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THERMAL AND STRESS ANALYSIS OF AN ATTACHED INFLATABLE DECELERATOR 
(AID) 

DEPLOYED IN THE MARS AND EARTH ATMOSPHERES 

By G. L. Faurote and J. L. Burgess 

SUMMARY 

Parametric thermal and stress analysis of a 20-ft-diameter Attached 
Inflatable Decelerator (AID) deployed in the most severe of the 
postulated Mars atmospheres were conducted. An AID is a low mass, 
ram-air inflatable fabric canopy configured to the payload to be 
decelerated. 

A posigrade equatorial ballistic entry was considered from an 
altitude of 800,000 ft, at an inertial velocity of 15,000 fps, 
and a flight path angle of -18 deg. AID deployment was consid- 
ered over a Mach number range of 3.0 to 8.0 for ballistic entry 
coefficients of 0.4, 0.5, 0.6, and 0.7 slugs/ sq. ft. 

~eployment of the AID was shown feasible using existing technology 
over the entire range of parameters considered. Furthermore, the 
minimum coating weight (1.0 oz/sq. yd.) needed to provide an air 
tight fabric structure was shown to provide thermal protection for 
the fabric over the entire range of entry ballistic coefficients 
considered for deployment Mach numbers up to 6.7. 

In addition to the Mars entry study, a thermal and stress analysis 
of an AID deyloyed in the Earth atmosphere was conducted to deter- 
mine a limiting state-of-the-art design point. For the Nomex f a b r i c  
and range of coating weights considered during the Mars entry study, 
deployment in Earth atmosphere was found to be limited to a Mach 
number of 5.8 at a dynamic pressure of 60 psf for vehicle ballistic 
coefficients up to 0.6 slugs/sq. ft. 

I - INTRODUCTION 

Numerous analyses (e.g. Reference 1) conducted during the past several 
years have shown the feasibility of employing inflatable decelerators 
for planetary entry missions when sufficient atmosphere exists. Mars 
entry mission studies (see Reference 2, 3, and 4) have shown the need 
for efficient deceleration at supersonic and hypersonic (Xach 5-b) 
speeds. These studies have considered the use of an Attached Inflata- 
ble Decelerator (AID) for accomplishing the needed deceleration, 



To date mission studies considering the use of an AID for Mars 
entry application have imposed deployment Mach number constra.ints 
to insure acceptable decelerator fabric temperatures. Thus, these 
studies have not been performance limited, rather they have been 
limited by the undetermined effects of entry heating on the A. ID  
structure. Accordingly, the primary purpose of the current invest- 
igation was to examine, in detail, the combined effects of en.try 
heating and pressure loading on the AID operating over a rath.er 
wide range of parameters of current and future interest. 

Recognizing, that prior to the application of an AID in a pla.netary 
entry mission its performance under closely simulated mission 
conditions must be demonstrated, an analysis was undertaken to 
establish a limiting state-of-the-art design point in the earth 
atmosphere. 

SYMBOLS 

A total projected area of AID, surface area 

B ballistic parameter 

c specific heat of material 

c specific heat of gas 
P 

drag coefficient based on total projected area 

(CDA D deployed drag area 

(CDA) entry drag area 

5 f C 2  constants for Sutherland's viscosity equations 

df unit mass of fabric 

dm unit mass of meridian 

Do nominal diameter 

Ee circumferential unit elongation 

E 
6 

meridional unit elongation 

- 
f nondimensional fabric stress resultant 

f stress in meridional thread set 
S 



shape factor for laminar boundary layer 

stagnation point shape factor 

gravitational constant 

Grashof number 

shape factor for turbulent boundary layer 

enthalpy 

internal surface heat transfer coefficient 

external surface heat transfer coefficient 

total enthalpy 

Joules constant 

thermal conductivity 

strength-weight ratio of fabric 

strength-weight ratio of meridians 

construction factor 

design factor 

length of a meridian 

tow line length 

length 

molecular weight 

Mach number 

deployment Mach number 

number of meridians 

Nusselt number 



principal circumferential membrane stress 

principal meridional membrane stress 

Pi - pb, sressure 
local surface static pressure 

Prandtl number 

dynamic pressure 

heat flux rate 

heat energy 

radius of cross section of body 

recovery factor 

gas constant, maximum radius of A I D ,  radius 

radius of A I D  (excluding fence) 

nose radius 

local length Reynolds number 

transition Reynolds number based on length 

distance along surface from stagnation point 

distance along surface to boundary layer transition 
measured from stagnation point 

temperature 

nondimensional meridian cord load 

meridian cord load 

velocity 

weight 

thickness of material 

radial coordinate to A I D  surface, distance from aerosbell 
apex 

distance measured normal to surface 

altitude 



f l  bias angle, coefficient of thermal expansion 

k ratio of specific heats, flight path angle 

A incremental time or distance, differential 

Q ratio of burble fence diameter to canopy diameter 

P viscosity 

2- ratio of aeroshell radius to total decelerator radius 

P density 

f stress in one thread 

w P /RT 

T time 
U k /  p 

Subscripts 

a aeroshell base 

aw adiabatic wall 

b burble fence 

c coating 

e edge of boundary layer 

E entry 

f forward surface of AID 

i inside wall, internal 

laminar boundary layer 

stagnation point 

rear surface of AID 

structural weight, local value 

turbulent boundary layer, total 

total conditions 

wall or surface 

free stream 



I1 - STUDY BACKGROUND 
In establishing the feasibility of employing inflatable decelera- 
tors for planetary entry missions, studies such as Reference 1 
have also shown that a system utilizing drag augmentation at super- 
sonic speeds in conjunction witha terminal descent propulsion system 
is the most efficient and effective means of effecting soft landings 
on the planetary surface. Such a system (see Reference 6) is 
currently under development for the 1975 Viking Mars Lander mission, 
The operational mode to be used for the 1975 Viking Mars Lander 
decelerator system is mortar ejection of a 53 foot nominal diameter 
disk-gap-band parachute following lifting entry. Current plans 
call for mortar ejection at a maximum Mach number of 2.2 and a 
dynamic pressure of 10.5 psf. The parachute drag decelerates the 
lander to conditions suitable for terminal descent engine ignition 
for final descent and landing. 

Recent studies of advanced (beyond Viking) planetary-missions (see 
References 2 and 3) concerning entry into the low density atmosphere 
of Mars, have shown the need for efficient deceleration at super- 
sonic and hypersonic (Mach 5+) speeds. These studies considered 
the use of an AID, for accomplishing the desired supersonic decelera- 
tion, as either the initial stage of a two-stage decelerator system 
or as a single stage device in conjunction with a terminal descent 
propulsion system. The AID, which is constructed by overlaying a 
coated fabric with many load carrying meridional tapes (See Figure ID, 
is basically a uniform-stress (isotensoid) structure as described 
in Reference 7. The canopy shape is maintained by pressure recovered 
from ram-air (atmosphere) inlets aligned with the local airflolw. 
Coating is required to reduce the basic fabric permeability to the 
extent that the pressure recovered by the ram-air inlets can maintain 
the isotensoid shape. Additional coating can be applied to provide 
thermal protection to the basic fabric structure. For subsonic 
speeds, a burble fence, located at the maximum canopy diameter, is 
necessary to provide stable operation. 

Reference 2, which considers the AID as an initial stage of a two 
stage decelerator system, indicates that, as a result of the effic- 
ient supersonic deceleration characteristics of the AID, significant 
increases in landed payload mass (see Figure 2) can be realized with- 
out increasing the size of the basic entry aeroshell. Additionally, 
Reference 2 shows that the AID will relax stringent deployment con- 
ditions on the terminal stage decelerator. 
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Figure  1 - Cutaway S r a w i n g  of an AID 

N O T E S :  

1 .  S O L I D  L I N E  R E P R E S E N T S  M A C H  

N U M B E R  D E S I G N  C O N S T R A I N T  T O  
E N S U R E  T H A T  A E R O D Y N A M I C  
H E A T I N G  P R O T E C T I O N  IS N O T  

R E Q U I R E D  

2 .  C U R V E  IS R E P R O D U C E D  F R O M  

R E F E R E N C E  2 

E N T R Y  B A L L I S T I C  C O E F F I C I E N T ,  B 

( S L U G S  P E R  S Q U A R E  F O O T )  

Figure 2. - Variations i n  Decelerator  M a s s  and Landed-Payload M a s s  
with Bal l is t ic  Crjefficient 



Basically, the two-stage approach takes advantage of the high 
supersonic drag of the AID and the high subsonic and transonic 
drag of a terminal stage parachute such as the disk-gap-band 
(see Figure 3). Conditions chosen in Reference 2 for staging 
from AID operation to the terminal stage parachute operation 
were M = 1.5 at an altitude of 12,000 ft. It should be noted 
that these staging conditions yield a low dynamic pressure and 
as a result the parachute will nearly always be fabricated of 
minimum gage materials. 

F i g u r e  3 - D r a g  P e r f o r m a n c e  of AID a n d  Disk-Gap-Band P a r a c h u t e  

I11 - PAMETRIC ANALYSIS 

The range of parameters investigated during the parametric thermal 
and stress study (see Table I) are essentially those considered in 
the Mars mission application study of Reference 2. The AID was 
considered to be the initial stage of a two-stage decelerator system 
with similar staging conditions (i.e., M = 1.5 at 12,000 ft. altitude), 



TABLE I - Range of Study Parameters 

800,000 ft. 

AID Deployed* 

* (CDA) ,/ (C,A), = 4.5 

An AID configuration, with a deployed drag area to entry drag area 
ratio of 4.5, was considered during the current investigation 
because the majority of performance data generated to date have 
been for this configuration (see References 2 and 8 through 141, 
A detailed description of the configuration is given in t.he thermal 
analysis discussion. 

The overall analytical approach used during the study is presented 
in Figure 4. As indicated in Figure 4, the parametric study was 
initiated by computing entry trajectories for a series of vehicle 
ballistic coefficients. From each entry trajectory, AID deployed 
trajectories were computed for a range of deployment Mach numbers, 
Boundary layer and internal heat transfer relations were developed 
and evaluated for each of the AID deployed trajectories. 

The resulting heat transfer rates were combined with a one dimension- 
al transient heat conduction analysis to yield AID temperatures for 
each deployed trajectory. A stress analysis was also conducted 
during which relations were developed expressing the AID weight as 
a function of dynamic pressure and the AID temperature. The para- 
metric analysis was concluded by calculating AID weights for each 
deployment case considered. 

In view of the extent and complexity of the analysis undertaken, a 
digital computer solution was developed to determine the AID time - 
dependent temperature profiles. This program coupled the following 
for simultaneous solution: 

Deployed AID equations of motion 
Boundary layer heat transfer equations 
One-dimensional heat conduction equations 
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This time dependent program is encompassed by dashed lines in 
Figure 4. 

A similar analytical approach to that outlined in Figure 4, for 
the parametric study, was used in the design point analysis sf 
.the AID operating in the Earth atmosphere. 

Trajectory Analysis 

Entry Trajectories - A posigrade equatorial entry of the vehicle 
alonq a ballistic trajectory was considered from an altitude of 
800,000 ft. at an ine;tial ;elocity of 15,000 fps and a flight 
path angle of -18 deg. Entry trajectories were established (see 
Figure 5), in the 1970 Mars min Hp,s atmosphere, for the ballistie 
coefficients presented in Table I. The detailed properties sf the 
atmosphere used are presented in Appendix A of this report. Of the 
five currently postulated Martian atmospheres, the min H p  Is imposes 
the maximum Mach number and dynamic pressure conditions whrch lead 
to maximum aerodynamic heating and pressure loading. 

Aid Trajectories - AID deployment conditions for each entry trajee- 
tory of Figure 5 were determined (see Figure 6 )  that resulted in the 
AID altering the entry trajectory for (CDA)D/(C~A)E = 4.5, to the 
decelerator staging conditions. These trajectories passing through 
the staging conditions are hereafter referred to as "nominaQU ttrajec- 
tories. A nominal trajectory is not presented for BE = 0.3 because 
the entry vehicle alone essentially achieves the condition of M = 1-5 
at 12,000 ft. altitude. Figure 7 presents a summary plot of entry 
ballistic coefficient versus deployment Mach number and dynamic 
pressure, for (C A)D/(CDA)E = 4.5, that yield trajectories passing 
through the deceyerator staging conditions. 

In addition to establishing the "nominal" trajectories, AID deployed 
trajectories (See Figures 8 through 12) were initiated at Mach 
numbers 3, 5, and 8 from each entry trajectory, except where such 
a starting point yielded a trajectory resulting in M = 1,5 at an 
altitude below 12,000 ft. The appropriate "nominal" trajectories 
have also been included in Figure 8 through 12. 

The individual AID deployment conditions considered in the parametric 
study are summarized in Table 11. 

Thermal Analysis 

Thermal and Flow Model - Figure 13 presents the thermal and flow 
model defining the heat transfer modes and flow regimes considered 
subsequently in the development of the heat transfer relations. 
From Figure 13 it is noted that both external and internal heating 
were considered in arriving at the fabric temperature. Boundary 
layer heat transfer equations were developed to define the external 
heating. A heat transfer relation was developed to describe the 
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Figure 5 - Entry Trajectories - Mars Atmospheres 
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Figure 6 - Deployed AID Nominal Trejectories - 
Nars Atmospheres 
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F i g u r e  8 - Deployed AID T r a j e c t o r i e s  (B = 0 . 3 )  E 
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Figure  9 - Deployed AID Tra jec tor ies  (BE = 0.4)  
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F i g u r e l l -  Deployed AID Tra j ec to r i e s  (BE = 0 . 6 )  
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TABLE I1 - A I D  DEPLOYMENT P O I N T S  I N  MARS ATMOSPHERE 

"Nominal Deployment 
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F igure  13  - Thermal and Viscous F l o w  Yodel 



internal heating which results from the atmosphere entering the 
canopy and coming to rest at a temperature approaching the total 
temperature of the stream. The heat flux rates were then combined 
with the fabric thermal characteristics to define the resulting 
canopy temperatures. 

The vehicle-AID profile selected for the current analysis, which 
was initially developed in Reference 14, is presented in Figure 14, 

As shown in Figure 14, three stations were selected for the thermal 
evaluation, thus permitting a temperature profile to be constructed 
over the AID surface forward of the burble fence. Station S1 was 
selected just aft of the vehicle-AID interface. Station S3 was 
located just forward of the intersection of a line, tangent to both 
the canopy and the burble fence, with the canopy as shown in Figure 
14, This point was selected on the basis of avoiding the region of 
separated flow in the proximity of the burble fence. Experimental 
data presented in Reference 12 verify that S3 is just forward of the 
separated region. Station S2 is the midpoint of S1 and S3. 

As will be shown subsequently, the pressures over the rear surface 
of the AID are much reduced compared to those of the forward surface 
and as a result the heat transfer rates and resulting temperature 
levels are expected to be insignificant. Thus, coating on the rear 
surface, other than that required to reduce the fabric permeability 
to an acceptable level, will not be required. 

Several combinations of fabric and coating were considered for pro- 
tecting the forward surface from entry heating effects. The basic 
fabric selected for evaluation was a 2.3 oz/sq.yd. Nomex fabric 
designated as HT-189-47. While, lighter weight Nomex fabrics have 
been woven previously, HT-189-47 is the lightest Nomex fabric 
currently available. Nomex was selected over the more common 
decelerator materials, such as nylon and dacron, because of its 
increased temperature capabilities. Nomex also was the 
material considered for the meridians. Nomex retains half of its 
room temperature strength at 500F and has essentially zero strength 
at 750F. 

A Viton fluoroelastmer coating was selected for consideration because 
it has a proven history (see Reference 15 and 16) of high temperature 
application as a decelerator coating. Viton retains its room tempera- 
ture characteristics at a soak condition of 500F. It can provide 
thermal protection for short periods at significantly higher tempera- 
tures. 

The ViDcn-Nornex combination has been extensively evaluated in both 
flight and wind -tunnel tests. Trailing Ballutes fabricated of this 
combinati~:3 have been successfully tested up to a Mach number of 4 - 2  
(see Referei1:::es 15 and 16). Temperature predictions for these texts 
were in the range of 500 to 600F. 



STATION 1 x (IN.) 

I 

R n  = 28.50  IN. 

Figu re  14 - Coordinates of Canopy S ta t ion  
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As will be shown subsequently, for the lower values of BE and MD 
of Table 11, which result in minimal heat transfer rates, only the 
coating required to reduce the fabric permeability is needed to 
maintain acceptable temperature levels. The amount of coating 
regarded as being needed to reduce the fabric per~~eability was 1/2 oz 
sq. yd. applied to each surface of the fabric.  his is the approxi- 
mate quanity applied to 5.0 foot diameter Nomex models evaluated 
supersonically in the wind tunnel (see Reference 14). 

As the value of MD is increased, additional am0unt.s of coating must 
be applied to the 2.3 oz/sq. yd. Nomex to maintain its temperature 
at an acceptable level. Therefore three coating weights, 1.0, 3.0, 
and 6.0 oz/sq. yd., were considered during the investigation. Addi- 
tionally, the effect of doubling the cloth thickness was examined, 

Heat transfer rates to the ram-air inlets and burble fence were not 
examined during this analysis in view of the complex flow existing 
around them. Prior to defining, with any degree of accuracy, the 
anticipated heat transfer to these components additional expelrimen- 
tal data is needed. 

While it is recognized that the ram-air inlets and burble fence are 
potential hot spots, their protection does not offer a significant 
problem. For instance, the ram-air inlets can conveniently be 
fabricated of stainless steel fabric. The use of metal fabric in 
decelerator construction, although it is not a common practice, 
has been successfully demonstrated (see Reference 17). For instance, 
entire Ballute assemblies have been fabricated of Rene 41 metal 
fabric (See Appendix B for description of a Ballute deceleraizor), 
Protection of the burble fence of the AID can be accomplished hy 
increasing the coating thickness on the forward surface of the 
fence. It is not expected that such steps would significantly 
increase the AID weight. 

Laminar and Turbulent Heat Flux Equations - The analysis of ~ntry 
heating has included both laminar and turbulent heat transfer and 
a suitable boundary layer transition criteria. For the case of 
laminar heat transfer, similar solutions to the laminar boundary 
layer equations have been used together with the local similarity 
concept. For a favorable pressure gradient boundary layer, pre- 
dictions based on this approach have been shown experimentally to, 
if anything, over-predict the heating. 

It should be noted that the validity of the local similarity approach 
was originally based on the limiting cold wall case. However, even 
for moderate cooling cases, e.g. hw/haw --, 0.5, examination of 
similar solutions indicates that local similarity is still a good 
approximation. 



The main advantage of this approach is the ease with which pressure 
gradient and body shape effects can be accounted for. 

Lees (Reference 18) was the first to discuss the use of the local 
similarity concept in the calculation of hypersonic laminar heat 
transfer, and he included in his considerations both the conductive 
and diffusive modes of energy transfer. However, for the present 
applications where Mach numbers are less than 10, no such chemistry- 
related effects are important, and the heat flux rate for a laminar 
boundary layer over an axi-symmetric configuration is given by 

Here the effects of Pr # 1 have been included both in the Pr 1 / 3  
scaling of the wall temperature gradient as well as in the use of 
the adiabatic wall enthalpy, Haw. For a perfect gas, 

where re is the recovery factor and may be taken as - Equation 
1 can be modified to the form 

where 

Furthermore, at the forward stagnation point, Equation 3 becones 

Where 



where 

and for a Newtonian pressure distribution 

In calculating turbulent boundary layer heat transfer as part of 
the present analysis, the method of Rose, Probstein, and Adams 
(Reference 19) has been used. This method has the advantage of 
including pressure gradient effects through the use of a generalized 
form factor, G(s), which is similar to laminar boundary layer para- 
meter, F(s). This method conveniently accounts for the effect of 
body shape in turbulent heating calculations, just as the local 
similarity approach in the laminar boundary layer case. 

For turbulent boundary layers, the surface heat transfer rate may 
be expressed using the equation 

where Haw is as in Equation 2, but with the recovery factor r, given 
by 3pr . Following Rose, Probstein, and Adams, Nus may be expressed 
ir, the form 

where GCs) is the generalized form factor for turbulent boundary 
layers. Thus 



Using the momentum integral equation, a 1/7th power-law velocity 
profile, and assuming the Blasius turbulent flow result relating 
skin friction and boundary layer thickness to be correct, Rose, 
Probstein, and Adams arrived at the following expression for G ( s B  
for an axisymmetric body: 

Here s is the value of s at the transition point. For the case 
where B e  vehicle boundary layer is turbulent everywhere, then 
s = 0. tr 

It should be noted that for a hemispherical cylinder body in a 
high-speed flow, then as s - m ,  dp/ds-.- 0, G C S ) ; ~ , ~ ,  and Equation 
10 takes on the form appropriate for a flat plate. Furthermore 
for a turbulent boundary layer in the nose region of such a body, 
G(s) is not a maximum at the stagnation point, as ~ ( s )  would be 
for laminar flow, but peaks in the neighborhood of about 30 deg 
from the stagnation point. 

Boundary Layer Transition Criteria - The determination of whether 
laminar or turbulent heating exists at a location on the vehicle 
surfaces is prescribed by the use of a local length Reynolds nuder, 
For this study, a Reynolds number of 200,000 was used to define 
the point of transition to turbulent heating conditions. Thus, if 

Equation 3 is used to calculate the heat transfer rate- Once the 
Reynolds number exceeds a value of 200,000 at a 1ocatio:n on the 
surface, Equation 10 is used to calculate the heat transfer rate 
to the surface. Selection of this somewhat conservative transition 
Reynolds number provides assurance the fabric and coating investi- 
gated will perform at least as well as predicted. 



Internal Heatinq Considerations - The AID is inflated by ram-air 
entering through inlets located on the external surface of the 
inflatable canopy. Once the air enters the canopy, it is brought 
to rest and its temperature is increased to near total temperature 
conditions of the stream. A natural circulation of gas particles 
is assumed to be induced over the interior surface of the canopy, 
creating a flow from which heat is transferred to the inside surfa.ce 
of the canopy by free convection. 

The internal heat transfer coefficient for a free convective environ- 
ment can be estimated using the following relationship: 

The internal heat transfer coefficient is primarily a function of 
the Grashof number, which in turn is a function of the deceleration 
loading and the temperature differential surface of the canopv. T h e  
Grashof number is represented by the following grouping: 

Equation 13 was evaluated as a function of the parametric deploy- 
ment envelope conditions. The internal heat transfer coefficient 
was found to vary from 0.01 Btu/hr-sq. ft-deg F for the low de~loy- 
ment Mach number conditions to about 0.1 Btu/hr-sq. ft-deg F for the 
high deployment Mach number conditions. The latter internal heat 
transfer coefficient was assumed for all subsequent heat transfer 
calculations along with the total temperature of the ram gas inside 
the canopy. The internal wall heating then can be written as 

Evaluation of Heat Flux Equations - To use equations 3 and 10 in 
carrying out calculations, the pressure distribution must be 
specified for the particular vehicle-decelerator configuration in 
question. The other inviscid flow properties can then be calculated 
assuming the flow expands isentropically from the stagnation con- 
ditions at the nose. The Rankine-Hugoniot normal shock relations 
determine the stagnation point properties and the isentropic flow 
equations are used to calculate the flow properties at the edge of 
the boundary layer. The pressure distribution (see Figure 15) used 





in evaluating the heat flux equations was obtained from Reference 
20. The vehicle-decelerator profile from which the measured dis- 
tribution was obtained is essentially the same profile considered 
for this study. While the referenced distribution was obtained at 
a Mach 3.0 condition it is believed the data, when plotted im the 
form of pe/po, is equally valid over the Mach number range of 
interest here. An indication of this is provided by noting that 
the pressure distributions when presented in the form of Pe/por 
presented in References 21 and 22 for a 120 and 140-deg cone, 
respectively, correlate independent of M, for Mach numbers between 
2.0 and 4.63. 

The remaining quantities used to evaluate the boundary layer heat 
flux equations are summarized in Table 111. 

TABLE I11 - INPUT PROPERTIES TO HEAT FLUX 
EQUATIONS (PAMETRIC STUDY) 

Property 1 Symbol I Value 

Specific heat 

Joules constant 

Gravitational constant 

Molecular weight 

Ratio of specific heats 

Constants for Sutherland's 
viscosity equation 

44.0 lb/lb - mole 

Transient Heat Conduction Equations - The temperature distribution 
within the canopy material was calculated on the basis of transient 
one-dimensional heat conduction within the multi-material canopy 
wall configuration with prescribed heating conditions at both the 
external and internal surfaces. A sketch of the heat balance model 
is shown in Figure 16. A heat balance is prescribed for each layer 
into which the multi-material canopy wall is divided on the basis of 

- - 
Qin 

- 
Qout Qs tored ' 616) 
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Figure 16 - Heat Balance Model 



The exact equations defining this heat balance at each layer are 
shown in Figure 16. The equations are coupled to the aerodynamic 
heating from the boundary layer at the outside surface by the 
external heat transfer coefficient and adiabatic wall temperature; 
and to the internal heating at the inside surface, by the internal 
heat transfer coefficient and the total temperature of the gas 
within the inflated canopy. 

Thermal Characteristics of Materials - The physical properties sf 
the HT-189-47 Nomex fabric considered in this investigation are 
listed ifi Table IV. While the thermal properties of the material 
are not known, the properties of a similar Nomex fabric were avail- 
able. The physical and thermal properties of this reference material 
and the Viton coating are also presented in Table IV. 

TABLE IV - PROPERTIES O F  PrlATERIALS 

C tem 

Weave I 

Twist 

W/A (oz/sq. yd. ) I 
~hickne'ss (in. ) 

Specific Heat 
(Btu/lb-F) 

Thermal conductance 
(Btu/hr-ft-F) 

6.3 warp 
6.3 fill 

See Figure 17 

No data available 
No data available 

See Figure 17 

P = 115 Ih/ 
eu. ft, 

0 - *  

*Data obtained from Reference 23 

The thermal conductance of the reference Nomex cloth is shown in 
Figure 17. Test data for the reference Nomex fabric showed a value 
of thermal conductance ranging from a low value of 0.008 Btu/hr-ft-F 
at 400F with vacuum conditions to a high value of 0.028 Btu/hr-ft-F 
at 700F with ambient pressure conditions. A thermal conductance of 
0.02 Btu/hr-ft-F was assumed for the study. This value of thermal 
conductance may be regarded as conservative since the application 
of the material takes place at a low pressure. 
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Figure 17 - Thermal Conductance of Nomex 

Heat Flux Rates - Figures 18 through 22 present heat flux rates 
versus time from deployment for the deployed AID trajectories 
presented in Figures 8 through 12 excluding the nominal trajec- 
tories of those figures. Heat flux rates are presented for each 
of the three canopy stations and the stagnation point. 

In general, the heat flux rates to the inflated canopy surface are 
higher than at the stagnation point of the vehicle and are the 
result of a turbulent boundary layer existing at the particular 
station. Deployment at a Mach number of 8 results in the largest 
heat flux inputs to the entry vehicle for all ballistic paremeters 
considered. The initial cold wall heat flux rate to the canopy 
surface varies from 5.0 Btu/sq. ft-sec to about 9.5 Btu/sq. ft-see 
as the ballistic parameter is increased from 0.3 slugs/sq, ft, to 
0.7 slugs/sq. ft. at a deployment Mach number of 8. These initial 
cold wall heat flux rates quickly decrease as the deployment Mach 
number is reduced for all ballistic coefficients considered, The 
heat flux is highest at Station 2 in all cases except for the BE = 
0.6 case where deployment at MD = 8 results in the highest heat 
flux rate occurring at Station 1, which in most cases was found 
to be in a laminar boundary layer zone. 
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While the internal heat flux rates have been accounted for during 
the current analysis, their contribution in raising the canopy 
temperature is minor compared to the external rates. 

Nomex Temperatures - The results of the thermal analysis have been 
summarized, as lines of maximum temperature superimposed on a Mach 
number - ballistic coefficient envelope for a given coating weight 
in Figures 23, 24, and 25. The Mach number-ballistic coefficient 
envelope was established by the deployment cases summarized in 
Table 11. The nominal deployment conditions are also denoted in 
Figures 23, 24, and 25. 

As indicated in Figures 23, 24, and 25, increasing the coating 
weight has the effect of increasing the Mach number at which deplay-  
ment can take place without exceeding the fabric temperature limita- 
tions. While certain of the temperature cases presented in Figures 
23, 24, and 25 are in excess of the "zero strength temperaturef" 
this does not imply such cases were considered in the subsequent 
stress and weight analysis. To insure that the fabric temperature 
limitations were not exceeded, a 600F working temperature limit 
was imposed on the Nomex during the weight analysis. 

The Nomex meridional tapes which overlay the fabric, were assumed 
to experience the same temperatures which the fabric sees, 

Figure 26 shows the effect that increasing the deployment Mach 
number has on the fabric temperature for a given BE and coating 
weight. Station S2 was selected, since for the case shown, S 2  
resulted in the maximum fabric temperature. As noted previously, 
station S2 results in the maximum heat flux rates and therefore 
maximum temperature in all cases except for BE = 0.6 slugs/sq, ff, 

Figure 27 shows the effect of station position on the fabric ternpera- 
ture for a given Mach number, BE, and coating weight. The reason for 
the temperature at station S1 being significantly lower than that 
at S2 and S3 is the existance of a laminar boundary layer at Sl, 
Also, the dynamic pressure decay after deployment is shown in Figure 
27. 

The relationship of the maximum temperature and dynamic pressure 
profiles must be considered when arriving at the "worst case" 
combination of the thermal and pressure loading on the eanopy. 
The approach used to determine the point where the worst case 
occurs is discussed in detail in the stress analysis section, 

E'iqure 28 shows a Mach number and ballistic coefficient, for a 
1.6 oz/sq. yd. coating weight, which resulted in 
experiencing the maximum temperature. Figure 2 
the effect of coating thickness in reducing the 

statioin S3 
9 shows 
fabric tem- 

perature for a given Mach number and BE. In this case, 
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F i g u r e  24 - T e m p e r a t u r e  Ef fec t s  on Deployment  Envelope  
(Viton Coating = 3 Oz/sq Y d )  
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Figure  28 - Nomex Cloth T e m p e r a t u r e  v e r s u s  T i m e  (B = 0 . 6 )  
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F i g u r e  29 - Nomex Cloth Tempera tu re  ve r sus  Time (B = 0. 7 )  
E 

where MD = 8.0 and BE = 0.7 slugs/sq. ft., 6.0 oz/sq. yd. of coating 
are required to reduce the Nomex below the 600 F working tempera- 
ture limit. The dashed curve on the figure shows the effect of 
increasing cloth weight to 4.6 oz/yd2 with 1.0 oz/~d2 Viton coating, 
Calculations indicate peak temperature is above the Nomex working 
temperature and is slightly hi her than the temperature of the 
2.3 0z/~d2 fabric with 3 oz/ydj coating. 

Stress Analysis 

The AID is basically a uniform-stress (isotensoid) structure as 
described in Reference 7. The isotensoid theory requires uniform 
stresses throughout the fabric with both principal fabric stresses 
(meridional and circumferential) being equal. Hence the excess 
meridional forces are carried by many meridional tapes overlaying 
the fabric. Additionally, the theory requires a constant tension 
over the entire length of the meridian. A discussion and develop- 
ment of the basic isotensoid relationships, are presented in Appendix 
B. Additionally, Appendix B presents the derivation of a merit 
function which will be used in the following parametric weight analysis. 



where 

The first and second terms on the right-hand side of Equation 17 
reflect the mass of the meridian cords and the mass of the fabric, 
respectively. Both of these terms and the coating required to 
provide thermal protection will be evaluated separately and l a t e r  
summed to determine the total AID weight for each of the depl-oyment 
conditions of Table 11. Certain of the quanities needed to 
evaluate the terms of Equation 17 are presented or derived in 
Appendix B. Letting Wn, denote the total meridian weight and sub- 
stituting the appropriate values presented in Appendix B into the 
first term of Equation 17, the following expression is obtained. 

Letting W* denote the total fabric weight, excluding any coating, 
and substituting the appropriate values presented in Appendix B 
into the second term of equation 17, the following expression is 
obtained 



Substituting the appropriate values from Appendix B into Equation 
18 the following expression is obtained: 

Further simplifing Equations 19, 20, and 21, respectively, the 
following relations are obtained: 

The above equations are for strength limited designs. For minimum 
gage designs the fabric weight becomes simply: 

When the fabric is minimum gage the use of equation (22) for the 
meridians may be unconservative because it implies the meridians are 
loaded at a fully stressed condition while the fabric may be at a 
lower stress. Hence, a strain incompatibility would exist, A can- 
servative assumption is to keep the ratio of meridian force to allow- 
able meridian force the same as the ratio of fabric stress to allow- 
able fabric stress. This implies strain compatibility between the 
fabric and meridian if both are assumed to have the same load-elonga- 
tion characteristics. This ratio is equal to the ratio of df given 
by strength limited considerations (eg. 24) to dm=,. Applying this 
ratio as a reduction in the allowable strength of the meridians the 
weight can be determined from equation (22) as 

- 5.811 kf 2 
wm - 0.1129 k (strain compatibility (25) 

c drnin for minimum gaqe 
fabric) 

where kf/kc is obtained from Figure 30 



The thermal analysis has been conducted for a 20-ft-diameter AID 
constructed of Nomex cloth weighing 2.3 oz/sq. yd. with Viton 
coating weights of 1, 3, and 6 oz/sq. yd. From Equation 25, the 
minimum gage fabric plus coating weight for each of the coating 
weights considered in the thermal analysis are: 

Wmfl = 1295.2 (2.:4: ')= 29.7ib(for 1 oz/sq yd coating); (26) 

'mf3 = 47.7 lb (for 3 oz/sq yd coating) ; ( 2 7  1 

and 

Wmf6 = 74.7 lb (for 6 oz/sq yd coating) ; (28) 

Heavier fabrics are required only when 

(e) KD 2 0.01415 lb/cu ft, 

which results by setting df = 2.3 oz/sq yd in  quat ti on 24. 

The left side of Equation 29 is time dependent since, after deploy- 
ment, the dynamic pressure (q) is continually decreasing until a 
terminal descent condition is reached and the strength-to-weight 
ratio (kf) decreases until the maximum fabric temperature is 
reached and then increases again as the fabric temperature decreases 
(see Figure 27). The point in time after deployment for which the 
parameter (q/kf) KD is a maximum represents the worst case or design 
condition for a particular deployment case. The maximum value of 
(q/kf) for a particular deployme.nt was determined by selecting, for 
several points in time between deployment and the maximum tempera- 
ture,values of dynamic pressure and the corresponding temperatures. 
From these temperatures, strength-to-weight ratios were determined 
from Figure 30 and the parameter (q/kf) evaluated, assuming a 600°F 
working limit for Nomex, for the maximum design factor (KD = 3 , 0 )  
of interest during this study (see Appendix B ) .  This evaluation 
indicated that minimum gage fabric provides sufficient strength in 
all cases. (See eq. 29). Therefore, the fabric weights for the T , O ,  
3.0, and 6.0 oz/sq yd coating weights are specified by Equations 26, 
27, and 28 respectively. 

The meridian weights for each deployment case, which must be added 
to the fabric weights in order to determine the total structural 
weight, can be determined by evaluating Equation 22 (strength limited) 
and equation 26 (strain limited) for R = 10 ft., the values of (q/kc) 
max presented in Figure 31 and the range of design factors of interest, 
Figure 32 through 36 present the results of the meridian weight calcu- 
lations. Results are not presented for cases in which the 600F working 
limit temperature was exceeded (see Figures 23, 24, and 25), 
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Figure  3 3  - T o t a l  Meridian Weight Versus 
Deployment Mach Number (BE = 0 . 4 )  - 
Mars Atmosphere 
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Figure 36 - Total Meridian Weight Versus 
Deployment Mach Number (BE = 0.7) 
- Mars Atmosphere 



The upper curve on the figures is the meridian weight corresponding 
to minimum gage fabric for which strain compatibility of themeridians 
and cloth is maintained. A minimum gage constraint is implicit in 
the isotensoid requirement of equal strain in both the fabric and 
meridians as noted previously. Since, this study involves Nomex 
fabric as well as Nomex meridians, each is assumed to have cornpar- 
able load-elongation characteristics. To maintain strain compat- 
ibility with the 2.3 oz/ yd2 Nomex the meridian strengths may be 
much stronger than is required from a load standpoint as is evident 
on Figures 35-45. However, a meridian of less strength would allow 
an elongation in the meridian greater than that in the fabric, result- 
ing in a redistribution of the stresses in the meridian and cloth, 
The redistribution would result in a more highly stressed cloth 
than indicated by the isotensoid theory. The minimum AID structural 
weights possible, using Nomex meridians with the 2.3 oz/sq. yd, Nomex 
fabric are presented in Table V. 

TABLE V - MINIMUM AID STRUCTURAL WEIGHTS FOR 14ARS ENTRY 



IV DESIGN POINT ANALYSIS 

Trajectory Analysis 

Initial Deployment Condition - As noted previously, the design 
point analysis was conducted in order to determine the limiting 
state-of-the-art test point in the earth atmosphere. Two vehicle 
ballistic coefficients were examined for two fabric-coating corn- 
binations over the range of deployment conditions presented in 
Table VI. 

TABLE VI - AID Deployment Points In Earth Atmosphere 

Dynamic 
p res su re ,  

qD 
(psf)  

Ballist ic 
coefficient, 

BE (slugs/sq f t )  

En t ry  
velocity,  

v 

The six trajectories generated from the initial conditions stated 
in Table VI are shown in Figures 37 through 42. The trajectory 
computations for each condition were terminated when a Mach number 
of 1.5 was reached. 

Entry  
angle, 

L 
(deg) 

Equations, Pressure Distribution, and Atmosphere - The pressure 
distribution and the equations used for the thermal analysis were 
essentially those used for analyzing the canopy in the Mars atmos- 
phere. The exceptions are the atmosphere (which in the case was 
the 1962 Standard Earth atmosphere) and the viscosity equation 
(which was basically Sutherland's equation for air rather than 
carbon dioxide). The quanities used to evaluate the heat flux 
relations for the design point analysis are summarized in Table 
VII. 

Mach number,  

M~ 

Altitude, 
Z 

(f t )  
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F i g u r e  4 1  - T r a j e c t o r y  Da ta  (Condit ion 5)  





TABLE VII - INPUT PROPERTIES TO HEAT FLUX EQUATIONS - 
EARTH ATMOSPHERE (DESIGN POINT STUDY) 

Property 1 Symbol 1 Value 

Specific heat 

Joules constant 

Gravitational constant 

Molecular weight 

Ratio of specific heats 

Constants for Sutherland's 
viscosity equation 

Thermodynamic Analysis 

Material Configurations - Two different material configurations 
were used for the canopy. The first configuration represents a 
minimum weight configuration, that of a   om ex weight bf 2.3 oz/ 
sq. yd. and a Viton coating weight of 1.0 oz/sq. yd. distributed 
equally on both sides of the Nomex cloth. The second material- 
configuration consisted of the same Nomex cloth; however, the 
outside coating was increased to 4 oz/sq. yd. while the inside 
coating was raised to 2 oz/sq. yd. 

Nomex Temperatures - Typical temperature versus time histories of 
the Nomex fabric are shown in Figures 4 3  through 45. These cases 
were selected for presentation because they represent the limiting 
cases for each set of deployment conditions considered. 

The temperature history of the canopy for a deployment Mach number 
of 4.5, a BE = 0.4 slugs/scr. ft., and the minimum weight fabric- 
coating combination is presented in Figure 43. The temperature at 
station S1 is sgnificantly lower than that at S2 and S3 due to the 
existance of a laminar boundary layer at S1. 



F i g u r e  4 3 - Tempera tu re  v e r s u s  T i m e  f r o m  Deployment 
(Viton = 1 Oz/sq Yd and BE = 0 . 4  slugs/sq Ft) 



F i g u r e 4 4  - T e m p e r a t u r e  v e r s u s  T i m e  f r o m  Deployment  
(Viton = 1 Oz/sq  Yd and B, 2, = 0 . 6  s l u g s / s q  Ft) 





Figure 44 indicates that for MD = 4.5 and B = 0.6 slugs/sq. ft. 
the temperature is a maximum at station S3. The temperature at 
station S1 reflects initial heating rates resulting from a 
laminar boundary layer which after 5 seconds transitions to a 
turbulent layer. 

A more drastic effect of boundary layer transition and the result- 
ing heating rates on the canopy fabric is shown in Figure 45. 
Stations S1 and S2 are initially subjected to heating rates from 
a laminar boundary layer, which then transitions to a turbulei~t 
boundary layer. 

The maximum Nomex temperatures reached for the deployment conditions 
of Table VI and the two material configurations are presented in 
Figure 46. If it is assumed that the limiting working temperature 
of Nomex is 600 F, then the maximum deployment Mach number is about 
5.0 for a vehicle ballistic coefficient of 0.4 and a Mach number of 
about 4.65 for an entry vehicle ballistic coefficient of 0.6. Both 
of these conditions consider only the 3.3 oz/ sq. yd. canopy 
material. The deployment Mach number range is increased to MD = 6,7 
and M = 5 . 8  for ballistic coefficients of 0.4 and 0.6, respectively, 
when ?he coating weight is increased to 6.0 oz/sq yd. 

Discussion of Alternatives - Several alternatives to increasing the 
coating weight are available. For example, the flight path angle 
can be decreased to reduce the magnitude of the heat flux rates, 
but the time of heating will be increased. A decrease in deployment 
dynamic pressure at the same deployment Mach numbers would in effect 
decrease the magnitude of the heating rates through an increase in 
the deployment altitude. Similarly, combination changes in flight 
path angle and dynamic pressure in the same directions discussed 
above would result in lowering the heating rates. 

Structural Weight Determination - The structural weight equations 
previously derived for the parametric study apply here to the 
specified design point conditions. The equation for the total 
fabric weight that includes Nomex cloth plus Viton coating is from 
Equations 23 and 24: 

where 

W c1 = 8.99 lb for a unit coating weight of 1 oz/sq. yd., 

WC6 = 53 .97  ib for a unit coating weight of 6 oz/sq. yd 



D Y N A M I C  P R E S S U R E  = 6 0  P S F  

F L I G H T  P A T H  A N G L E  = 80 D E G  

C O M P O S I T E  

D E P L O Y M E N T  M A C H  NUMB E R ,  MD 

Figure 4 6 - Maximum Nomex Temperature versus  Mach Number  - 
Earth Atmosphere (Viton l.G and 6.0 oz/ sq yd 1 



For the deployment conditions of Figure 46, for which the fabric 
temperature remains below 600 F, the maximum value of (q/kf)KD 1 for a design factors of 3.0 is less than 0.01415 psf. Therefore, 

I I the 2.3 oz/ sq. yd. Nomex provides sufficient strength for all 
I cases resulting in temperatures below the working temperature 
/ limit. 

1 The corresponding total fabric weights for this cloth and the 
I above two coatings then are given by Equation 30 as, 

Wmfl = 20.69 + 8.99 = 29.7 lb (for 1 oz/sq. yd. coating). 

I and 

Wmf6 = 20.69 + 53.97 = 74.7 lb (for 6 oz/sq. yd. coating), ( 3 2 )  

The total meridian weights also have been defined for the design 
point conditions using the previously derived equation, 

Wm = 5811 Kg 

(<) max 

1 This equation was used to generate the meridian weight. curves of 
Figures 47 and 48 over the deployment Mach number range from 
MD = 3 to the Mach numbers for which the cutoff temperature of GOOF 
occurred. 

Also shown on each figure is the meridian weight curves for which 
strain compatibility of meridians and cloth is maintained. Thus, 
the upper curve is based on meridian stiffness requirements whereas 
the lower curves are based on strength requirements. Assuming 
strain compatibility is required,the minimum AID weights possible, 
using Nomex meridians and the 2.3 oz/sq. yd. Nomex fabric, for the 
deployment conditions of Table VI are presented in Table VIII. 

TABLE VIII - MINIMUM AID STRUCTURAL WEIGHTS 
FOR DEPLOYMENT IN EARTH ATMOSPHERE* 

1 *Deployment dynamic pressure is 60 psf 



1.0 Oz/Sq Yd COATIN 
I 

--- 6.0 Oz/Sq Yd COATING 

DEPLOYMENT MACH NUMBER, MD 

Figure 47 - Total Meridian Fleight 
Versus Deployment Mach 
Number (BE = 0.4) - 
Earth Atmosphere 



1 . 0  O z / S q  Y d  COATING 

--- 6 . 0  O z / S q  Yd COATING 

NOTE: KD = 1 . 5  

F i g u r e  4 8  - T o t a l  I l e r i s i a n  Weight 
V e r s u s  D e p l o y m e n t  K a c h  
M u r n b e r  (B = 0 . 6 )  - 

E 
E a r t h  A t m o s p h e r e  



V. CONCLUSIONS 

Thermal and stress analysis have been conducted for an AID deployed 
in both the Mars and Earth atmospheres. The following conclusions 
can be drawn from these analysis: 

1. Deployment of the AID in the Mars Min H p  atmosphere is 
feasible using existing technology over the range of 
parameters considered (i.e., 0.3 C BE 10.7 slugs/sq, ft, - 
and 3.0 d MD 5 8.0). - 

2. A minimum coating weight (1.0 oz/sq. yd.) needed to provide 
an air tight fabric structure was shown to provide thermal 
protection for the fabric over the entire range of entry 
ballistic coefficients considered for deployment Mach numbers 
up to 6.7. A coating of 6.0 oz/sq. yd. was found to provide 
thermal protection over the entire range of parameters con- 
sidered. 

3 .  For 6 oz/yd2 coating deployment of the AID in the Earth atmos- 
phere is feasible for BE = .4, qD = 60 psf and MD up to 6-7; 
and for BE = .6, qD = 60 psf and MD up to 5.8. 

4. The assumption of equal load-elongation characteristics of 
the fabric and meridians and the requirement of strain com- 
patibility may result in meridian weights an order of magni- 
tude heavier, for certain cases of the Mars entry study, than 
would be dictated on a strength basis. The actual allowabie 
strain relationship between bias-layed fabric and meridian 
tapes must be determined from laboratory tests. 



I 1  
?4 INIMUM H 

I S  
PIODEL ATMOSPHERES 

I 

I 

1 1  The data on the following pages for minimum scale height atmosphere 
I were taken from Mars Engineering Model 1475-125-0 (dated 13 March 
1 

/ 
I 

I 

I 
I 

I 

1970). This model was prepared by the Viking Project Office of 
Langley Research Center. 
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APPENDIX B 

DEVELOPMENT OF ISOTENSOID AND MERIT FUNCTION RELATIONSHIPS 

Determination of Isotensoid Shape - Of the two major categories 
of inflatable drag devices, parachutes and Ballutes, the AID is 
a type of tucked-back Ballute. The profile of the rear surface 
of the AID does not intersect the axis of rotational symmetry, 
but is terminated at specified radial and longitudinal boundaries. 
Similarly, the forward profile may be terminated at desired 
attachment locations on the payload. Reference 7 presents the 
original derivation of the basic isotensoid equations that define 
the aerodynamic shapes of Ballutes. Typical AID profile curves 
are shown in Figures 49 and 50. By joining rear profile curves 
from Figure 49 to the corresponding forward profile curves that 
are similar to those of Figure 50 (with the juncture at the 
equator, that is, X/R1 = l), a complete AID profile can be obtained. 
This task has been accomplished, and the results are shown in 
Reference 9, Figure 4. 

The shapes in Reference 9 were calculated by a computer program 
based on the shape equations of Reference 7. The computer pro- 
gram provides an expedient means of iterating between the 
aerodynamic loading and isotensoid shape. The program utilizes 
a theoretical aerodynamic pressure distribution to calculate an 
initial isotensoid shape. The initial shape can then be used to 
refine (either by theory or experiment) the initial pressure 
distribution for use in an iteration to a second isotensoid 
shape. The iteration process is repeated until satisfactory 
correlation is obtained. 

The term isotensoid was coined by Schuerch (Reference 25), and 
U.S. Patent 3,121,451 concerning isotensoid structure has been 
issued to him. 

Isotenoid construction is readily applied to pressure vessels 
wherein the principal membrane stresses are given by the well- 
known equilibrium membrane equation (Reference 26). Isotensoid 
construction as usually applied to internal pressure vessels 
implies a filament wound structure in which a continuous filament 
is everywhere loaded by internal pressure to an identical stress 
level. The construction is possible because according to 
Reference 27, the principle membrane stresses, N and Net which 
are at right angles to each other at any point a !f! ways can be 
replaced by two equal stresses, f, not at right angles as shown 
in Figure 51. 

The required bias angle,P, for equilibrium can be derived from 
Figure 5 1  as follows: 



F i g u r e  49 - P r o f i l e  C u r v e s  f o r  p /k = 1 and Var ious  Values of 
k + p ( R e a r  P r o f i l e )  



X/ R 

0 0.2 0.4 0.6 0.8 1 .O 
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-0.2 

-0.4 

-0.6 

-0.8 

-1  .o 
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-1.4 

N U M B E R S  ON C U R V E S  A R E  V A L U E S  O F  k - fJ 

-1.6 

F i g u r e  50 - P r o f i l e  C u r v e s  f o r  p /k = 0 . 5  and p/k = - 0 . 7  and 
V a r i o u s  Values  of k + p ( F o r w a r d  P r o f i l e )  



( A )  U N l T  ELEMENT (8) TWO THREAD SETS 
IN UNlT  ELEMENT 

Figu re  5 1 - Orthogonal S t r e s s e s  N and N Equivalent to b 8 
Nonorthogonal Se t s ,  cr , at Angle /3 

By summing forces in the principal 4 direction, the stress, f, 
in one thread set acts on the cut length AA of Figure A-3, which 
is simply sin ,8, Since the other thread set is identical and 
acts on the length A'A' that is also sin b, equilibrium in the ej 
direction is simply, 

Similarly, by summing forces in the principal 8 direction, 

2 
2fcos ,!? = N o .  (35 j 

Then by dividing Equation 34 by Equation 35, the result is 

2 N 
tan = (see Reference 27) . 



Schuerch (Reference 25) and others (Reference 28 and 29) have 
shown that there are pressure vessels with a geometry of the 
structural surfaces that may be formed by winding a single fila- 
ment in such a way that Equation 3 6  is satisfied at each point 
on the surface. For example, three shapes that can be construc- 
ted ideally by filament winding are the cylinder, the geodesic 
ovalid, and a toroid that is not circular in cross section, 

The AID described in this report is a pressure vessel and a toroid 
of noncicular cross section. However, the basic equations 
(Reference 7) for determination of its shape involve two varia- 
tions on the above discussed filament winding concept. 

Unlike a pressure vessel that is subjected to a uniform internal 
pressure, the aerodynamic external pressure distribution acting 
on the forward decelerator surface varies along the meridian, 
Hence, the gage pressure (that is, the constant internal pressure 
minus the variable external pressure) is a function of geometry 
and must be treated as such during the integration of the membrane 
equilibrium equations. 

Although the addition of a burble fence (see Reference 9) was not 
originally considered in Reference 7, it has since been incoc- 
porated for subsonic stability as previously noted. The aerodynamic 
drag load on the burble fence is considered as a tangential, con- 
centrated line load acting at the maximum decelerator diameter, 

The underlying concept that allows the decelerator to be fabricated 
of a woven cloth rather than being filament wound with a varying 
warp angle and still satisfy Equation 3 6  is the addition of an over- 
lying layer of closely spaced cords oriented parallel to the principal 
meridian stress direction. By considering these cords as a third 
set of threads oriented at 45 degrees with the two thread sets of 
the woven cloth, a variable principal stress ratio can be considered 
by taking a 1:l ratio in the woven cloth layer to satisfy Equation 
35 and then allowing the remaining part of the meridional principal 
stress to be carried by the meridian cords. This is illustrated by 
static equilibrium of the three-thread set element shown in Figure 
52. 

Applying Equation 35 to Figure 52b gives, 

Let fs denote the stress in the meridional thread set. Then, with 
reference to Figure 52 c, 



N4 

WHERE P-Q)  > N 0 

Figure  52- F o r c e s  on Three-Thread Set Element 

Adding Equation 37 and 38 gives 

To actually achieve the above imposed stress relations between 
the bias threads and the meridian threads, the deformations of 
each of these two elements must be equal. First, consider the 
growth in the bias unit element in Figure 52. Since by 
Equation 37, f = Ne, and strains, E, are also equal in all 
directions, then 

The meridian unit element of Figure 52 is free to deform in the 
8 direction, and there is no problem in matching the E of the 8 bias element. However, the E of this element must be equal to B that sf the bias element. In other words, as seen from Equation 40, 
the unit elongation of a meridian thread must be equal to that of 
a bias thread. During the design of an AID, this necessary 
condition must be checked when selecting materials for the bias 
cloth and the meridian cords, 



Unlike the uniformly spaced threads in the woven cloth, the 
meridian thread set appears in the form of cords that vary in 
spacing with the location on the surface of revolution, To 
maintain a constant stress level in the meridian cords, the 
tension in each cord, T,, must be considered. Let x be the 
radial location of the element of interest and n be the total .  
number of meridian cords around any great circle cut by a 
plane normal to the axis of revolution. Then, fs in Equation 
39 may be replaced by, 

Finally, the two basic isotensoid stress relationships used 
for development of decelerator shapes are given by Equations 3 7 ,  
39, and 41. 

and 

The equations for shape determination then are given by simply 
substituting the above principal stress relations into the 
well-known membrane equilibrium equations (Reference 2 6 )  that 
then define the required principal radii of curvature at any 
point and can in turn be integrated to ultimately define the 
coordinates of the meridional profile. These derivations may 
be readily followed in References 7 and 9. Both of these deriva- 
tions nondimensionalize the fabric stress and the cord tension 
with respect to a reference pressure, p, and the maximum radius 
of the decelerator surface, R (see Figure 53). The no;ndirnensional 
fabric stress and the nondimensional cord tension ace defined as: 

and 



Figure 53 - Cross-Section of AID 

The above reference pressure is defined as equal to the internal 
pressure minus the external aerodynamic pressure over the rear 
surface of the decelerator that is considered to be uniform; that 
is, 

~erivation of a Merit Function - Various configurations may be 
considered during the design of an AID. The range of AID profile 
shapes results from the isotensoid approach wherein arbitrary 
stress ratios may be imposed and corresponding envelope shapes 
that are compatible with the aerodynamic loadings then may be 
determined. 



A simple example of the freedom in specifying a stress ratio is 
seen by applying Equations 4 2  and 4 3  to the rear surface of a 
plainback (dome) Ballute. By substituting the nondimensional 
quantities of Equations 4 4  and 4 5  into 4 2  and 4 3 ,  and then 
dividing, the following relation is obtained: 

An infinite number of dome shapes results simply by setting any 
stress ratio between the limits 0 1 Ne/Ng 6 1. The lower limit 
yields the well-known Tayler dome (Reference 30) that originally 
was derived for the shape of parachute canopies. As seen in 
Equation 4 7 ,  the fabric stress, f, for the lower limit must be 
zero for Ne = 0 and the meridian cords carry the entire rneridional 
load so that 5 = 2  x N / ~ ' 2 .  Also, since T is constant for the 
isotensqid Taylor dome? - Equilibrium at the equator (x = R') gives, 

N~ 
= / 2  so that, T = 1. SimilarLy, the upper limit of N /'N = I 

y elds a hemispherical dome where T = 0 and f = 1. @ a 

The freedom of specifying f and T between the limits of 8 and 1 
leads to the need to have some convenient means of comparing the 
structural efficiency of various resulting AID shapes. Such a 
means is provided by considering the structural ballistic coeffi- 
cient (See Reference 31). Since the primary function of the AID is 
to provide deceleration, a high aerodynamic drag is desired, The 
drag capability is commonly referenced to a drag coefficient multi- 
plied by some reference area, i.e., CDA. The structural ballistic 
coefficient becomes simply WS/C~A, where WS is the AID strueturaB 
weight only and is to be minimized with respect to the drag area to 
obtain an efficient design. Substitution of the equation for the 
structural weight based on the isotensoid analysis along with the 
drag coefficient that is compatible with the isotensoid shape gives 
an expression for the structural ballistic coefficient. 

The structural weight of an AID type decelerator, wherein an isotensoid 
analysis is employed to determine the aerodynamic shape, may be 
expressed as follows: 

where Kc is introduced to account for additional fabric. 



The unit weights of the cloth (df) and of the meridian cords ldmB 
are simply equal to their required ultimate strengths dividedl by 
the strength-to-weight ratios of the materials employed. In the 
event that these unit weights are less than can be obtained due 
to minimum gage, that is, manufacturing considerations, the latter 
minimum gage unit weights must be used. This study assumes that 
only the cloth weight may be dictated by minimum gage with th~e 
meridian cord weight being that required for strength considerations, 
The required unit cloth and meridian cord weights are then, respec- 
tively, 

- K ~ f  
df - 5- 

(49) 

and 

Where KD is a design factor that converts both the limit cloth 
stress and the limit meridian cord tension to the required 
utlimate strengths. 

In this study, KD is actually equivalent to a factor of safety 
since strength reduction due to elevated temperature will be 
accounted for in the strength-to-weight ratios of Figure 30. 
Also, seam efficiency for the cloth is obtained by using the 
seam curve of Figure 30. Splice efficiency of the meridian cords 
is taken as 100 percent. Any other strength reductions incurred 
for a particular application, for example, due to sterilization, 
calendering of cloth, abrasion, etc., are not considered. 

From equation 44, 

Letting the parameter v = R-RV/2R', the following relation can 
be obtained: 

Substituting Equation 52 into 51 yields, 

Substituting Equation 53 into 49 yields: 



Following a similar procedure to that above, dm is 

The burble fence is considered to introduce a concentrated Pine 
load around the equator (at x = R ' )  of the AID that causes higher 
fabric stresses and meridian cord tensions in the forward surface 
than in the aft surface. Let the subscripts f and r denote the 
forward and the aft surfaces, respectively. The nondimensional 
stress and load parameters then take on two values each, In this 
study the following relationship is considered: 

(See Reference 9) 

where 

T f >  and Ff > Zr 
The larger of the values for T and f will be used in conjunction 
with the entire surface area and entire meridian length to 
simplify the calculation procedure. 

The burble fence is constructed of fabric only, the unit weight sf 
which is conservatively assumed to be equal to the unit envelope 
weight, df. Although the cross section of the burble fence is 
tailored to be a portion of a toroid, its surface area is based 
upon a complete torus. This shape is considered to be a clsse 
approximation. The surface area, Ab, then is 

or, by substituting the parameter,q , gives, 

  he structural weight is given by substituting Equatioins 55 and 
56 into Equation 48, 



Referring to Figure 55 ,  the drag on the AID can be expressed as, 

where ( = Ra/R. 

It is of interest to consider the relationship of the AID'S drag 
coefficient as defined above to the aeroshell's drag coefficient 
CD , and the total drag coefficient, C , that is based on the 
a D~ 

total frontal area, AT. Then, 

Substituting Equation 5 8  into Equation 5 9  and solving for CD yields, .. 

Mutliplying the right side of Equation 57 by vw @ and 
dividing both sides by Equation 58 .  

Reducing and rearranging ~ ~ u a t i o n  61 



From Equation 52, 

Substituting the above relation into Equation 62 gives 

Equation 63 is the same expression presented in Equation 8 of 
Reference 31 since there is no tow line in the case of the AID; 
that is, it = 0 in Equation 8 of Reference 31. 

The basic expression for d was given in Equation 54. For use 
in Equation 63, Equation 5z is multiplied and divided by q and 
the square root of the AID drag area. Also, because of lobing, 
the actual fabric stress is higher than is reflected in Equation 
54. Hence, the factor, ,!? , is introduced. Therefore P 

Evaluation of some merit function parameters - As previously noted, 
the AID-vehicle profile considered herein is essential]-y the s m e  as 
that developed in Reference 14 (with the exception of the forward 
and aft termination points). Therefore, certain of the quanities 
needed to evaluate the above merit function have been previously 
derived and are summarized in Table X, with an appropriate reference 
noted. The remaining quanities needed to evaluate the merit fraction 
are determined below. 



Table IX - AID Configurational properties 

- 
T = 0.52 (from Reference 14) 
- 
f = 0.10 (from Reference 14) 

It = 0 (there is no towline) 

9 = R R R '  
2R' = 0.05 (from geometry of Figure 15 of this report) 

& = 0.44 - = 0.40 (from geometry of Figure 15 of this report) 1.1 

P = 1.92 (from Reference 2, Figure 16) 
9 

'D = 1.5 (from Reference 2, Figure 15) a 

'DT = 1.14 (from Reference 2, Figure 17) 
, 

The profile developed in Reference 14 is presented in Figure 54 
along with its line section properties that are needed in the 
following calculations. It should be noted that while the coor- 
dinate system used in Reference 14 has been used in Figure 54 for 
convenience, its use does not affect the resulting values needed 
in the evaluation of the merit function. Points 1 and 2 of Figure 54 
denote the termination points of X/R' = 0.44 and X/R' = 0.15, 
respectively, for the current profile. The corresponding meridian 
length and surface area are very closely obtained by simply sub- 
stituting the proper values based on the curved lengths between 
the abscissa and these points from the above values. 

The forward subtracted meridian length and area are: 

and 





The a f t  s u b t r a c t e d  l e n g t h  and a r e a  a r e :  l r / R 1  = 0.36, and A~/R" = 
n (0.13 + 0.15) (0.36) = 0.1583. Therefore ,  t h e  meridian l e n g t h  

and s u r f a c e  a r e a  of t h e  c u r r e n t  p r o f i l e  a r e :  l m / R 1  = 2.90011 - 
0.0604 - 0.36 = 2.479, and A f / n  R ' ~  = 1 / 7 1  (9.439 - 0.1565 - 0.1583) = 
2.904, 

and 

Next cons ide r  t h e  parameter  t h a t  a l lows  f o r  an i n c r e a s e  i n  f a b r i c  
stress over  t h e  t h e o r e t i c a l  va lue  of f  due t o  l ob ing .  The ma.ximum 
s t r e s s  due t o  l ob ing  i s  d i scussed  i n  d e t a i l  i n  Reference 1 4  where 
i t s  nondimensional va lue  i s  equa l  t o  0.1294. S ince  t h e  same shape 
a p p l i e s  h e r e ,  t h i s  va lue  may be used and f o r  ? = ,/- 

Next c o n s i d e r  t h e  c o n s t r u c t i o n  f a c t o r ,  Kc ,  t h a t  accounts  f o r  t h e  
a d d i t i o n a l  f a b r i c  r e q u i r e d  f o r  l ob ing  and seams a long  wi th  sewing 
t h r e a d s .  The a d d i t i o n a l  f a b r i c  i s  determined by comparing t h e  
a r e a s  of t h e  gore  p a t t e r n s  wi th  t h o s e  of t h e  i s o t e n s o i d  body of 
r e v o l u t i o n .  From Reference 1 4  t h e  fo l lowing  geometr ic  p r o p e r t i e s  
a r e  ob ta ined  from t h e  f i v e - f o o t  d iameter  AID wind t u n n e l  models: 

R = 30 i n .  , 
R '  = 27.2 i n .  , 
Q = 0,05147 ; 

and 

Af = 6180 sq .  i n .  , 
Ab = 4 n 2 q  (1 + Q ) R ' ~  

= 2.136 R ' ~  

= 1580 sq .  i n .  , 
A + Ab = 7760 sq .  i n .  , f  

This  va lue  f o r  t h e  a r e a  compares t o  t h e  a c t u a l  gore  p a t t e r n  a r e a  of; 

Envelope go res  = 7457 sq .  i n .  , 
Burble fence  go re s  = 2027 sq.  i n . ,  and 

Reinforcements = 874 sq.  i n .  
= 10,358 sq .  i n .  



Hence the construction factor becomes, 

Assume five percent to account for sewing threads; then 

From Equation 60, 

Finally, the total projected area of the AID is. 
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