
provide stabilization and retardation for Mars lander capsules (the en-
tire system including the entry vehicle and decelerator is referred to
as the entry capsule). To fulfill this objective the following character-

istic's were analyzed:
1. Structural integrity
2. Performance effectiveness
3. Aerodynamic stability
4. Bulk and weight
5. Heat insulation
6. Materials
7. Ancillary equipment
8. Deployment and inflation

9. Packaging
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The final objective was to compare and recommend:
1. Desirable configurations
2. Areas of additional study and analysis
3. Simulation and test requirements

The characteristics of various expandable decelerators were determined
by the formulation of uncomplicated straightforward engineeringanalysis
and design. Then, desirable decelerators that retard capsules to about
Mach 1 near heights of 10, 000, 20,000, and 30, 000 ft above the Martian

terrain were selected for more-detailed analyses and investigations.

Figure 1 gives the interrelationship of aerodynamic decelerator appli-
cations for Mars atmosphere entry. The requirements and technology
breakdowns associated with operational functions, system design, basic
science, and applied engineering are related directly to those required

under the scope of this program.

PRESENT ANALYSIS PROCEDURE FOR AERODYNAMIC DECELERA-
TOR APPLICATIONS

To date aerodynamic decelerator design has depended primarily on the
available technology developed from specialized previous applications
and investigations. The accepted procedure for establishing a design

for a new application is given below.

l. Survey performance data relating to various de-

celerator configurations

2. Evaluate these data to determine the extent that
a particular configuration and operating condi-
tions relate to the specified requirements for the

new application

3. Conduct a preliminary design effort and build test

models
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OBJECTIVES
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TECHNOLOGY

MISSION

OPERATIONAL FUNCTIONS

BASIC SCIENCE

ATMOSPHERIC
ENVIRONMENT
TERRAIN
GEOLOGY
ECOLOGY

ENTRY TRAJECTORY CONTROL
FOR ALTITUDE AND MACH
NUMBER INTERCEPTS

SIGNIFICANCE
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ANALYTICAL FORMULATION OF
ENVIRONMENTAL FACTORS AND
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EVALUATION BY SIMULATION OF
PHENOMENA AFFECTING DESIGN

EXPERIMENTAL TEST OF SENSING,
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METHODS

STATIC AND DYNAMIC PERFORMANCE

[ SIMULATION

Figure 1 - Interrelationships of Decelerator Applications
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4. Conductwind-tunnel, functional, and environmental
tests to establish the validity of the predicted
performance of a specific design for the new appli-

cation and operating environments

5. Design, build, and conduct full-scale, free-flight
tests of the decelerator system under simulated

operational conditions and environments

This procedure has been demonstrated successfully. However, it has
been carried out too often with the expense of unscheduled, additional
time and cost for redesign and retest One of the major difficulties en-
countered was the extrapolation of system design data from previous
applications. In many cases and usually after the program was well
underway, unforseen factors or changes made the avialable data in-
adequate or not applicable. As a result, interation of Steps 3, 4, and

5 was required. Additionally, procedures and time scales establish-
ing requirements for aerodynamic decelerator applications were often
incompatible with the development of the most reliable and efficient de-

celerator system design.

ANALYSIS PROCEDURE ESTABLISHED FOR PROGRAM

This program,which comprised a parameter study, took a different ap-
proach to evaluating the characteristics of aerodynamic decelerators
as compared with the analysis procedure outlined above. To illustrate
this approach, Figure 2 shows a functional flow diagram of the factors
and variable parameters appropriate to the application of aerodynamic
decelerators for the trajectory control of planetary entry vehicles. The
inputs and outputs are associated with the environments, constraints,

requirements, and objectives of this study.

The simplicity of the functional diagram is somewhat deceptive. If a
servo circuit is used as an analogy, the system is "open-loop, " which

at once points up the inherent difficulty of aerodynamic decelerator
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Factors and Variable Parameters
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design technology. "Matching"(that is, achieving an optimized design)
the parameters and factors for a desirable system must be accom-
plished by techniques similar to the graphic solutions for some types of

mathematical equations involving transcendental functions,

In reality there is feedback through the dynamic characteristics of the
physical system as a result of coupling through the external operating
environment and the resulting system motions. Unfortunately this feed-
back is nonlinear by the very nature of the performance characteristics
of aerodynamic decelerator devices when moving through an atmosphere
at high speeds, necessitating adaptation of the parameters to the desired

system performance.

The purpose of this discussion is not to emphasize the difficulty of this
study, but rather to demonstrate the validity of the engineering analy-
sis approach and procedures established Further, this analysis

approach was appropriate since it permitted evaluation for all possible

aerodynamic decelerator system concepts.

As shown by Figure 2, the significant factors and parameters that re-
quired consideration and evaluation to establish the design of deployable

aerodynamic decelerator systems for the Mars lander capsule included:

1. Initial entry conditions (Ve, Ye’ ae, P, 9, r, etc )
associated with the designated JPL trajectories
(Al, A4, B1, B3, 19, 22, 23, 30, 37) and the
characteristics of the Mars atmosphere (VM3,
VM4, VM7, VMS8)

2. Basic entry capsule size, mass, and performance
characteristics
3. Physical constraints of entry capsule on the de-

celerator bulk, weight, configuration, attach-

ments, etc.

4. Resulting trajectory parameters associated with
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the entry capsule (M, h, vy, 6, etc.) that establish
the permissible velocity-time-distance scales

for the decelerator operation

5. Environmental conditions at deployment (TO, q,
g's, 8, etc.) and operation of the decelerator
that establish design requirements for performance

and structural integrity

6. Decelerator characteristics as related to per-

formance, stability, weight, and bulk
7. Composite system characteristics

8. Target points of Mach number, altitude, angular

excursions, and attitude rates

The interrelated factors and parameters affecting the application of
aerodynamic decelerators are found to be complex with no direct or
precise closed-form solution possible. Analysis of the factors and
effects had to be studied in discrete, uncomplicated, and orderly fash-
ion and then the separate results for a composite system as applied to
representative operational cases had to be synthesized. After defini-
tive trends were established, indicating the more favorable performance
characteristics, selections were made. Refined analyses and investi-
gations then were performed leading to the final selection of the con-
cepts and systems recommended for future full-scale development and

application.
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SECTION II - ENVIRONMENTAL CONSIDERATIONS

ATMOSPHERES AND TRAJECTORIES

The various characteristics for the model VM (Voyager/Mars) atmos-
pheres considered in this study are listed in Table I. Figures 3 and 4
show the Mars entry trajectories in the VM7 and VM8 atmosphere pro-
files for the entry capsule illustrated in Figure 5. Seven entry trajec-
tories were selected by JPL for the entry capsule to establish the en-
vironmental conditions under which the decelerators are required to
perform successfully with structural integrity. The initial entry ve-
locities and angles, and mass ballistic coefficients associated with the
corresponding trajectories are given in Table II. Two additional tra-
jectories (one each in the VM3 and VM4 atmospheres in Figure 6) were
investigated to determine effects of atmosphere variation for off-design

conditions.

Consideration also was given to controlling factors such as entry cap-
sule size and configuration, sterilization requirements, entry trajec-

tories and Mach number/altitude target points.

Although the surface densityfor the projected Mars VM8 atmosphere is
almost twice that of the VM7, the inverse scale height above the tropo-
pause is greater by a factor ofabout 2.8 (see Table I). For anentry cap-
sule witha given mass-ballistic coefficientand having the same initial
entry conditions, Figures 3 and 4 show that there are shorter time scales
and lower altitudes for a given Mach number. Higher dynamic pressures
willbe associated with deceleration of the entry capsule to the same target
points (M = 1.0at 10,000, 20,000, and30, 000 ft)inthe VM8 atmosphereas
compared withthe VM7. Consequently entryintothe VM8 atmospherees-
tablished the criteria for thedesignintegrity of aninitial-stage supersonic

decelerator because higher Mach number performance is required and

-9-
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TABLE I - CHARACTERISTICS OF VM ATMOSPHERES

Atmosphere profile

Property Symbol Dimiension VM3 VM4 VM7 VM8
Surface pressure PO mb 10.0 10.0 5.0 50
1b/sq ft 20.9 20.9 10. 4 10. 4
Surface density Py (gm/cu cm)lO5 1.365 2.57 0.68 1.32
(slugs/cu ft)lO5 2.65 4.98 1.32 2.56
Surface temperature TO K 275 200 275 200
R 495 360 495 360
Stratospheric temperature Ts K 200 100 200 100
R 360 180 3260 180
Acceleration of gravity g cm/sec2 375 375 375 375
at surface ft/sec? 12.3 12.3 12.3 12.3
Composition
€02 (by mass) 28.2 70.0 28.2 100. 0
CO2 (by volume) 20.0 68.0 20.0 100.0
N2 (by mass) 71.8 0.0 71.8 0.0
N2 (by volume) 80.0 0.0 80.0 0.0
A (by mass) 0.0 30.0 .0 0.
A (by volume) 32.0 .0
Molecular weight M mol™ ! 31.2 42.7 31.2 44. 0
Specific heat of mixture Cp cal/gm C 0.230 0.153 0.230 0.166
Specific heat ratio 1.38 1.43 1.38 1.37
Adiabatic lapse rate r K/km -3, 88 -5.85 -3.88 -5.39
R/1000 ft -2.13 -3.21 -2.13 -2.96
Tropopause altitude hT km 19.3 17.1 19.3 18. 6
kilo ft 63.3 56.1 63.3 61.0
Inverse scale height B8 km-1 0.0705 0.193 0.0705 0.199
(stratosphere) % 10° 2.15 5.89 2.15 6.07
Continuous surface wind speed v ft/sec 155.5 155.5 220.0 220.0
Peak surface wind speed Vinax ft/sec 390.0 390.0 556.0 556. 0
Design vertical wind gradient dv/dh ft/sec/1000 ft 2 2 2 2

-10-
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PACKAGING AREAS AVAILABLE FOR PRESENT STUDY

JPL TRAJECTORY |DIAM | MASS |M/CpA | EARTH WEIGHT
DESIGNATION (FT) | (SLUGS) (LB)
Al, A4 18.5 940 | 0.25 3020
19,22,23,30,37 | 16.0 845 | 0.30 2720
Bl.B3 2.0 79.0 | 0.50 2540

Figure 5 - JPL Mars Entry Capsule

TABLE II - INITIAL ENTRY CONDITIONS

Capsule
mass ballistic
oL | remeter.
trajectory | Entry velocity, V |Entry angle, y D Atmosphere
designation (fps) € (deg) ¢ (slugs/sq ft) profile
Al 23,000 25 0.25 VM8
A4 23,000 25 0.25 VM7
Bl 15,000 1.5 0.5 VM7
B3 15,000 15 0.5 VM8
19 16,000 16 0.3 VM8
22 16,000 16 0.3 VM7
23 16,000 16 0.3 VM3
30 16,000 16 0.3 VM4
37 23,000 28 0.3 VM8
-13-
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correspondingly higher aerodynamic pressure loads are encountered.

Note that higher driving temperatures are associated with the VM7 atmos-
sphere at Mach numbers corresponding with those in the VM8. However,
in the VM7 atmosphere the results of analyses indicate a trend toward
considerably lower deployment Mach number requirements for first-stage
decelerators. This trend minimizes aerodynamic heating effects as a
critical design factor for the VM7 entry cases considered in this study
(see Appendixes A and B). For this study a basic entry capsule was
specified with a blunted cone configuration, as shown in Figure 5. The
capsule has an included angle of 120 deg and the size and mass character-
istics as tabulated in Figure 5, corresponding with the designated JPL
trajectories. The study allowed substantial volume availability and a
minimum of interface constraints aft of the capsule base so that assess-
ment of the various decelerator configurations was not unduly restrictec
by this consideration. However intergration forward from the capsule
base to the payload was beyond the scope of the study and this affect is

not reflected.

2. DECELERATOR CONFIGURATIONS

An inflatable AIRMATa cone, extending fromthe base and parallelto the
basic entry vehicle forebody angleand ram-air,, self-inflating BALLUTE?
devices illustrated in Figure 7were consideredinthis program. The
characteristic size and weight trends for these devices were found to be in-
dicative dfall expandable, pressure-inflatable devices, including parachutes
and other balloon-like configurations that require auxiliary gas inflation
sources. Onlythe values forthe represented cases and configuration studied
will change.

The trailing and attached plain-back BALIL.UTE configurations are shown

in Figure 7 with burble fences about 15 deg aft of the maximum BAL-

LUTE diameter. There are various aerodynamic and structural con-

siderations for the use of the fence, one of which is to establish a

a'TM, Goodyear Aerospace Corporation, Akron, Ohio.

-15-
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TRAILING
BALLUTE ‘
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Figure 7 - Decelerator Concepts

point of uniform viscous separation near the maximum diameter of the
BALLUTE. Although this consideration is associated primarily with sub-
sonic speeds, that is, before the critical (local sonic) Mach number is
encountered near the maximum BALLUTE diameter, there is a possi-
bility of encountering an asymmetric separation effect for a range of

transonic Mach numbers near 1. 0.

Additionally the fence provides a substantial portion of the overall drag
of the BALLUTE and can produce the same drag as a much larger BAL-
LUTE without a fence. Strength, bulk, and weight requirements can be
correspondingly less for a given drag effectiveness requirement. Tests
have proved that projections as high as 10 percent of the BALLUTE
diameter (referred to as a 10-percent burble fence) are effective. This
amount of projection provides a 44-percent increase in relation to the
BALLUTE reference area and at the same time, the desired uniform

viscous separation effect is ensured. It is recommended that a similar
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fence be considered for incorporation with the tucked-back BALLUTE

configuration.

Figure 8 shows the drag coefficient variation with Mach number for the
configurations illustrated in Figure 7. For the attached and trailing
BALLUTEs and the AIRMAT cone configurations, there were various
sources of data for reasonable engineering confidence in the drag varia-
tions indicated throughout the Mach number range in Figure 8. There
were no comparable data for the tucked-back BALLUTE. However, for
this study, a reasonable approximation was possible for the drag co-
efficient based on the characteristic trends for blunt, large-angle cone
configurations and the results of various BALLUTE development test

1-11
programs .

The drag coefficient variation for the trailing BALLUTE shown in Fig-
ure 8 is associated with BALLUTE-to-forebody diameter ratios in the
range from 1.0 to about 3. 0. The characteristic reduction in drag
effectiveness with increasing Mach numbers primarily is caused by the
reduction of energy in the forebody wake and the wake flow conditions.
Numerous tests have demonstrated the good drag effectiveness and low
oscillation characteristics of the BALLUTE trailing at a distance with-
in less than four forebody base diameters - even when the BALLUTE is
trailing behind an asymmetric lifting forebody at angles of attack up to
30 deg and the forebody has large auxiliary control flaps deflected as
much as 40 deg.

Other trailing decelerator configurations for supersonic applications,
including all current variations of supersonic parachutes, generally
have to be positioned farther aft of the forebody base. They also re-
quire a larger diameter to develop the equivalent drag effectiveness of
the BALLUTE configuration with a 10-percent burble fence. Further-
more, the characteristic blunt face of the parachute canopy gives rise
to exaggerated unsteady flow conditions at supersonic speeds, generally

causing violent parachute canopy flutter and instability at off-design

_17-
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Figure 8 - Drag Coefficient Variation with Mach Number
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Mach numbers. This phenomenon is not associated with ram-air-in-
flated BALLUTE devices during operation primarily because of (1) more
steady and uniform flow directed over the syrhmetrical forward portion,
(2) uniform separation as a result of the fence, and (3) strong damping,
rigidizing, and added mass and inertia effect of the entrapped inflation

gas at high stagnation pressure (that is, total pressure).

The effect of the riser line on the decelerator system weight was estab-
lished as an important consideration with respect to the trailing BAL-
LUTE. This consideration also is true for trailing parachute decel-
erators. The GAC:analyses (see Appendix A, Volume II) indicate that
for a BALLUTE trailing at a distance of four entry-capsule base diame-
ters in the operational environment of interest, the weight breakdown
is approximately as follows: 20 percent for the BALLUTE envelope,

33 percent for the meridian cables, 15 percent for the coating (con-
sidering both heat insulation and porosity), and 32 percent for the riser.
Because of the high percentage of riser weight, a trailing decelerator
may weigh more than an attached decelerator even though it may be

smaller to develop the same total drag effectiveness.

-19-
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SECTION III - ANALYTICAL CONSIDERATIONS

BASIS OF ANALYSIS

To conduct surface experiments and exploration of Mars effectively,
there will have to be a soft landing with equipment. Selecting an expand-
able terminal decelerator for a Mars lander capsule only can be made
by evaluation and assessment of the constraints of the overall mission
and related systems. To obtain an optimized, expandable, terminal de-
celerator, the various interrelationships of Figure 2 must be evaluated

within a parametric framework that allows meaningful tradeoffs.

The requirement to achieve a target Mach number and a target altitude
above Mars and the evaluation of interrelationships in Figure 2 facili-
tated the understanding of how parametric formats and engineering
analysis procedures could be formulated. The analytical tools used
were point-mass trajectory computations, generalized strength/weight
and configuration analyses, drag performance estimates, pressure dis-
tribution estimates, materials investigations, thermal analyses, and

aerodynamic stability analyses (see Volume II).

Decelerator system weight has been established as a fundamental factor
in the application of expandable terminal decelerators. With appropriate
data, an integrated tradeoff of decelerator weight and entry vehicle sys-
tem weight was made. The decelerator weight was expressed in terms
of allowable Mach number and altitude (or dynamic pressure) at deploy-
ment, size, performance effectiveness, and available operation times

to achieve the specified target Mach number/altitude conditions. This
tradeoff also took into consideration the vehicle's physical characteris-

tics and the operational environments given in this study.
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_22._

DECELERATOR WEIGHT RELATIONSHIPS

The weight for a flexible pressure-inflated decelerator as shown by Fig-

ure 9 (also see Appendix A of Volume II) is related to:

3
wp = f(P, d7, Kl’ KZ)’

where P is pressure; d, diameter; Kl’ a shape factor; and KZ’ a material
strength factor. The pressure, P, for a ram-air-inflatable BALLUTE is

a function of the configuration, dynamic pressure, and the flow conditions
of the operating environment. For design purposes and structural integrity,
maximum values of the parameters corresponding to the deployment con-
ditions generally are employed in any particular design application. The
primary criterion is the pressure recovery at the ram-air inlets of the de-
vice. Numerous tests and analyses have shown that by making judicious
consideration of geometry and position effects, an almost constant pressure
recovery factor of 2.75 at the inlets can be achieved for deployment Mach

numbers above about 2. 0.

Wp=f(P.d3K, .K») o
WHERE  P= PRESSURE= Cp,,\. 4 =Cpy, P, 7 M2
d = DIAMETER (REFERENCE)
K; = SHAPE FACTOR
Kz= MATERIAL STRENGTH
WEIGHT FRACTION

W Co d¥ =\
() (g o ) o]
WHERE aq= (°—3£’-) - DECELERATION LOAD FACTOR

Diec -
N= 55— + |-DRAG LOAD RELATIONSHIP

REF

. Copec
4 DREF

Figure 9 - Decelerator Weight
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In terms of a weight ratio, it is shown by Figure 9 that the decelerator
weight fraction increases linearly with diameter. This fact reflects the
disappointing but well-known effect of the cube/square law for structural
scaling with increasing size. Additionally, the decelerator weight frac-
tion is a function of the dynamic pressure or square of the Mach number
and is related to the external surface pressure from the aerodynamic

loads that requires support by the internal pressure.

Thus, the decelerator weight results were developed from static aero-
dynamic loading relationships with empirically determined, quasi-static
load, temperature, and design factors employed to account for operat-
ing environmental effects and material characteristics. The validity of
this approach has been demonstrated by the results of this study and has
led to optimum designs of systems with minimum practical weight. Con-
sidering dynamic loading effects, additional weight advantages are
gained by delaying the decelerator device deployment to lower dynamic
pressure conditions, when time and distance scales permit, for the

following reasons:

1. Energy requirements to deploy and erect the de-
celerator are reduced since the basic vehicle sys-

tem is decelerating inertially at a lower rate

2. Snatch loads on the decelerator device, support-
ing structure, and vehicle as a result of lower

relative inertial velocities are reduced

3. Deployment opening shock and inflation loads as

a result of lower dynamic pressures are reduced

4, Peak heat flux, integrated heat load, and maxi-
mum temperature rise on exposed surfaces of the
decelerator are reduced because of the lower de-
ployment velocity and shorter time scales of opera-
tion to attain lower specified target altitude/Mach

number conditions
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_24.

Before specific results are presented, it is desirable to establish how

the decelerator size was determined (see Section V of Volume II). Fig-
ure 10 illustrates the six basic steps in the graphic analysis procedure
that lead to a first approximation determination of the decelerator size

for achieving the target Mach number/altitude.
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SECTION IV - RESULTS OF ANALYSIS

TRAJECTORIES CONSIDERED

The Al, A4, and 19 trajectories specifically are considered here but
the analysis procedures and characteristic trends indicated are appro-
priate to all the trajectories (see Volume II). Note that the Al and A4
trajectories have a M/CDA of 0. 25 and are associated with a higher
initial entry velocity and steeper entry angle (from Table II, Ve =
23,000 fps and Yo = 25 deg)when compared with the other trajectories,
except for the 37 trajectory that has the same velocity but a steeper
initial entry angle of 28 deg and an M/CDA of 0.3. These entry con-
ditions may be associated with lower accuracy constraints for either
orbiting or flyby entry modes of the entry capsule. For the cases con-
sidered in this study and as shown by the trajectories of Figures 3 and
4, the severity of environmental conditions encountered at correspond-
ing altitudes in atmosphere VM8 are affected more substantially by
initial entry conditions than by the mass-ballistic parameter. For
example compare the Al and 19 entry cases at the altitude of30, 000 ft.
It should be recognized that the results shown later pertaining to the
Al trajectory indicate less favorable weight fractions for first-stage
decelerators to achieve the same target Mach number/altitude points
as compared with the 19 trajectory. The 19 trajectory has a lower
initial entry velocity (Ve = 16,000 fps) and a lower entry angle (ye =
16 deg) with a higher mass-ballistic parameter (M/CDA = 0.3).

DECELERATOR SIZE

The six-step analysis procedure was used to develop Figures 11 and
12, which establish the decelerator size requirements to retard entry

capsules in the Al, A4, and 19 trajectories to a target Mach number
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-30-

of 1.0 near target altitudes of 20,000 and 30, 000 ft (see Section VI of

Volume II). The decelerators were defined as developing their full-drag

effectiveness at the corresponding Mach numbers on the abscissa scale.
In other words, for the first approximation of decelerator size, time
scales for decelerator deployment and inflation were not required to be
reflected in these results. Note, however, that for the corresponding
Mach numbers in the figures in this section illustrating the character-
istics of the decelerators there is a slightly higher Mach number (about
5 percent) and a higher dynamic pressure (about 10 percent) at which
the decelerator device is deployed initially and begins to inflate (see
Items 16 and 17 of Tables A-I through A-XI of Appendix A). Figures 11
and 12 show the trend to asymptotic values of decelerator size as Mach

number is increased.

Thus, this study has pointed out that in relation to the size of a decel-
erator, there is an upper practical limit to the initial operating Mach
number. Above this limit there is no appreciable reduction in decel-
erator size to achieve lower specified target Mach number/altitude
points for the trajectories considered in this study. In comparing the
curves associated with the target point Mach number of 1. 0 and the
20, 000-ft altitude for trajectory 19, the smaller decelerator sizes are

indicated because of the increasing density of the atmosphere.

DECELERATOR WEIGHT

Figures 13 and 14 present the percent of decelerator weight to total
entry capsule weight for the four decelerator configurations in trajec-
tories Al, A4, and 19. The results were obtained by the analysis pro-
cedure in Appendix A of Volume II. For these figures the decelerator
strength requirements are predicated on the use of dacron assumed to
be operating at an elevated temperature of 350 F. A material strength

design factor of 2.0 also is reflected in the results presented.

When it is possible to attain specified target altitude/Mach number con-

ditions within physical constraints and within allowable time anddistance
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scales, Figures 1l through 14 indicate that it is desirable to accept a
larger decelerator diameter and delay operation of the device to a cor-
responding lower Mach number. This consideration leads to the trend
of arriving at a minimum percentage of decelerator-to-total system
weight and corresponding optimum initial operating Mach number. For
trajectory 19 in Figure 14 and the target conditions of Mach number =
1.0 and altitude = 20, 000 ft, the same trends are indicated. However
as a result of the extended available time and distance scales and higher
atmosphere density, the values for the decelerator size, weight fraction,
and operational Mach number all are reduced substantially as compared
with the requirements for the 30, 000-ft target altitude case. The inter-
action of Mach number effect ghat is, dynamic pressure) on the decel-

erator strength and weight requirements has a compounding effect.

TEMPERATURE AND MATERIAL CONSIDERATIONS

Figure 15 has been developed by the analysis procedure of Section IV
of Volume II to indicate the degree of validity in choosing dacron when
operating at a temperature of 350 F for the decelerators analyzed and
in leading to the results presented in Figures 13 and 14 for trajectories
Al and 19. The thermal requirement curves for dacron and Nomex for
trajectory Al represent the envelope fabric weight per unit area re-
quired to limit the total temperature rise to 350 F with dacron and600 F
with Nomex. These curves correspond with the decelerator sizes in
Figures 11 and 12 that begin effective operation at the corresponding
Mach number on the abscissa scale. The material temperature re-
sults from the local heat flux and integrated heat load corresponding
with the velocity-time-distance scales (appropriate to initial operating
conditions for the decelerators) to achieve the target points of MT=

1.0 and hT = 20,000 ft. The analyses (see Section II of Volume II)

assumed that the local heat flux is 0.30 of the stagnation point value.

Boundaries for both 30, 000- and 20, 000-{t target altitudes for trajec-

tory 19 have been included in Figure 15toindicate the effect of a lower
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_34.

target altitude requirement. For the lower target altitude, there are

associated lower optimum initial operating Mach number requirements
with the resulting fact that aerodynamic heating effects are minimized.
At the higher initial operating Mach numbers for this target altitude,

larger values for the fabric unit weight are required as a result of the
extended time scales of operation and consequent increase in total heat
load in addition to the effect of the higher values of Mach number. To
develop the thermal requirement curves, the heat absorbed by the de-

celerator material was assumed simply to be that of its heat capacity.

In Figure 15 are the curves of decelerator envelope fabric weight per
unit area for the attached and trailing BALLUTE decelerators estab-
lished by aerodynamic loading requirements. There are symbols for
the other configurations as determined also by the aerodynamic load-
ing encountered at the corresponding initial operating Mach number to
achieve the desired target point conditions. For trajectory Al with
target conditions of MT: 1.0 and hT = 20, 000 ft, it is shown that the
use of dacron at a 350-F "static" temperature for the AIRMAT cone
(initially operating at the indicated optimum Mach number from Fig-
ures 13 and 14) is conservative. For the attached BALLUTE, the
assumption of dacron at 350 F is quite accurate; for the trailing and

tucked-back BALLUTESs, the assumption is optimistic.

It is pointed out here that the static strength/weight analysis and the
thermal analysis did not include provision for coating weight. Some
coating must be provided in any event to ensure minimum acceptable
leakage rates to maintain the desired pressurization within the decel-
erator envelope. Typical coating materials employed for this purpose
are also good heat insulating materials (see Section III of Volume II).
A nominal coating thickness of about 0. 01 psf of Vitron or Neoprene
will provide a net porosity of about 0. 02 cu ft/sq ft/sec, which is an
acceptable value based on experimental results for the upper values

of pressure ratios and operating environment encountered in this study.
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Figures 16 through 19 present curves to establish a more refined es-
timate for the minimum required decelerator envelope unit weight that
would be compatible with both the aerodynamic heating and aerodynamic
loading environment for the several entry cases considered in this study
(also see Section VI of Volume II). Each figure is associated with the
decelerator configurations that provide deceleration of the basic entry
capsule to MT: 1.0 near the target altitude specified on the figures. In
each figure is the callout "optimum Mach no.," which is associated

with a minimum percentage of decelerator-to-total entry capsule weight.

On the ordinate in these figures is the callout "minimum practical
weight", which is the minimum weight of the envelope for each of the
decelerator types. The thermal requirement curves are limited to a
maximum temperature of 450 F for dacron and 700 F for Nomex. The
symbols for each decelerator located on the "optimum Mach no. " line
correspond to the envelope material thickness required to sustain the
aerodynamic loading at the indicated temperature. The "minimum
practical weight" includes provision for a coating of 0. 01 1b/sq ft of
Neoprene or Vitron to give the decelerator envelope a low value of po-
rosity. For this study it is assumed that the coating has the same
specific heat as the envelope material, which is a valid assumption (see

Section III of Volume II).

The fabric weight per unit area is in reference to the thin envelope of
the decelerator device. The proportion of decelerator envelope weight
to total decelerator weight (see Appendix A of Volume II} is nominally
20 percent for the trailing BALLUTE, 38 percent for the attached BAL-
LUTE, and 10 percent for the tucked-back BALLUTE. For the AIR-
MAT cone, the envelope comprises about 67 percent of the total ex-
pandable decelerator weight. Furthermore for the cases under study,
the period of the significant heat pulse is of the order of 5 sec (see
Section II of Volume II and Figures B-1 through B-6 in Appendix B).

In this interval the speed of the entry capsule will have been reduced
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Figure 16 - Minimum Decelerator Envelope Unit Weight
(Trajectory Al, hT = 20,000 ft, Dacron)
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Figure 17 - Minimum Decelerator Envelope Unit Weight

(Trajectory Al, hT = 20,000 ft, Nomex)
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Figure 19 - Minimum Decelerator Envelope Unit Weight
(Trajectory 19, ht = 30,000 ft, Dacron)
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significantly and the corresponding aerodynamic loads will be smaller
by the time the material reaches the assumed elevated operating tem-
peratures used in this study (note Figures 16 through 19). Thus, it is
indicated (see Item 11, Tables A-I thrdugh A-XI of Appendix A} that
for the decelerator envelope with coating thickness based on acceptable
leakage rate and heat insulation, reasonable decelerator weight frac-

tions can be obtained.

EFFECT OF TARGET MACH NUMBER VARIATION

The determination of how the decelerator size and target altitude are
affected by the target point Mach number as it varies from 0.7 to 1.5
is important as relating to size and performance operating tolerances.
Figures 20 and 21 illustrate these effects for trajectory 19. Consider-
ing the effect on size (Figure 20), increasing the target Mach number
to 1. 4 reduces the required total system drag area by about 100 per-
cent from the value required at Mach 1.0. At the Mach number 1.0
reference point (the zero value on the ordinate scale of Figure 20) for
trajectory 19, the percentage of total system drag area to the entry
capsule drag area is required to have a nominal value of about 500 per-
cent to attain an MT = 1.0 at 30,000 ft. If the MT is increased to

1.4 at 30,000 ft, the percentage of decelerator drag area to the entry
capsule drag area can be reduced to about 400 percent. In this case,
this reduction is the same as decreasing the decelerator diameter by
about 10 percent for an initial operating Mach number of 3. 0. The
trend is for a smaller reduction in size with higher initial operating

Mach number.

On the other hand for a lower target Mach number of 0.7, a 10-per-
cent increase in decelerator size is indicated. This increase is made
while assuming a constant value of drag coefficient for the system,
which is optimistic compared with the characteristic lower drag co-
efficient of bodies at subsonic velocities. At the subsonic target Mach

numbers, the effect of the initial operating Mach number is nominal.

Revised 21 October 1966
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The effect of target point Mach number variation on altitude shows that
if the target Mach number is allowed to increase above 1.0, there is
an incremental gain in target altitude. Conversely the target altitude

decreases with decreasing values of target point Mach number.

A higher initial operating Mach number results in an additional gain in
altitude primarily because the higher Mach number is also associated
with a higher initial operating altitude (see Step 1 in Figure 10). For
lower target Mach numbers a higher initial operating Mach number
causes loss in altitude. This loss occurs because of the lower air den-
sity corresponding with the higher altitude at which the reference target
Mach number of 1.0 is attained and because the required decelerator
drag area corresponding with the higher initial operation Mach number

also is smaller.

Figure 22 illustrates the trend of decelerator-to-total entry capsule
weight as a function of target Mach number variation with target altitude
as a parameter for trajectory 19. The intersection of the curves with
the abscissa scale is the Mach number to which the entry capsule de-
celerates without an auxiliary decelerator. For trajectory 19 it is in-
dicated that fairly low values of subsonic Mach number can be attained
for decelerators weighing less than 10 percent of the total entry capsule
weight. To achieve target Mach numbers of less than about 0. 4 for
trajectory 19, substantial weight penalties are incurred regardless of

target altitude.
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SECTION V - SYSTEM COMPARISONS

BASIS FOR COMPARISON AND SELECTION

The comparison and subsequent selection of decelerator configurations
and their suitable areas of application for final study and analysis were
facilitated by a tabulation scheme. Thirty separate factors associated
with each of the four decelerator configurations for the various entry
cases under study were evaluated as shown in Tables A-I through A-XI
in Appendix A. The tabulation includes those engineering design factors
that establish realistic total decelerator system weight estimates and

that were necessary for use with the dynamic computer analyses.

Seventeen cases were selected as indicated in Table III below, for re-
fined point-mass trajectories that incorporated a transient, heating
analysis program to determine more realistically the temperature to
which the fabric of the decelerator envelope will be subjected. Fig-
ures B-1 through B-6 in Appendix B show the results of the refined point-

mass trajectory computations and transient heating calculations.

TABLE III - CASES SELECTED FOR EXTENDED CONSIDERATION

tra?fcl‘;ory aa?iitglglce Decelerator Configurations
number (ft X 103) TB  AB TBB AC
Al 20 X X
B3 20 X X X
19 20 X X X X
22 30 X X X X

23 30 X X

30 20 X X

_47-
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The selection of the entry cases in Table III for extended analyses was
considered appropriate since these cases encompass the broad range

of parameters associated with the study, including: (1) mass ballistic
parameter, size, and weight of entry capsule, (2) initial trajectory con-
ditions, (3) Mars atmosphere profiles, and (4) the four basic expandable
decelerator configurations. Thus, a reasonable assessment of the effect
these parameters have on the characteristics of expandable terminal
decelerators could be made. Trajectories 19 and 22 were emphasized
since all the decelerator configurations were evaluated for these two
trajectories, including the dynamic stability analyses. These trajec-
tories are considered the more appropriate for the early Mars lander
missions and, as will be discussed, show that expandable terminal de-
celerators can provide desirable system performance with reasonable

weights within current expandable decelerator technology.

The refined point-mass trajectory computations included provision for
a linear increase in decelerator drag area from initiation of deploy-
ment to full inflaticn during an interval of 1.5 sec. The choice of this
inflation interval and linear drag area variation was based on experi-
ence with ram-air inflated BALLUTEs for the Mach number and dy-
namic pressure range of current interest. This choice includes trade-
off considerations of a minimum desired time to achieve full-drag effec-
tiveness and low opening shock and to avoid material fatigue failure as

a result of flutter during the inflation interval.

With the ram-air-inflated configurations, the size and number of the
inlets must provide the required mass flow into the decelerator envel-
ope consistent with the decelerator internal volume and the inflation
interval of 1.5 sec. For the 120-deg AIRMAT cone with an auxiliary
gas inflaticn source, gas pressure, gas volume, valve sizes, and
valve numbers also must be compatible with the inflation interval of

1.5 sec.

Layout drawings of selected decelerator/vehicle combinations for the
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four decelerator configurations under study were made as shown in Fig-
ures 23 through 26. From these an assessment of the packaging, attach-
ment, deployment requirements, and constraints was gained. Addi-
tionally realistic weight estimates for the ancillary equipment associated
with these items were obtained as tabulated in these figures. Note that
packaged volume requirements are not beyond the range of practical

considerations (see Item 13 of Tables A-I through A-XIinAppendix A).

As illustrated in the layout drawings of Figures 23 through 26, Marmon
clamps accomplish attachment and separation functions of the various
decelerator devices and associated equipments. The Marmon clamp is
significantly lighter and has less bulk with higher reliability and uni-
formity in accomplishing separation functions. Furthermore, this
attachment method is suitable for all the decelerator concepts includ-
ing the trailing decelerators. In this case the suspension lines between
the capsule base and the confluence point of the riser are attached to
the ring as illustrated in Figure 23. Additionally the assembly require-
ments are simple with a minimum of parts. All of these characteristics
for this method of attachment further lend themselves to simplifying

the sterilization of this assembly.

DYNAMIC ANALYSIS

Dynamic stability characteristics for each of the four decelerator con-
figurations for the 19 and 22 trajectories were analyzed. In the case
of attached decelerator configurations, a six-degree-of-freedom com-
puter program was used (see Appendix B of Volume II) for the formu-
lation of the dynamic stability analysis. For the trailing BALLUTE

two additional degrees of freedom were included.

Figures 27 and 28 show the oscillation characteristics for each of the
four basic decelerator configurations as applied to the 19 and 22 tra-
jectories. In the case of the trailing decelerators, the effect of the

kinematic coupling between rolling velocity and angle of attack caused
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the capsule to continually diverge to large angles of attack and coning
angles for both the 19 and 22 trajectories. The present description for
the system dynamics with the trailing decelerator is not adequate and
should be studied in greater detail in future programs. The larger am-
plitude of oscillation for the 22 trajectory is caused by the reduced
damping moments in the lower density of the VM7 atmosphere as com-

pared with the VM8 atmosphere.

The drag force and moment of the trailing decelerator has the natural
effect of providing stabilization for the composite capsule/decelerator
system. However, because of kinematic (roll-yaw) coupling effects
there is considerable divergence in angle of attack of the composite sys-
tem. For the attached decelerator there was no divergence caused by
the kinematic coupling effect. There is a nominal reduction in the roll-
ing velocity of the entry capsule when the decelerators are deployed
since the moment of inertia in roll has been increased. The composite
system rolling velocity is reduced a small amount since conservation

of the rolling angular momentum is preserved prior to and immediately

after decelerator device deployment.

It should be recognized that the values used for the pitch and yaw damp-

ing factor (Cm + Cm ) in the dynamic analyses may be questionable
q a
for the attached decelerator configurations (see Item 28 in Tables A-I

through A-XI of Appendix A and Section I of Volume II). In view of the
paucity of data relating to this factor for the configurations under study,
this term was evaluated using Figure 10 in Section I of Volume II
(referenced to the parameter of qDo/v) to account for the composite
capsule/decelerator cg position. Theterm then was doubled to account
for Mach number effect (for the range of Mach numbers of interest,
M#~2 to 5). This approach was predicated on the trend of data and

theory for (Cm + Cm ) versus Mach number for conical configura-
q a
tions as shown by Figure 14 in Section I of Volume II.




BASIC BALLUTE PACKAGE INFORMATION FOR SEVER{

. DESIGN | ATTACHMEN
TRAJEPCLTORY Dy | Og | (CpA) | (CpAly Ip E§:§ ANDD::\E/ILCEE'L\S
NO. (FT) | (FT) | (SQFT) | (SQ FT) | (LB/SQ FT) (LB) (LB)
B3 12.0 | 23.7 | 158.0 536 20.3 15,320 13.2
37 16.0 | 25.4 | 281.5 690 112.5 91,700 47.7
A1 18.5 | 30.7 | 376.0 961 76.5 89,500 54.8
19 16.0 | 23.0 | 281.5 749 9.9 9,260 4.8
A4 18.5 | 21.1 | a7e.0 692 26.2 16,600 10.1
B1 12.0 | 17.5 | 1s8.0 359 25.4 10,200 8.8
22 16.0 | 19.95| 281.5 632 10.4 7,300 3.8

BALLUTE IN STOWED POSITION’
STRING FOR BALLUTE DEPLOYMENT

STERILIZATION CANISTER
HEAT SHIELD AND BALLUTE CANISTER COVER

RADIAL BRIDLE STRAPS (36 REQUIRED).
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/



SECTIQN V - SYSTEM COMPARISONS

GER-12842, VOL I

AL. CAPSULE DIAMETERS (Dv)

IT | AUXILIARY BALLUTE BALLUTE | TOTAL
JE | EQUIPMENT | CANISTER AND | DACRON | PACKAGE
FOR STOWING | HEAT SHIELD FABRIC | CONCEPT
(8s) (LB) (LB) (LB)
12.9 60 128.3 215.4 INLET FOR RAM INFLATION {16)
106. 1 80 1061.0 1294.8
108.3 110 1083.0 1356.1 /"/\x
5.6 80 56.1 146.5 I, ;
~
18.6 110 185.9 324.6 R W
13.3 60 132.9 215.0 7‘ l P
I
7.4 80 74.3 165.5 ’ ! \
|
s §
] )
‘ |
| ) |
\ \
; : DB
|
I
\\ ‘/
NOTE: UNLESS OTHERWISE SPECIFIED j
N
1. THE ATTACHMENT DETAILS SHOWN FOR D = 12.0 FT .-
ARE FOR TRAJECTORY B3 ONLY
2. THE ATTACHMENT DETAILS SHOWN FORD_ = 16.0 FT
ARE FOR TRAJECTORY 37 ONLY
‘ 3. THE ATTACHMENT DETAILS SHOWN FORD_ = 18.5 FT
I ARE FOR TRAJECTORY A1 ONLY
ADIAL 4. THE ATTACHMENT DETAILS ARE BASED ON THE USE

OF 7075-T6 ALUMINUM UNDER LOAD AT 350 F WITH

THE FOLLOWING VALUES:
Ft = 0.62 X 67,000 = 41,500 LB/SQ IN.
Yy
b

. = 0.67 x 94,000 = 63,000 LB/SQ IN.

Fs = 0.74 X 46,000 = 34,000 LB/5Q IN.

u

Figure 23 - Trailing BALLUTE
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B1 12.0 | 18

22 16.0 | 24
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BASIC BALLUTE PACKAGE INFORMATION FOR SEVERAL CAPSULE DIAMETERS (Dv)

DESIGN | ATTACHMENT | AUXILIARY BALLUTE BALLUTE | TOTAL
P DRAG | AND RELEASE | EQUIPMENT | CANISTER AND | DACRON | PACKAGE
3 o™y o' b LOAD DEVICE FOR STOWING | HEAT SHIELD FABRIC | CONCEPT
T | (sQFT) | (sQ FT) | (LB/SQ FT) (Ls) (L) (LB) (LB} (LB) (LB)
.9 | 188.0 536 20.3 15,330 13.9 10.1 60 100.7 184.7
.0 | 2815 796 88.0 90,500 56.9 63.1 80 631.0 831.0
.7 | 376.0 1023 68.8 89,400 65.6 68.6 110 686.0 930.2
A 281.5 750 9.9 9,260 5.8 6.2 80 61.9 153.9
.6 | 376.0 842 16.0 14,900 10.9 18.4 110 183.5 322.8
.9 | 1s8.0 359 25.4 10,200 9.2 1.6 60 116.3 197.1
9 | 2815 633 10.4 7,310 4.6 7.7 80 77.0 169.3

NOTE: UNLESS OTHERWISE S PECIFIED

1. THE ATTACHMENT DETAILS SHOWN FOR Dv = 12.0FT
ARE FOR TRAJECTORY B3 ONLY

2. THE ATTACHMENT DETAILS SHOWN FOR Dv = 16.0FT
ARE FOR TRAJECTORY 37 ONLY

3. THE ATTACHMENT DETAILS SHOWN FOR Dv = 18.5FT
ARE FOR TRAJECTORY A1 ONLY

4. THE ATTACHMENT DETAILS ARE BASED ON THE USE
OF 7075-T6 ALUMINUM UNDER LOAD AT 350 F WITH
THE FOLLOWING VALUES:

F = 0.62 x 67,000 = 41,500 LB/SQ IN.

t
y

Fbr = 0.67 X 94,000 = 63,000 LB/SQ IN.

RAP)

Fs = 0.74 x 46,000 = 34,000 LB/SQ IN.
a

Figure 24 - Attached BALLUTE
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I
3ASIC BALLUTE PACKAGE INFORMATION FOR SEVERAL CAPSULE DIAMETERS (D)
DESIGN | ATTACHMENT | AUXILIARY BALLUTE BALLUTE | ToTaL
A e a DRAG | AND RELEASE | EQUIPMENT | CANISTER AND | DACRON | PACKAGE
Al oA'r b LOAD DEVICE FOR STOWING | HEAT SHEILD | FABRIC | CONCEPT
VFT) | (sQ FT) | (LB/sQ FT) (LB) (LB) (LB} (Le) (LB) (LB)
8.0 536 20.3 15,400 13.4 4.3 60 42.6 120.3
3.5 735 103.0 93,300 51.8 35.1 80 351.0 517.9
76.0 1005 72.15 90,900 57.7 36.3 110 363.0 567.0
31.5 749 9.9 9,260 5.1 2.9 80 29.4 117.4
76.0 800 17.5 14,820 9.4 6.6 110 65.6 191.6
58.0 359 25.4 10,200 8.9 5.9 60 58.8 133.6
31.5 633 10.4 7,310 4.1 3.7 80 36.9 124.7
; NOTE: UNLESS OTHERWISE SPECIFIED
1. THE ATTACHMENT DETAILS SHOWN FOR D = 12.0 FT
ARE FOR TRAJECTORY B3 ONLY
2. THE ATTACHMENT DETAILS SHOWN FORD_ = 16.0 FT
ARE FORTRAJECTORY 37 ONLY
3. THE ATTACHMENT DETAILS SHOWN FORD_ = 18.5 FT
ARE FOR TRAJECTORY Al ONLY
VET FORD, = 12.0 FT 4. THE ATTACHMENT DETAILS ARE BASED ON THE USE
OF 7075-T6 ALUMINUM UNDER LOAD AT 350 F WITH
THE FOLLOWING VALUES:
F, = 0.62 X 67,000 = 41,500 LB/5Q IN.
y
Fy, = 0.67 X 94,000 = 63,000 LB/SQ IN.
— y
. F, =074 x 46,000 = 34,000 LB/5Q IN.
BALLUTE BALLUTE "
FABRIC FABRIC
\
MARMAN CLAMP WITH MARMAN CLAMP WITH
3 EXPLOSIVE BOLT 3 EXPLOSIVE BOLT
ASSEMBLIES ASSEMBLIES
TRAP)

Figure 25 - Tucked-Back BALLUTE
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TRAJECTORY | Dv Pe Dv <

NO. (FT) | (FT) | (SQ FT) | (sC

B3 12.0 | 21.9 158.0 £

FABRIC ATTACHMENT SKIRT 37 16.0 | 248 | 281.5 €

c

MARMAN CLAMP Al 18.5 | 29.5 | 376.0 g

WITH 3 19 16.0 [ 25.8 | 281.5 v
EXPLOSIVE BOLT

ASSEMBLIES A4 18.5 | 24.8 | 376.0 €

B1 12.0 | 18.2 158.0 3

22 16.0 { 23.7 | 281.5 €
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STRING FOR DEPLOYMENT OF AIRMAT COI
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0-DEG AIRMAT CONE

PACKAGE INFORMATION FOR SEVERAL CAPSULE DIAMETERS (Dv)

DESIGN | ATTACHMENT AUXILIARY AIRMAT CONE | AIRMAT CONE TOTAL
A) DRAG AND RELEASE EQUIPMENT CANISTER AND DACRON PACKAGE
U Io LOAD DEVICE FOR STOWING HEAT SHIELD FABRIC CONCEPT
FT) | (LB/SQ FT) (LB) (LB) (LB) (LB) (LB) (Le)
36 20.3 15,330 14.4 7.2 60 71.8 153.4
88 112.5 91,500 58.4 77.6 80 776.0 992.0
85 75.4 92,100 67.3 42.8 110 428.0 648.1
a9 9.9 9,260 5.9 5.4 80 53.8 145.1
4 23.2 14,800 10.8 15.1 110 151.0 286.9
0 22.93 9,740 9.1 5.9 60 58.7 133.7
3 10.4 7,310 4.7 3.9 80 39.4 128.0
I
RTS
NOTE: UNLESS OTHERWISE SPECIFIED
IE (36) 1. THE ATTACHMENT DETAILS SHOWN FORD_ = 12.0 FT
ARE FOR TRAJECTORY B3 ONLY
2. THE ATTACHMENT DETAILS SHOWN FORD = 16.0FT
ARE FOR TRAJECTORY 37 ONLY
18.5 FT

3. THE ATTACHMENT DETAILS SHOWN FOR Dv =
ARE FOR TRAJECTORY A1 ONLY
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Figure 26 - AIRMAT Cone
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Figure 27 - Decelerator Oscillation Characteristics (Atmosphere VMS;
Trajectory 19)
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Figure 28 - Decelerator Oscillation Characteristics (Atmosphere VMT7;
Trajectory 22)
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3. COMPARISONS OF COMPOSITE SYSTEMS

a.

I

General

The final comparison of the expandable decelerator characteristics
was made primarily in terms of engineering design considerations.
In other words since allthe configurations initially were "sized" to
attain specified target Mach number/altitude conditions (see Appen-
dix B), the comparison was made on the basis of the 17 character-
istics in Table IV. Table IV shows the results of this comparison.
Dacron was used for the envelope fabric of all the decelerators. The

results for the various characteristics in Table IVarediscussed below.

Items 1and2 - Decelerator Diameter and Altitude at Mach Number 1

The decelerator diameter was determined by the first approximation
analysis procedure described in Section V of Volume II and illus-
trated in Figure 10 of this volume. The numerical values of decel-
erator size were selected as corresponding with or tending toward
the minimum weight fraction for the decelerator device that would
achieve a target point Mach number of about one near a target alti-
tude of 20, 000 ft for the Al, B3 and 19 entry cases and atarget alti-
tude near 30, 000 ft for the 22 entry case. The values were obtained
from Figures 67, 68, 69, 70, 73, 74, 87 and 88 inSection VIof Vol-
ume II. Note that the decelerator sizes for the 23 and 30 trajec-
tories are the identical designs for the 22 and 19 trajectories, re-
spectively. The purpose was to assess the effect of atmosphere
variation on system performance and engineering design considera-

tions.

Also note that the decelerator sizes established on the basis of the
first approximation analysis procedure was reasonably accurate for

the Al and B3 entry cases to achieve a target Mach number of about
one near 20, 000 ft.

For the 19 trajectory with a target altitude near 20, 000 ft and 22
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trajectorywith a target altitude of 30, 000 ft, the procedure was con-
servative. Consequently it can be expected that slightly smaller decel-
erator sizes couldbe employedto achieve the specified target con-

ditions for these entry cases with a small amount of weight saving.

Items 3 and 4 - Decelerator Weight and Envelope Weight

As discussed inSection III, Item 1 useful integratedtradeoffs can be
made between decelerator and total weightinterms of Mach number

and altitude at deployment, decelerator size, performance effective-
ness, and material characteristics. The formulation of the tradeoffs

for the specific decelerators is established in Appendix A of Volume II.

Note that the weight/strength analysis of Appendix A, Volume II
assumes that the decelerator materials were operating at a static
elevated design temperature. In the case of dacron this tempera-
ture level was taken as 350 F where the strength is nominally one
half the value compared to room temperature or about 70 F. Addi-
tionally, a design safety factor of 2.0 is reflected in the weight/
strength analysis. A half-strength operatinglevel with correspond-
ing temperature is considered as a practical design point for in-

flatable structures fabricated of flexible materials.

On the basis of the above considerations, a first approximation
weight was established for the decelerator sizes corresponding with
Item 1 of Table IV (see Item 6 of Tables A-I through A-XI in Ap-
pendix A). Using these values, the proportion of weight allocated
to the decelerator envelope was determined. Then using the ther-
mal analysis procedures of Section IV of Volume II, asecond ap-
proximation was made to secure a more likely value for the opera-
ting temperature (Item 5) and unit weight of the decelerator enve-
lope (Item 4). The values determined are shown in Figures 46
through 50 of Volume II and Item 9 of Tables A-I through A-XI of
Appendix A. Notethat for all cases the decelerator envelope weight

includes a unit coating weight of atleast0.0l lb/sq ftto provide a
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low value of porosity for the envelope . The coating limits the in-

ternal pressurized gas leakage to no greater than 0. 02 1b/sq ft/sec.

In reiteration the strength and therefore the weight of the meridian
cables for all the decelerators and the riser line of the trailing
BALLUTE is based on the half strength of dacron material with a
design safety factor of 2. 0. The weights for Item 3 in this Table
are based on the above considerations.

Items 5 and 6 - Design and Actual Maximum Decelerator Envelope
Temperature

In comparing Items 5 and 6, note that the second approximation for
the assumed operating temperature for the dacron decelerator en-
velope was quite accurate for the Al and 19 trajectories and for the
AIRMAT cone in the 22 trajectory. For the other trajectories the
second approximation was still conservative by as much as a factor
of 1.5 to 2.5. However as noted above (see Item 4) the decelerator

unit weight includes a minimum coating of at least 0. 01 lb/sq ft.

Thus with the possible exception of the attached BALLUTE for the

B3 trajectory where a 10 percent saving in decelerator weight might

be realized, only nominal weight would be saved for the other cases.

Also as noted above the meridian cable and riser-line strength and
weight would correspond approximately to an operating temperature
of 350 F with a design safety factor of 2. Considering the 19 and 30
trajectories,where the operating temperature is equivalent to room
temperature, the decelerator meridian cables and risers actually
would have a design safety factor of about 4 based on the weights of
Item 3. The design safety factors corresponding with the B3, 22
and 23 trajectories would range between about 3.2 and 3. 8 for the

indicated values of operating temperature.

Item 7 - Auxiliary Gas Inflation System Weight

For the ram-air inflated decelerators, this item may be considered
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as optional. By the definition of this study, however, it is manda-
tory with the 120-deg AIRMAT cone. The weight of auxiliary in-
flation aid gas for the ram-air inflated configurations was approxi-
mated as 50 percent of that required for the fully inflated decel-
erator at the design initial deployment Mach number, altitude, and
internal pressure corresponding to the pressure recovery at the
ram-air inlets of the decelerator. This value was multiplied by a
factor of 1.5 to account for the container weight (see Item 12 of
Table A-I through A-XIin Appendix A). For the AIRMAT cone the
inflation gas and container weight was determined from Figure 100
in Section VII of Volume II corresponding to the size and supporting
pressure requirements encountered at the initial deployment Mach
number and altitude for this configuration.

Items 8, 9 and 10 - Ancillary Equipment Weight, Attachment Design
Safety Factor and Packaging Volume

Item 8 includes the weight estimates for the decelerator attach-
ments, packaging equipment, separation and deployment means,

and base heat shield. Figures 23 through 26 illustrate how attach-
ment and separation means are provided for each of the decelerators

considered in this study.

Note that the ancillary equipment weight includes the capsule base
heat shield to protect the decelerator and equipment from the base
heating encountered during entry. The shield probably will be fab-
ricated of fiberglass with a thickness capable of maintaining the
internal temperature below 200 F for a total heat input load of
about 1000 BTU's/sq ft. On the basis of Mars entry energy levels
and typical base heating levels encountered in orbital entry of blunt
body shapes, this heat input is considered realistic. The weight
of the heat shield allows for additional reinforcing to support the
base pressure and deceleration loads of entry. The separation
function of the heat shield would be utilized to extract and deploy

the decelerator.
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Item 9 indicates the attachment design factor. The values corre-
spond with the load developed at full inflation of the decelerators
and the design yield stress for the attachment components are in-
dicated in Figures 23 through 26. The attachment supports are
conservatively designed by assuming operation at an elevated tem-
perature of 350 F and the material stress capability corresponding

to this temperature level was used.

The packaging volume indicated by Item 10 for the decelerators is
referenced to a packaging density of 30 lb/cu ft, which is a typical
value for expandable decelerators fabricated of flexible material.
Even if the packaging density were reduced to 20 1b/cu ft, the vol-
ume requirements are not excessive in terms of the volume availa-

bility provided in this study.

Item 11 - Composite System Velocity at 5,000 ft.above Terrain

The tabulated data for this item and the space-time histories of
Figures B-1 through B-6 in Appendix B show that reasonably low
subsonic velocities will be attained so that conventional parachute
systems could be deployed to limit terrain impact velocities to
acceptable levels. This finding is for the decelerator sizes of Item
1 established on the basis of achieving a target point Mach number
of about one near or above an altitude of 20,000 ft in the VM8 atmo-

sphere and 30, 000 ft in the VM7 atmosphere.

Item 12 - Composite System Flight-Path Angle at 5, 000 ft above

Terrain

The attached expandable decelerators can deflect the entry capsule
flight-path for the Al, 19, 22, 23 and 30 entry cases to within 10
deg of the vertical at an altitude of 5000 ft. This deflection would
be compatible with the levels of subsonic velocities of Item 11 and
the energy and control capabilities of a soft-landing, terminal-

stage, retrosystem of the Surveyor type.

Revised 21 October 1966
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Item 13 and 14 - Oscillation Amplitudes and Rates at 5000-ft Altitude

As described previously, for the case of the trailing decelerators
there is a divergence tendency in angle of attack resulting primarily
from the inadequate description of the 8-degree-of-freedom com-
puter formulation (see Figures 27 and 28 and Appendix C.) Limited
experience with the application of trailing decelerators attached to
a spinning forebody generally has not exhibited this tendency, at
least to the magnitude encountered in this study. It is apparent that
the analytical (mathematical) description of the system dynamics
should be studied and evaluated in much greater detail in future pro-
grams for the application of trailing decelerators. The system
motion involving the use of the attached decelerators did not result
in a large angular divergence. See Appendix C for a comprehensive

discussion of the dynamic analysis considerations and results.

Comparing the magnitudes of oscillation amplitude and rate for the
corresponding decelerator configurations, the effect of atmospheric
density is apparent. The reduced damping moments in all modes of
oscillation for trajectory 22 result- in larger values of angular am-
plitude and rate. The comparison of the separate decelerators in-
dicates that the attached configurations provide better stability than
the trailing decelerator for the reason previously discussed. The
best of the attached configurations is the tucked-back BALLUTE;
primarily because of higher and more favorable values for CN s
X op/Dyand (C_ +C_ ). See Items 26, 27, and 28 in Tables

: a
A-III and A-XI in Appendix A.

Item 15 - Maximum Operating g- Level

The deceleration g-levels encountered at full inflation of the decel-
erators are not excessive in relation to those in earth entry ap-
plications. Except for trajectory Al, the load levels would be less
than the peak loads at launch and boost in the entry of the basic

capsule for the trajectories studies.

Revised 21 October 1966 -67-
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As in Item 1, the decelerators for trajectories 23 and 30 are the
same designs for trajectories 22 and 19, respectively. The cor-
responding g-loads at full inflation of the decelerators for trajec-
tories 23 and 30 are 2 and 1.5 times greater than the 22 and 19
cases. Refering back to Item 9 (Attachment Design), the attach-
ment design for both configurations in trajectory 23 and for the
tucked-back BALLUTE in trajectory 30 would not be adequate. Some
structural strengthening of the attachments would be required with
nominal increase in the decelerator attachment weight. Recall,
however, that the attachment design is conservative on the basis of
the assumed elevated operating temperature. Appendix C considers
the effects of the system dynamics on the decelerator strength and

weight.

Items 16 and 17 - Total Decelerator System Weightand Weight Fraction

Item 16 is the sum of Items 3, 7, and 8 and Item 17 is the percent-
age of the total decelerator weight to the total entry capsule weight.
The tucked-back BALLUTE has the more favorable weight fraction
by a slight margin over the AIRMAT cone, which is the next best
configuration. For trajectories 19 and 22 the weight difference
among all configurations does not exceed two percent of the total
entry capsule weight, much less than the accuracy of the assump-
tions and approximations made in the parametric analyses of this

study.

Factors other than weight and performance will be important in
choosing the most suitable expandable terminal decelerator for a
Mars lander system. These factors would include static and dy-
namic aerodynamic stability, complexity and cost of fabrication
methods, sequencing and control functions, interface constraints,
etc. The accurate evaluation of these factors only can be made by
a more comprehensive and detailed system design than encom-

passed by this study (see next section).

Revised 21 October 1966
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SECTION VI - RECOMMENDATIONS

As inferred from the statement of work for this program, this study was

not expected to yield data in sufficient detail for complete and final engineer-
ing designs of expandable decelerators for Mars atmosphere entry. Conse-
quently recommendations were made for areas requiring additional investi-
gation and analyses. Additionally descriptions of development, simulation,
and proof-test procedures to qualify aerodynamic decelerator systems for
the Mars mission, including the types of facilities required, were made

(see Sections VIII, IX, and X of Volume II).
The areas recommended as requiring additional investigation include:

l. Detailed configuration design analyses for an attached
expandable decelerator associated with a specific entry
capsule and performance envelope within the broad

limits encompassed by this study

2. Fabrication techniques and constraints for an approxi-
mately full-scale, ram-air-inflated attached expandable

configuration

3. Conventional wind-tunnel and free-flight wind-tunnel
model tests to determine the aerodynamic performance
and stability of an entry capsule/attached expandable
configuration under simulated operating environments

(see Section VIII of Volume II)

4. Design and fabrication of a full- or near-full-scale
functional mockup of an entry capsule/attached expand-
able configuration for packaging, deployment, and in-
flation tests in the NASA Ames or Langley full-scale,

wind-tunnel facilities
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Large-scale, free-flight simulation tests of an entry
vehicle/attached expandable configuration using rocket
boost techniques, as illustrated by Figure 29 (see

Section IX of Volume II)

Functional, environmental, sterilization and reliability
tests of materials, hardware, and ancillary equipment
associated with the entry capsule/attached expandable

configuration
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Figure 29 - Rocket Boost Technique for Simulation Test
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SECTION VII - CONCLUSIONS

The research conducted during this study has led to the following conclusions:

l. The suitable application of expandable terminal decel-
erators for Mars atmosphere entry can be established
by the analytical formulation of environmental factors
and effects governing engineering applications and
straightforward engineering techniques of analysis and

design.

2. Definitive trends toward minimum weight fractions (of
reasonable magnitude) for expandable terminal decel-
erators with corresponding optimum values for initial
operating Mach number (that is, dynamic pressure) to
aerodynamically retard entry capsules to Mach num-
bers of less than 1.0 at altitudes of 20, 000 and 30, 000 ft
above Mars for specific model atmospheres has been
established. TFor all the entry cases considered in this
study, the suitable applications for expandable terminal
decelerators for Mars atmosphere entry are within the

current decelerator technology.

3. Dacron and Nomex, which are compatible with plane-
tary sterilization requirements.can be employed safely
for fabrication of expandable terminal decelerators
under the combined aerodynamic and thermal loading
environments encountered in Mars entry for the trajec-
tories considered in the study. For all cases analyzed
minimum coating thickness of the 6rder of 0.01 1b/sq ft

can be employed to maintain low acceptable values of
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porosity for the decelerator envelope and to maintain
the material temperature to acceptable design values

with only minimum weight penalties.

The effect of varying target point Mach number from
a nominal value of 1.0 at a specified target altitude has
a measurable effect on decelerator size and weight

fraction.

Detailed engineering analysis, design, and simulation
testing pointed toward a specific expandable decelerator
configuration and performance envelope within the broad
range of values and trends encompassed by this study
can be undertaken confidently. Such a program could be
implemented over a reasonable period of 24 months from
go-ahead and result in a prototype expandable decel-
erator system that could be flight-qualified subsequently
for as early as the 1973 Mars lander mission (see
Section X of Volume II). For budgetary purposes it was
estimated (see Appendix D) that a program for the de-
sign, development, and test of an expandable terminal
aerodynamic decelerator for a Mars lander capsule
could be accomplished at an overall cost to the govern-

ment of less than §3 million.
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APPENDIX A - DECELERATOR CHARACTERISTICS

An explanation of each item in Tables A-I through A-XI is given below

number in the list corresponds with each item number in the tables.

1.

Optimum initial operating Mach number at full-drag
effectiveness - Defined as the Mach number selected
or corresponding with the value for or trend toward
the minimum weight fraction of the decelerator that
will achieve the target point Mach number/altitude
conditions. This Mach number is obtained from Fig-
ures 67 through 99 in Section VI of Volume II. Also
see Appendix A of Volume II.

Dynamic pressure at initial Mach number - Value
obtained from point-mass trajectory computations

corresponding with the Mach number of Item 1 above

Altitude at initial Mach number - Value secured from
point-mass trajectory computations corresponding to

Item 1 above

Adiabatic wall temperature at initial Mach number -
Value corresponding with Item 1 for temperature re-

covery factor of 0.9 (see Section II of Volume II)

Drag area at initial Mach number (CDA) - Value based
on drag area determined as required to achieve the
target Mach nurnber/altitude conditions (obtained from

Figures 52 through 62 in Section V of Volume II)

Diameter - Value based on decelerator drag coefficient
corresponding to Item 1 (see Section V and VI, Vol-

ume II) and Item 5 above

. Each
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10.

11.

12.

13.

14,

15.

[1 -(w /W >]+ Item 9 X Item 10; for<W /W A
e D e

Drag coefficient, CD (total) - See Item 6 above (also,
Figure 8)

Decelerator weight - Value based on weight fraction
corresponding to Item 1 multiplied by the entry capsule
weight associated with the specific entry case (see

Appendix A of Volume II)

Minimum practical decelerator envelope unit weight
for combined thermal and aerodynamic loading envi-
ronment including porosity coating weight of 0.01 1b/-
sq ft - Value taken from Figures 89 through 99 by the

analysis described in Section IV of Volume II

Total decelerator surface area - Value taken from

Figure A-9 by the analysis described in Appendix A of
Volume 11

Total decelerator weight (based on Item 9) - Item 8 X
D/(see Ap-
pendix A of Volume II)

Auxiliary gas inflation aid weight - Defined as 1.5 X
(50 percent of Item 29) e for Trailing BALLUTE (TB),
Attached BALLUTE (AB), and Tucked-Back BALLUTE
(TBB) configurations; for the AIRMAT cone (AC) con-

figuration see Figure 100 of Section VII, Volume II

Packaging volume required - Based on Item 11 for
packing densities indicated. The weights given are

the maximum weights of the decelerators from Item 11

Inflated decelerator volume - Taken from Figure A-9

by analysis described in Appendix A of Volume II

Specified inflation time (from start of deployment) -

Revised 21 October 1966
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16.

17.

18.

19.

20.

21.

22.

23.

Specified on basis of size, minimum desired time to
full-inflation, reduction of fabric flutter, and reduced

loads

Mach number at deployment initiation - Taken from
point-mass trajectory computations as the value occur-

ring 1.5 sec before Item 1

Dynamic pressure at deployment - Obtained inthe same

manner as Item 16 above

Adiabatic wall temperature at deployment - Corresponds

with Item 16 for temperature recovery factor of 0.9

Centroid of inflated volume - Derived from Figure A-9

by the analysis in Appendix A, Volume II

Transverse radius of gyration of decelerator squared -

Obtained in the same manner as Item 19

Transverse radius of gyration of composite system

squared -
k2ol L em o
Y, 2 T vz, g
Item 20) + Ltem 11 [Dv X

(Item 25 -0. zsﬂ 2

Rotational radius of gyration of decelerator squared -

Obtained in same manner as Item 19

Rotational radius of gyration of composite system

squared -

I 1
KX = TVTE [va +E (Item 11 X Item 22)]

Revised 21 October 1966 -79.
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24. Centroid of decelerator weight (from capsule base) -

Derived in same manner as Item 19

25. Composite system cg position -
X WD
—<£. = 0.25 + +—10.385 + Item 24
D W
v T
comp
26. Composite system cp position - Approximated as

Item 19 + 0.865 for attached configurations only

27. Estimated CN - Approximated from Munk's theory
a
(per degree)

28. Estimated <Cm + Cm >— Approximated from Figure
q a
10 of Section I, Volume II and doubled to account for

Mach number effect. See Figure 14 of Section I of

Volume II (per radian about composite system cg)

29. Added mass of inflation gas (approximate) - Approxi-

mated as
P X (Item 14)
g R_T
m m m
Defining PT = 2.75 X { [(M), (P1 /Pooﬂ; see Section II

of Volume II, Figures 22, 23 and 24
30. Apparent mass effect of boundary layer -

PT
A = e X Item 10 X & ;
m g R_T
m m m

where 8 = 0.03 DDa

®Hoerner, S.: Fluid Dynamic Drag. Published by the author. New York,
N.Y. 1958.
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APPENDIX B - REFINED POINT-MASS

TRAJECTORY COMPUTATIONS AND

TRANSIENT HEATING CALCULATIONS

The figures in this appendix present the space/time
and envelope transient temperature histories of the
decelerator envelope fabric for the entry cases in

Table III of this report. The envelope fabric in all

cases was dacron.

-103-







32

160
/;/ 480 oRO
28 - — 140 APF
e -
/’
,’/
F 4
/
&,
24# 120 400
——de TUC D-B E
AL TITUDE KED-BACK BALLUT
o dm AIRMAT CONE
I/
20 ’ 100
| _IMPACT 320
L]
'
16 80
240
12 80
[=
w
I
Z
w
¢ 160
I
- ¢
- 8 40 <
m —
2 w
- TUCKED-BACK BALLUTE y
X / AND AIRMAT CONE 5
" <
w ) ﬁ:_.
w4 20 9 o 80
w o &
0 0 W
) TIME o
| ot 0 E
~ u a
: : :
w
0 — ok >
1 2 3 4 ) 6 4
MACH NUMBER Yo
MACH

/05 |




APPEN]?IX B GER-12842, VOL I

v 1
ER OF W/ A (LB/SQ FT)
ROXIMATION  5yp 0.05
\\
Q~\
‘\
N

- 1ST 0.071 \

//
-
Y

——— 157 0.448

t
S INITIAL

—— - TUCKED-BACK BALLUTE

m— - A IRMAT CONE

NUMBER

Figure B-1 - Space/Time and Envelope Transient Temperature versus
Mach Number (Trajectory Al)

-104-




3,

ALTITUDE (FEET x 10

28 7
IMPACT
//
24 / 60
TIME
20 50
16 r 40
wenenes ATTACHED BALLUTE
——ee TUCKED-BACK BALLUTE
ATTACHED e o wmmm A IRMAT CONE
BALLUTE ’
\,
12 30
N\
{
1K \
8 , 20
ATTACHED BALLUTE'
/TUCKED-BACK BALLUTE, AND
AIRMAT CONE
[ ]
4 10
. /TIME
!
]
ALTITUDE
] 0
Y 0.8 1.6 2.4 3.2

MACH NUMBER

TIME (SECONDS)

/07



- APPENDIX B GER-12842, VOL I

140

|
ORDER OF WL e/ !
APPROXIMATION A (LB/SQFT)

T

2ND 0.015

-—a .4' -

120 \

18T 0.025 .
- - - — [
100 1T 0.0289 1
~
\t‘\ ’
]
1\
Wl
2ND 0.075
80 - I - - anaemm—. W o ‘
157 o122 N
- - - - -

60

40
F o ewme = ATTACHED BALLUTE
w
z a—— = = TUCKED-BACK BALLUTE
i
x e ¢ e AIRMAT CONE
I
<
L o2
w
x
o]
*—
<
@
w
a
s
w
I._

0 0.8 1.6 2.4 3.2

MACH NUMBER

Figure B-2 - Space/Time and Envelope Transient Temperature versus
Mach Number (Trajectory B3)

-108




3
)

ALTITUDE (FEET x 10

32

28

AIRMAT CONE
ATTACHED BALLUTE
AND TUCKED-BACK
BALLUTE

N

24

\

20

16— IMPACT —

IMPAC T

160

140

120

100

80

40

20

0.4

MACH NUMBER

TIME (SECONDS)




<

APPENDIX B GER-12842, VOL I

80 T I
1ST AND 2ND APPROXIMA TION
/ FOR ALL CONFIGURATIONS
60
MATERIAL UNIT WEIGHT (LB/SQ FT)
1ST APPROXIMATION 2ND APPROXIMATION
TRAILING BALLUTE 0.018 0.0%5

401 ATTACHED BALLUTE 0.0204 0.016
= TUCKED-BACK BALLUTE 0.0112 0.012
w
I AIRMAT CONE 0.078 0.049
w
o
I
L. ¢
Lo 2¢
w
x
D
}—
L8
o
ut
1%
s
w
’—

o 0.4 0.8 1.2 1.6 2.0

MACH NUMBER

Figure B-3 - Space/Time and Envelope Transient Temperature versus
Mach Number (Trajectory 19)
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APPENDIX B
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Figure B-4 - Space/Time and Envelope Transient Temperature versus
Mach Number (Trajectory 22)
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Figure B-5 - Space/Time and Envelope Transient Temperature versus
Mach Number (Trajectory 23)
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Figure B-6 - Space/Time and Envelope Transient Temperature versus
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APPENDIX C - DISCUSSION OF DYNAMIC STABILITY

ANALYSES

INTRODUCTION

The determination of the dynamic motion characteristics for a recovera-
ble space vehicle landing on the surface of Mars with attached or trail-
ing aerodynamic decelerators is a primary requirement. The motion
characteristics will predominantly affect the design of terminal impact

control systems, whether they are of the hard- or soft-landing type.

Additionally, as shown by the results of this study, there is relatively
little weight advantage indicated for a particular decelerator configura-
tion on a drag performance basis. Consequently, the choice of a par-
ticular configuration largely could be dictated by dynamic performance

characteristics.

The weight analysis developed in this study was based on static aero-
dynamic loading relationships with empirically determined, quasi-static
load, temperature and design factors employed to account for operating
environmental effects and material characteristics. This weight analy-
sis of necessity preceeded the dynamic analysis, assuming adequate
aerodynamic stability of the various configurations and little dynamics
interaction with the decelerator strength-weight requirements. This
interaction is discussed subsequently in this appendix as related to the

attached decelerator configurations.

The development of an adequate mathematical model formulated for use
with high-speed digital computer equipment is a prerequisite to analyze

dynamic motion and to secure results within reasonable time scales.

The dynamic motion about the flight path of an aerodynamic expandable
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decelerator is quite complex; particularly, if spin about the longitudinal
axis of the entry capsuleis present prior to deployment of the decelera-
tor device. Spin may be induced intentionally or be present inherently
for rotationally symmetric bodies traversing entry-flight paths. In-
tentionally induced spin (usually small, about 1.0 rad/sec or less and
not intended for spin stabilization) primarily minimizes deviations from
the flight path as a result of lateral cg tolerance and ensures symmetry

of heating over the forward portion of the entry capsule.

During the early IRBM and ICBM nose cone development programs, it
was found that nose cones not intentionally spun would develop inherent
spin during entry through the earth's atmosphere as a result of lateral
cg tolerance and asymmetricablationwhen'incorporating this method of
heat insulation. Typical spin rates encountered in this manner were of
the order of 0.2 rad/sec. The alternative to spinning is anactive, three-

axis control system with aerodynamic or jet-reaction controls.

For the case of an aerodynamic body with a trailing aerodynamic de-
celerator, there are 18 deg of freedom when the motions of the riser
and suspension system between the forebody and trailing decelerator
are considered. This assumes that each of the separate components,
i.e., forebody, riser and suspension lines, and trailing decelerator can
be treated as rigid bodies. If flexibility and torsional deflection modes
were considered for each component, then the system has 36 deg of
freedom. The solution of this motion description during the real-time
trajectory of an entry body and trailing decelerator from deployment to
impact, using the required integration intervals, would be prohibitive
or at least unrealistic even with the highest speed and capacity digital

computers available.

Experience has indicated (at least for purposes of parametric analy-
ses) that the physical description for the dynamic motion of a body can
be approximated reasonably by neglecting flexibility effects or by in-

troducing this consideration as a modification to rigid-body parameters

-118-




APPENDIX C - DYNAMIC STABILITY ANALYSES GER-12842A, VOL I

and coefficients. Additional simplifications in the mathematical formula-
tions can be made with appropriate assumptions and approximations such
as linearization of non-linear terms, small angle approximations, in-
variant parameters, constant coefficients, etc. For bodies defined as
having rotational symmetry and weight distribution, the proper choice

of body reference axes about and along which the motions can be de-
scribed eliminates cross products of inertia and decouples pitch and yaw
angular rates from the roll mode since the transverse moments of iner-
tia of the body are implicitly equal. Additionally, if the capsule is not
accelerating in longitudinal flight or is near terminal velocity conditions,
the longitudinal force equation usually may be surpressed and the space-
time history adequately described by separate, more simple point-mass

trajectory computations.

ANATLYSIS

Goodyear Aerospace has developed in Appendix B of Volume II, equa-
tions of motion with six and eight degrees of freedom to describe the
characteristics of composite systems with attached or trailing aero-
dynamic decelerators entering planetary atmospheres. The formula-
tions were developed for use with the IBM 360 computer system availa-
ble at the Goodyear Aerospace computer facilities. No additional ex-
planation of this formulation is made in this appendix. However, to
illustrate what factors and parameters are important in the force and
moments affecting the motion characteristics of composite entry capsule/-
decelerator systems, the following simplified equations are set forth
using conventional airframe-dynamic-stability notation. This notation

is not the same as employed in Appendix B of Volume IIL

For the cases of an entry capsule with attached decelerator configura-
tions, the force and moment equations may be written in terms of prin-
cipal axes of a body. Thus, the system moments of inertia are inde-
pendent of the angular motions about the axes and are constant with the

result that all products of inertia are eliminated.
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The summation sign implies consideration of all approriate aerodynamic
factors for both the vehicle and decelerator. As previously noted above
and as used in the study, the transverse moments of inertia were defined
as equal, eliminating effects of inertia coupling in the roll-angular accel-
eration equation. Using Items 21 and 23 of Tables A-III and A-XI of Ap-
pendix A, the inertia coupling effect is about 10 percent of the cross-plane
angular velocity for either the pitch or yaw angular acceleration equations.
The effect will be oscillatory in accordance with the sign of the cross-
plane angular velocity since the roll damping was negligible and the roll
rate remained constant in the computations of this analysis. Thus, the
roll-angular acceleration equation is eliminated from further discussion

in this appendix.

The parameters (ﬂrﬁA-) and (_;lﬂ)given below for trajectories 19 and 22 are
bARS

2See List of Symbols at the end of this appendix for definition of terms.
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evaluated at initial operation and near terminal conditions for each attached

decelerator configuration from Tables A-III and A-XI.

Parameters for trajectory 19 (VMS8)

AB TBB

(-Elé) 65 85
m.J.

(A) 12.3  14.4
m i

(ﬁi@) 91 147
i

(_E]_é) 12.3 13.5
(ﬁ-ﬂ) 66 106
i

(Ei_-_Ad) 13.9 19.4
t

12. 4

85

17.8

12.9

65

15.1

The variation in values tabulated above are indicative only of the differ-

ences in geometry of the decelerators since, for practical purposes, the

dynamic pressure, q, is the same and the mass (m) is identical for all

cases. Note that the values for these parameters in both the force and

moment equations are of comparable magnitude.

l
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The factors comprising the aerodynamic terms contained in the force and

moment equations with all coefficients referred to body axes are given be-

low.

Force equations:

2F, c
gA T " Tx
Xy copilc.ricy, @ -cy bl
GA - "°N N N \@P) = NP2V
n | q a Q/J
Xz C ¢ + C.. (ap) + C ;|4
GA - TN @t 4T by lep N.%|ZV
| e @ @ |

Moment equations:

M
in(i =E(CE) - 'Cg —295 ~ 0 in this study
P

M
Y _ - -4
gAd _E(Cm) - Cmpa * [Cmqq * Cma(ap) * Cmda]ZV

m.
3l

M .
-57:% :E(Cn) =C_ B+ [Cmqr + Cma(ﬁp) - C QB]E%

where typically (assuming small angular displacements)

' az +32 = >'<2 + .2
V \/———X—V

p:
uz xx+yy+zz
d;Vz—Zau
v
© V-
B: Zu
v
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Note again that the above notation is not the same as that employed in
Appendix B of Volume II but is introduced in this appendix to gain an
appreciation of what aerodynamic terms may be important. Note that
the parenthetical products, (ap) and (8p), which essentially provide
damping forces and moments, are generally referred to as the kinematic
coupling terms in conventional airframe-dynamic-stability analyses.
These terms can have an appreciable effect on the dynamic motion char-
acteristic of a spinning body if large angular excursions in angle of
attack and yaw are encountered. Note further that the effect of these
terms for a constant roll rate can alternately aid or aggravate the os-

cillation tendency of the system in the cross-plane modes of motion.

RESULTS FOR ATTACHED CONFIGURATIONS

In this study, all aerodynamic damping terms were neglected in the
force equations. Pitch and yaw damping was considered in the moment
equations. Although no separate coefficient term was introduced to
account for the kinematic coupling as defined in the above notation, the
coupling effect may be interpreted as being present through the formu-

lation of the angular rate matrix in Appendix B of Volume II.

Now, considering the aerodynamic force and moment equations above,
the evaluation of the parameter (%7) is made for each attached decel-
erator configuration at initial operation and near terminal conditions as

follows:
Parameter for Trajectory 19

AB TBB AC

(z_i'/) 0.021 0.024 0.02
i

d

(3) 0.041 0.047 0.04
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Parameter for trajectory 22

AB TBB AC

d
(?V)i 0.014 0.0l15 0.013

Qﬁ;) 0.025 0.028 0.024
t

The values for the parameters given below are taken from Tables A-III

and A-XI of Appendix A (Items 25, 26, 27, and 28):

Parameters for trajectory 19

AB TBB AC
AX
5 -0.92 -1.104 -0.876
v
CNa = CY (per degree) 0.01 0.02 0. 005
AXC’p
C = C = C (per degree) -0.0092 -0.0221 -0.00438
m n N D
a B o v
C + C (per radian) -0.27 -0.336 -0.28
m m.
q a
Parameters for trajectory 22
AB TBB AC
AXC
e ~0.818 -0.973  -0.785
v
C = C (per degree) 0.01 0.02 0. 005
N Y
] B
C = C_ (per degree) -0.0082 -0.0195 -0.00393
m n
a B
(C,, *Cn )(per radian) -0.208 -0.258 -0.218

q a
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The aerodynamic force and moment equations at initial operation of the

decelerators reduce approximately to the following values:

Force and moment equations for trajectory 19

AB TBB AC
2;2 = -C, =C. 1.3 0.99 1. 43
=& = Cx = Cp I : .
LYy
T -Cy -0.01R8 -0. 028 -0.0058
Z—FZ = -C -0.01la -0. 02¢ -0.005¢@
—q-A - N . . .
>, (C ) -(0.0092a + -(0.022a + -{0. 0044q +
m 0. 0057q) 0. 0081q) 0. 0056q)
2.(C) -(0.00928 + -(0.00228 + -(0.00448 +
n 0.0057r) 0.0081r) 0.00567r)

Force and moment equations for trajectory 22

AB IBB AC
Lok C, =C. 1.3 10.2 1. 435
A - Yx T o & : '
Ly
& = Cy -0.018 -0.028 -0.00583
Lz _ -C 0.0la -0.02a 0. 005
qA -_— N - . . - .
E(Cm) -(0.0082a + -(0.0192a + -(0.0039a +
0. 0039q) 0.0039q) 0.00284q)
Z(cn) -(0.00828 + -(0.01953 +  -(0.003983 +
0. 0039r) 0.0039r) 0.00287)

The linear and angular accelerations due to the aerodynamic forces and
moments plus inertia coupling (approximated as 10 percent of the cross-

plane angular velocity) at initial operation are as follows.
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Linear and angular accelerations for trajectory 19

AB

X = -84.5

¥ = -0.658

z = -0.65q

p=0

q = -0.837a - 0.519q - 0. 1r

r = -0.8378 - 0.519r - 0. 1q
TBB

X = -84.1

¥y = -1.78

.Z' = —1.7(1

B=0

q=-3.23¢-1.19q - 0. 1r

r = -3.238-1.19r - 0.1q
AC

X = -84.4

y = -0.2953

zZ = -0.295a

p=0

q = -0.374q¢ - 0.476q - 0. 1r

f = -0.3748 - 0.476r - 0. 1q

Linear and angular accelerations for trajectory 22

AB
X = -75.4
¥ = -0.583
Z = -0.58¢q
p=0
q = -0.54lg - 0.257q - 0.1r
r = -0.5418 - 0.257r - 0. 1q
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TBB

%X = -75.4

vV = -1.483

Z = -1.48¢

p=0

q = -2.065q - 0.414q - 0.1r

T = -2.0658 - 0.414r - 0. 1q
AC

% = -74.6

¥ = —O.Z()B

Z = -0.26q

p=0

q = -0.253q - 0.185q - 0. 1r

r = -0.2533 - 0.185r - 0.1q

Refer now to Figures 27 and 28 of this volume. In terms of the analy-
sis, it is shown by inspection of the figures and the reduced equations
above that the difference in the angular oscillation characteristics
among the three attached decelerator configurations is primarily af-
fected by the magnitude of the static aerodynamic force coefficient and
the static stability margin. That is, the size and geometry of the ex-
pandable attached decelerator configuration is of primary importance to
ensure desirable dynamic stability characteristics for a specific ter-
minal descent performance. This is further emphasized by considera-
tion of the oscillation rate characteristics for each configuration. The

value for the damping factor (Cm + Crn-) is for practical purposes
q a
nearly the same for each configuration (see Item 28, Tables A-III and

A-XI of Appendix A). However, upon reduction of the equations of
motion at initial operation where the configuration geometry parameters

are introduced, the effect of the decelerator geometry is substantial.

Again, considering the above reduced dynamic motion equations for each
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of the attached decelerator configurations at initial operation, the degree
of accuracy may be approximated in basing the previous weight analyses
on the assumptions that adequate stability would exist and that there would
be little dynamic interaction with stress-weight requirements. The total
translational deceleration load along the longitudinal axis on the com-

posite entry-body decelerator is approximated as follows:

1 | 2 2
Ny ar —ge[x+k (a) +(r)]
where

ge = earth g's (32.2 ft/sec/sec),

k = transverse radius of gyration of composite

system (from Item 21, Tables A-III and A-XI
of Appendix A),

q and r = maximum values from Figures 27 and 28.

The composite system lateral acceleration is approximated as:

- ‘[('y')z + ('z')z]l/2 + kl(c'nz + (%)Z]l/z

1
V.2,q,F gel
Conservatively, the composite maximum g's can be approximated as:
_ 2 2|1/2
Nto’c - [(Nii, q, r) * (N")}, Z,q, i‘) ]

The following values are the equivalent earth-g loads acting on the system

for each of the attached decelerator configurations at initial operation for

trajectories 19 and 22:
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Earth-g loads for trajectory 19

AB TBB AC

Nos -2.69 -2.72 -2.68
X,q, T :

Nov oo -1.13 -3.41 -0.52
¥yZ2,9, 1

N -2.92 -4.35 -2.72

Earth-g loads for trajectory 22

AB TBB AC

N,. -2.41 -2.44 -2.37
X,q, T

Nee « » o+ -0.61 -2.24 -0.36
y¥,%2,q9,T

Ntot -2.48 -3.31 -2.4

Compare, now, the above tabulated values of g-loads with Item 15 in
Table IV of this summary report. It is seen (with exception of the
tucked-back BALLUTE for trajectory 19) that basing the strength-weight
requirements of the decelerators on quasi-static design strength, load,
and safety factors will, in general, tend to be conservative as compared

to the maximum loads predicted by the dynamic analysis.

This trend is only as faras the attached deceleratorsare concerned. This
observation must, of course, also be tempered in light of the accuracy
of the assumptions and approximations made throughout the parametric
study. On the basis of previous engineering design experience and ap-

plication, it is considered that the indicated trends are valid.

4. RESULTS FOR TRAILING CONFIGURATION

As described in Appendix B of Volume 1II, the trailing decelerator is
attached to the forebody through a suspension system assumed to be

rigid. The confluence point is defined as the intersection ofthe suspension
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system and riser. In the analysis, this point retains a constant geo-
metrical relationship with respect to the forebody regardless of the
motion of either the forebody or trailing decelerator. The riser line is
treated as essentially a rigid rod free to pivot at any angle and in any

plane at the confluence point.

The decelerator attached to the end of the riser also is defined as re-
taining a fixed geometrical relationship with the riser (essentially a
rigid sphere at the end of a rigid rod free to pivot at the confluence
point). The motion of the trailing decelerator and riser is described as
having two degrees of freedom about the confluence point. This motion
is influenced by the aerodynamic lift and side-force as a function of
angle of attack and yaw (i. e., angular displacement of the riser) as well
as the drag force and mass characteristics of the decelerator. The spin
of the forebody is not considered to affect the decelerator motion as far

as rotational, inertial, and aerodynamic effects are concerned.

Thus, the analysis has neglected any consideration of inertial or aero-
dynamic coupling in describing the motion of the trailing decelerator.
The effect of the trailing decelerator motion and loads on the forebody
motion is assumed to be transmitted as a tension force through the riser

to the fixed confluence point.

Thus, for this program the motion of the composite forebody and trail-
ing decelerator has been described by the eight-degree-of-freedom

formulation presented in Appendix B of Volume II.

Referring now to Figures 27 and 28 and Figures C-1 through C-6 of this
appendix for the trailing decelerator, it is shown that the present mathe-
matical model describes an apparent coupling effect and resonance be-
tween rolling velocity and angular attitude. This coupling causes the
composite capsule motion to diverge to large attack, yaw, and coning
angles for trajectories 19 and 22. Figures C~1 through C-6 have been
developed from additional computer runs for the same capsule/trailing

decelerator characteristics for different values of rolling velocity. The
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apparent effect of roll coupling on the system motion as described by

the present mathematical model is strongly in evidence.

The drag force and moment of the trailing decelerator has the natural
effect of providing stabilization for the composite capsule/decelerator
system as demonstrated by the case for the rolling velocity equal to
zero. Additionally, as shown by the figures of this appendix, the mag-
nitude of roll rate is important in determining whether the system will
converge to or diverge from a stable attitude in terminal descent. While
the possibility of coupling and resonance is recognized to exist for the
motion of a spining entry capsule with a trailing decelerator, Goodyear
Aerospace's experience with such applications (including cases of a
spinning forebody) has not exhibited generally a divergence tendency, at

least to the magnitude encountered in this study.

Therefore, the motion of a forebody with a trailing decelerator as pres-
ently decribed by the eight-degree-of-freedom formulation presented in
Appendix B of Volume II is not considered to be a completely adequate
description. The analytical description of the system dynamics for use
of trailing decelerators shoﬁld be studied and evaluated in greater de-
tail than encompassed in this program in view of the importance for the

recovery and safe landing of planetary entry vehicles.

CONCLUSIONS AND RECOMMENDATIONS

1. The present six-degree-of-freedom mathematical
model describing the dynamic motion of composite
entry body and attached expandable decelerator con-
figurations is adequate. As shown by the results
of this study, it is not necessary to include additional
sophisticated parameters such as kinematic Aero—
dynamic coupling terms or non-linear variation of
coefficients with angular attitude for preliminary

parametric analyses of the dynamic motion character-
istics.
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For the initial conditions established by the speci-
fied JPL entry trajectories for this study corre-
sponding to the time of decelerator deployment and
operation, the transient distrubance as a result of
decelerator deployment does not result in excessive
angular excursions and rates. For all of the attached
expandable decelerator configurations, the trend is
toward convergence to reasonable magnitudes of an-

gular attitude and damping of angular rates of motion.

For the attached expandable decelerator configura-
tions, the magnitude of the static normal force co-
efficient and static margin of stability (center of pres-
sure), which are indicative of the shape of the device
combined with the device size and configuration geo-
metry, profoundly affect the dynamic motion character-

istics and damping of the composite system.

The computer results using the present eight-degree-
of-freedom formulation describing the system dy-
namics for an entry capsule and trailing decelerator
point out that kinematic (roll-yaw) coupling effects
can result in angular attitude and rate divergence
when an initial roll rate exceeding about 0.5 rad/sec
is present at deployment. The computer results

also indicate that there is resonance, i.e., coupling
between the trailing decelerator and entry capsule
motion, that causes a pronounced divergence trend.
The formulation presented in Appendix B of Volume II
and the computer program have been determined to
be mathematically correct and provide an accurate
description of the system motion as described by the

formulation.
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In this event, the present eight-degree-of-freedom
mathematical model for the entry capsule and trail-
ing decelerator does not appear to be a completely
accurate description of the system dynamics. This
observation stems from actual free-flight experience
of Goodyear Aerospace personnel with similar load-
ing environments. Apparently, more sophisticated
forms are required to describe the dynamics suchas
riser-line elasticity and additional degrees of freedom
to describe confluence point motion, at least in the
lateral planes. A description of the trailing decel-
erator motion at the end of the riser line by two addi-
tional degrees of freedom also might be desirable.
Thus, it appears that at least twelve degrees of free-
dom may be necessary to adequately describe the

system dynamics.

A survey should be made of past free-flight trailing
decelerator data. More complete information should
be gathered to estimate static stability and damping
coefficient derivatives for use with the dynamic sta-

bility analyses of trailing decelerator configurations.
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LIST OF SYMBOLS FOR APPENDIX C

reference area

rolling moment coefficient

rolling moment coefficient derivative with rolling
velocity (damping in roll)

pitching moment coefficient

pitching moment coefficient derivative with pitch-
ing velocity

pitching moment coefficient derivative with angle of
attack (X-body axis)

pitching moment coefficient derivative with angle of
attack rate

pitching moment coefficient derivative with total angle
of attack

normal force coefficient derivative with pitch rate

normal force coefficient derivative with angle of attack
(X-body axis)

normal force coefficient derivative with angle of attack
rate

normal force coefficient derivative with total angle of
attack

yawing moment coefficient

yawing moment coefficient derivative with angle of yaw

axial force coefficient
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side force coefficient

side-force coefficient derivative with angle of yaw

vertical force coefficient

reference diameter

system reference diameter

axial aerodynamic force along X-body axis
side aerodynamic force along Y-body axis
vertical aerodynamic force along Z-body axis
earth gravity

moment of inertia about X-body axis

moment of inertia about Y-body axis

moment of inertia about Z-body axis

transverse radius of gyration
system mass

aerodynamic moment about X-body axis
aerodynamic moment about Y-body axis

aerodynamic moment about Z-body axis

= total (rms) gravity load factor

axial gravity load factor due to linear acceleration
along X-body axis and centrifugal acceleration due
to pitching and yawing angular velocities
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Nee oo o
Y,Z,q,l‘

Q

™wWe W K-

AX

transverse gravity load factor due to linear accel-
erations along Y and Z body axis and pitching and
yawing angular accelerations

rolling angular velocity

rolling angular acceleration

pitching angular velocity

dynamic pressure

pitching angular acceleration

yawing angular velocity

yawing angular acceleration

velocity (total)

linear velocity component along X-body axis
linear acceleration along X-body axis

linear velocity component along Y-body axis
linear acceleration along Y-body axis

linear velocity component along Z-body axis
linear acceleration along Z-body axis

angle of attack

angle of attack rate

angle of yaw

angle of yaw rate

center of pressure position with respect to system
center of gravity

summation of related factors or terms
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