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NONENCLATURE

D	 Diameter

h	 Heat transfer coefficient
P	 Pressure
q	 Heating rate
r	 Local radius
R	 Total body radius
T	 Temperature

%	 Axial distance from brake face

a	 Angle of attack

P	 Radiative cooling parameter
e	 Emissivity

P-	Ratio of freestream over post shock density
b	 Shock stand-off distance

SUBSCRIPTS

r	 Radiative
o	 Brake center
P	 Payload

ref	 Per Fay and Reddell Hemisphere of brake diameter

W	 Wall
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DrrR UCTION

Asroassisted orbital transfer vehicles (AOTN) could be the key to signifi-

cant reductions in fuel and increases in payload for orbit changing vehicles.

The reusable aeroassisted orbital transfer vehicle substitutes aerobraking in

the upper atmosphere for conventional retro-rocket barns to reduce its speed as

it returns from high orbit to low Earth orbit.

To achieve geosynchronous orbit, an AOTV must provide an additional 14,000

fps. to the 25,000 fps. velocity attained by the Space Shuttle. To return to

low Earth orbit, an additional 14,000 fps. increment from aerobraking or the

propulsion system is required. In order to make large plane changes, it is

desirable to move from geosynchronons orbit to an orbit of 5 times as high to

make the plane change. This condition provides the most severe aerothermal en-

vironment during the high altitude aerobraking maneuver.

The current work focuses on the aerothermal environment to a configuration

with a brake face which exhibits a low lift-to-drag ratio (L/D) of below 0.75.

The 5 times goosyuchronous (5 x Goo) orbit entry was selected as the design tra-

jectory. The available data base and math model is discussed. The resulting

preliminary design environment is documented. Recommendations as to how the

design environment may be improved through technological advances are given.
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SECTION 2.0

AOTV DATA BASE

An initial wind tunnel test was conducted to obtain heat transfer data of

the lifting brake concept of the AOTV. This data is presented in Ref. 1 and 2

where Ref. 2 contains the entire data base. The geometry of this concept is

shown in Fig. 1. The brake face is deployable and consists of a rib structure

covered by fabric. The payload is cylinderical in shape.

Phase change paint was used to o.-tain the brake face data of Ref. 2. The

peak heating rate trends with angle of attack are shown in Fig. 2 and 3. The

maximum heating rate occurs at the location on the adge where the shape changes.

The trajectory used for design is discussed in detail in Section 3.0. This tra-

jectory is for a constant angle of attack of 15 degrees. Consequently, the data

examined herein is primarily for the 15 degree angle of attack situation.

The heating distribution to the windward line of the brake face is shown in

Fig. 4. In order to obtain the complete distribution on the face, both paint

data and thermocouple data were used. The paint data line shown in Fig. 4 is

the faired cross plot line from Fig. 3. In order to obtain the heating distri-

bution around the edge of the vehicle, the two-dimensional model data was used.

The 2-1) data is plotted in the lower half of Fig. 4 where the 2-D distribution

was translated to match the axisymmetrie paint data line: The translation is a

factor of 1.46 which is in the right range of 2-D to axisymmetric factors

(i. e. between V-2 and V-3).

The heating distribution to the windward line of the payload is shown in

Fig. 5. The paint and thermocouple data agree rather well for the cylinderical

4
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r
payload geometry. The coordinate Z begins at the front face of the brake and

extends through the axis of symmetry cf the payload. The high heating on the

payload is caused by shear layer reattachment. The maximum heating amplifica -

tion is a strong function of angle of attack as seen in Fig. 6. Any practical

angle of attack will have a significant reattachment heating amplification.
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SECTION 3

CALCULATION PROCELIP RE

3.1 Trajectory

The heating to the AOTV is quite trajectory sensitive. The ceramic cloth

radiative structures proposed for the AOTV are sensitive to heating rate rather

than heating load. Consequently, the deeper the dive into the atmosphere, the

more severe the design requirements.

In order to establish a design trajectory, the highest entry heating condi -

tions were sought. It appears, at this time, that the return from five times

geosynchronous orbit is the most severe aerothermodynamically. The design tra-

jectory altitude and velocity profiles are shown in Figs. 7a and 7b. This tra-

jectory is for the configuration shown in Fig. 1 flown at an angle of attack of

15 degrees. The standard 1962 atmosphere was used to generate the trajectory

and therefore, it was used to calculate the heating. A tabular listing of the

trajectory is contained in the environment tables given in Appendix B.

3.2 Methodology

All of the measured heating data had been nondimensionalized by the Fay and

Riddell stagnation paint heat transfer coefficient for a sphere with the same

radius as the brake. Thus, for flight application, the convective heating

values were determined by the Fay and Riddell value for the full scale brake ra -

dius times the local heating ratio determined from test conditions. The assump-

tion made is that the method of Fay and Riddell scales the tunnel data from tun-

nel to flight. This appears to be a reasonable approximation for a preliminary

6
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design since the peak heating occurs in tbo boundary layer regime. The brake

face as a radiative cooled structure is peak rate sensitive rather than load de-

pendent. The load would be influenced by rarefied flow effects which were not

accounted for in this design onvironment.

The heating ratios from tunnel conditions were determined for the brake

face from Fig. 4 and the payload from Fig. S. These ratios are tabulated in

Table 1 for the design body points. The body point nomenclature developed for

the lifting brake AOTV is as follows:

Brake face:

'w
	 zzzyy

where	 zz: - location in degrees

yy - r/R z 100

Payload:

zzzyy

E,
	 where	 zzz - 500+ location in degrees

yy - x/Dp x 10

The radiative heating rates are based on the radiative heating code, RAD-

COR, developed by Engel (Ref. 3). The computer program RADCOR can be used to

compute radiative heating rates at the stagnation line. Heating rate calcula-

tions are based on a radiative cooling parameter correlation which is used in

conjunction with an isothermal slab radiation calculation made in the program.

The isothermal radiation calculation is made for post shock thermodynamic and

species levels. The heating at the point in question is only dependent on the

stand-off distance and free stream conditions. This program provides the capa-

bility of rapidly estimating radiative heating rates at the stagnation line.

7
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The basic assumptions of the calculation are:

1. The shook layer can be approximated locally as an infinite plane slab.

2. The shock stand-off-distance is computed using

b/R - 1.03/(1/P-1)'S for a flat face

3. Line and continuum radiation of species 0 and N are included.

4. Continuum iadistion of species 02 and N2 are included.

S. The surface radiative flux can be computed from the isothermal flux

using a radiative cooling parameter correlation.

The princille option of the program computes the surface radiative heating

for an air atmosphere using the following computation sequence. First, the

Rank ine-Rugoniot equations are solved using the air thermodynamic properties of

Hansen (Ref. 4). Second, the shock stand-off-distance is computed. Th!rd,

using the stand-off-distance and post shock species composition from the solu-

tion of the Rankine-Hugoniot equations, the isothermal radiative flux is comput-

ed. Fourth, the radiative cooling parameter, r , and surface radiative nesting,

qr, are computed using the following relations from Ref. S.

(qr)
isothermal

r

	

	 j	 .04 < r < 1.0

1/2 p U
co	 Go

a_r = (0.2 - 0.295 log s
, r)(qr) isothermal

This correlation was compared with shock tube radiative data in Ref. 5.

One of the primary assumptions used in the reference shock layer radiation

calculations is the stand-off-distance. The relationship used is for a flat

faced cylinder. This is most likely conservative relative to the

f
8
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stand—off—distance for the brake at angle of attack. Shadowgraph or schlieren

date for the shock shape are required to improve this assumption.

In order to obtain the radiative distribution on the frost face of the

brake, the following approximations were made. Since the shock layer is a fin -

ite slab of radiating gas rather than a semiinfinits slab, the radiative flux

was reduced linearly from center to edge of the brake. The radiative flux is

proportional to the shock layer pressure level. These two effects were combined

to obtain the distribution relation

qr/qro - 
(PIPe)( 1 — 0.5 r/&)

It k
	 By using the experimental pressure distribution for a - 15 degrees, the radia-

tive flux ratio given in Table 1 were determir6 d.

L
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SECTION 4

DESIGN ENVIRONMW

The convective heating was calculated as a factor times the he:Ling for a

sphere of 25 feet radius. A plot of this reference heating rate value along

with equilibrium radiation temperature is given in Fig. f 	 The peak rate is

21.5 BTU/sft--sec at 93 seconds after entry. In a similar w ,;,y. the radiative

heating to the brake face is based on a reference calculation. This reference

is for the center of the brake face and is plotted in Fig. 9. This 5 z Goo

entry produces peak reference radiative rates of 15.8 Btu/aft-sac whereas 1

Goo entry trajectories produced a peak of 3.2 Btu/sft-sec. This differential

may be very significant in establishing a viable design. The reference radia-

tive heating results are riven in Appendix A.

Tabulated values of the brake face environment are gi to Appendix B. The

maximum heating rate distribution and corres ponding equilibrium wall tempers.ure

are shown in Fig. 10. The maximum value on the brake face occurs at r/R - 0.91

which is body point 91. The heating rate history and corresponding equilibrium

wall temperature ire shown in Fig. 11. The peak equilibrium wall temperature of

e	 o
2910 F is quite close to the short term use temperature of 3000 F for Nextel 312

proposed by GDC (Ref. 6), The extended use temperature for Nextel 312 is

e	 e
2600 F. The body point 91 exceeds 2600 F for 60 seconds.

Tabulated values of the payload environment is given iu Appendix C. The

enviromsent is given for the most windward axial li p_a of the payload. The axial

peak heating rate and load Jistribu±ion is shown in Fig. 12. Both the rate and

lord are significant and will require a thermal protection system. The maximum

10
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occurs at Z/Dp = 2.4. The load assumes no roll of the vehicle daring the atmos-

pheric maneuver. A rolling motion could significantly lower the load to any

liven 1{-cation and thus decrease TPS requirements.

0
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Table 1

WINDWARD LINE HEATING FACTORS AT a - 15

Brake Face

r/F B.P. h/href qr/qro

0.00 0 0.62 1.00

0.20 20 0.65 0.90

0.40 40 0.72 0.80

0.60 60 0.80 0.70

0.80 80 1.00 0.59

0.85 85 1.16 0.55

0.90 90 1.37 0.51

0.91 91 1.30 0.49

0.97 97 1.75 0.30

0.99 99 1.62 0.12

1.0n 100 1.30 0.052

Payload

%/Dp B.P. h/href

0.70 50007 0.032

1.00 50010 0.032

1.30 50013 0.032

1.50 50015 0.050

1.70 50017 0.075
2.10 50021 0.225

2.40 50024 0.315

3.00 50030 0.250

3.50 50035 0.200

12
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SECTION S

CONSIDERATIONS AND REC'OMMMATIONS

Based on the magnitude of the thermal environments presented in the forego-

ing sections, it is concluded that the thermal environment will be a primary

constraint in designing an aerobraking orbital transfer vehicle. In order for a

viable AOIV design concept to emerge, effort must be directed towards developing

relavent aerothermal technology and the resulting design calculation methodolo-

gy. As part of the work leading up to the preliminary thermal environment, sev-

eral points of consideration have been identified.

(1) A detailed thermal model of the fabric—rib region should be developed

for the brake concept. Simplistically, the fabric brake face is heated on one

sided aerodynamically and the fabric reradiates on two sides. This would lower

the radiative equilibrium tempe:..ture and increase the vehicles capability. In

this study, only one side of the fabric was allowed to reradiate. It is true

that the current concepts would allow two sided reradiation over most of the fa-

bric surface. However, the design area will be near the structural ribs where

the fabric is attached. In this area, the attachment geometry and materials

will determine if reradiation from two sides is a realistic assumption. In most

tachment concepts to date, this effect has not been addressed. A thermal an-

alysis of different attachment concepts is required to take advantage of this

potential. Until a viable attachment concept is established, the brake fabric

design points will be near the attachment where only one sided reradiation can

be assumed.
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F
(2) Theoretical math model& of the boundary layer/shock layer may require

i	 a nonsimilar solution. Work by Smith and Jaffe (Ref. 7) shows that a similar

solution underpredicts wind tunnel data on the corner of a flat faced cylinder.

Whereas a nonsimilar solution matches the data. This work is contradicted by

the results of Marvin and Sinclair (Ref. 8) which shows that the similar solu-

tion matches tunnel data and the nonsimilar solutions overpredict the data. The

point needs to be examined to determine which technique is most applicable to

the AOTV brake face and edge.

(3) Future testing should address the effect of the sting on the payload

reattachment flow. The test program (Ref. 2) which forms the basis for this re-

port was conducted with the initial thought that payload heating would be mini-

mal. Accordingly, little attention was given to potential sting effects on the

base flowfield. Since the reattachment heating was found to be quite signifi -

cant, future test should attempt to minimize the sting effect on the base flow—

field.

(4) The type of wake flowfield shear layer should be identified to insure

proper heating scaling. The shear layer which originates off of the brake and

impinges on the payload may exhibit two characteristics. At the highest density

levels the long distance in the shear layer may promote transition to turbulent

flow before or upon impingement. If this occurs, a detailed understanding of

the flowfield in the tunnel and in flight is required to make the proper

aeroheating 1redictions. Alternately, at lower density levels the wake shear

layer may contain rarefied flow effects. These effects will spread out the

L
0
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reattachment heating location and lower the overall level. Thus, if a vehicle

is designed where shear layer impingement occurs, a detailed understanding of

the ware flowfield will be required in order to calculate design aerothermal en-

vironment s.

(S) In order to lower the overall thermal environments to match contempo-

rary material capabilities, several concept alternatives should be considered.

No aeroheating data has been obtained on the forward firing jet/ballute concept.

This data is required if this concept is to be given serious consideration. The

use of a forward firing jet with a brake geometry might be considered to lower

brake face heating and possible affect reattchment heating levels.

Transpiration cooling near the ribs may yield a method to use the two sided

reradiation loss between ribs and lower overall heating levels. Transpiration

cooling of a portion of the payload may be a viable technique to lower reattach-

ment heating. An aerobrake with a ballute torus may solve edge heating rad pay-

load reattachment heating problems. Testing is required to establish the bal-

lute torus size for satisfactory performance.

?	 (6) Thermal properties of partially ionized air significantly affect the

theoritical methods used in scaling from tunnel to flight conditions. The

Prandtl number plays a particularly key role in heating calculations. The tran-

sport properties studies of the past must be revisited with an eye on AOTV ap-

plication.

(7) Many of the ceramic fabrics currently being studied for the aerobrake

1.
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are porous. The pressure differential across the brake face, front to back

side, will cause increased convective aeroheating. The fabric must be closed to

the flow or this additional heating must be accounted for in the design. This

flow through the brake could also alter the wake reattachment flowfield.

(S) Recent work on radiative heating (Ref. 9) to aerobrake geometries in-

dicates that nonequilibrium radiation may be a major factor in heat shield

desig.,. The low post shock velocities produced by the aerobrake should allow

sufficient time for species collisions to produce equilibrium conditions.

Moreover, the thick shock layer produced by the brake (approximately 6 feet for

a 50 foot brake) reduces the percentage of the shock layer involved in nonequi—

librium radiation to a small percent. These effects should minimize the none -

quilibrium radiation levels. Additional studies are required to establish the

magnitude of this process.

(9) Reaction control motors will be used to produce the roll and control

in some concepts. The effects of firings of these motors in the upper atom—

sphere can conpletely dominate the flowfield in the wake of a brake. Analytical

and experimental studies will be required to assess the impact of RCS operations

on the design environment.

All of the preceding considerations must be addressed before a viable

aerothermal design environment can be generated. There are a few of these con-

siderations which take precedent and thus should be addressed next.

Accordingly, the following near term recommendations are made.
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(1) A set of parametric wind tests should be conducted to help isolate the

best concept from an aerotheraal perspective. These tests should be screening

in nature and therefore not detailed. Each concept should contain measurements

of lire nature tested at the same flow conditions.

(2) A math model scaling method should be develped for each concept to

scale tunnel conditions to flight conditions. The same theoretical techniques

should be used on each concept whenever possible.

(3) Utilizing the tunnel data and math models, preliminary design environ-

ments should be developed. These environments should be compared and examined

as to which is most compatible with current mateiral capabilities. The results

of these three steps should be documented and utilized in the overall concept

selection process.
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The output from the RADCOR code for the S x Goo entry trajectory is Con-

tained herein. The page of standard output is a print of the results for one

time point. Under the heading of "SHOCK LAYER GAS PROPERTIES" the free-stream

and post shock conditions are given. Names and meanings not listed in the fore-

going section are:

UINF	 = Free stream velocity (ft/sec)

RINF	 = Free stream density (slugs/fta)

r	 o
TD	 = Post shock temperature (Tb — K)

PO
RZB	 = Density ratio across the shock ( 	 )

'	 P 

RE	 - Reynolds number = Re 6 = p. UpR/µb,0

PD	 = Post shock pressure (Pb)

i,	 R	 = Body radius

HTOTAL	 - Freo stream total enthalpy

VD	 = Post shock normal velocity

( R*U)INF	 = Free stream mass flux per unit area

Under the heading of "SPECIES MASS FRACTIONS" the post shock species mass

fractions of air are listed. Likewise, the post shock species mole fractions

are given under the heading "SPECIES MOLE FRACTIONS' . Under the heading of

"RADIATIVE FLUX PROPERTIES" information pertaining to the radiative heating

calculation is given. The names and descriptions of the variables printed are:

P
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PATHLENGTH	 - Path length used in the isothermal radiation calculation

which equals the stand-off distance.

GAMMA	 - r (radiative cooling parameter)

ISOTHERMAL FLUX - (Qr)
ISOTHERMAL

ACTUAL FLUX	 = q  (surface heating rate)

CHR	 - Radiative heat transfer coefficient

DELTA/R	 = 8/R (nondimensional stand-off distance)

•
5RINF*UNIF3	 = .S P U	 (free stream kinetic energy flux per unit area)

0o 0o

ORR	 = (q )/(qr ) 0 the heating rate referenced to the stagnation

vafue

i

A-2
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APPENDIX B

BRAKE FACE ENVIRONMENT

The brake front face environment is listed in this appendix. The environ-

ment listing is preceeded by a table of the radiation factors for each body

;oint followed by a listing of the reference radoatove flux history. Each envi-

ronment page contains the combined convective and radiative environment far a

body point. The equilibrium radiation temperature is consistent with the total

heating rate for an emissivity of 0.8. Each column is labled with dimensions.
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O yĵ{ p N 1N •i ►' 1f` O
 r w
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APPENDIX

PAYLOAD ENVIRONMENT

The payload environment is listed in this appendix. Each page contains the

convective heating environment for a body point. No radiation or RCS effects

have been included in this environment. The load and rate values assume no rol-

ling during entry.
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