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PREFACE

A Space Shuttle Technology Conference on Flow Fields, Heat Transfer, Aero-

dynamics, and Operational Flight Mechanics was held at the NASA Ames Research

Center on December 15 and 16, 1971- The objective of this conference was to

review the broad base of aerothermodynamics technology developed for the space

shuttle during the period of the Phase B studies and, thereby, help focus

attention on the technology required for further space shuttle development.

This publication is a compilation of the conference papers. It has been divided

into four volumes, one for each of the sessions. Five papers which were omitted

from the oral presentation at the conference are included in this publication.

Contributing organizations include U.S. Aerospace Contractors, Universities,

Canadian and European Space Agencies, in addition to NASA Research Centers/
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SHUTTLE TECHNOLOGY - INTRODUCTORY REMARKS

By A. 0. Tischler

Director of Shuttle Technologies Office, OART
NASA Headquarters, Washington, D.C.

This conference is the third large conference covering the general subject

of aerothermodynamics for the reusable earth-to-orbit transportation system, '

commonly called the "shuttle," and the first to be devoted exclusively to the

aerothermodynamic problems and issues. The first of these conferences, held at

the Lewis Research Center in the summer of 1970, told everyone what.the approach

to shuttle technology work would be. The second, held at the Langley Research •

Center in the late winter of 1971, made the overall plan more substantive and :

provided some results. This conference, hopefully, will disclose much data and

correlations on the shuttle-related aerothermodynamic technology..

Aerodynamics has played an important role in shaping the shuttle concept.

Even before the formation of NASA in 1958, serious thought was being given to

the idea of an aerodynamically controllable entry and return space vehicle. It

was only a matter of technological state of the art that led to the use of blunt

conical semiballistic reentry bodies for Mercury, Gemini, and Apollo. The' work

that sprang out of these early deliberations, which led NASA to the lifting-body

programs, and more importantly, led the U.S. Air Force to sponsor the DynaSoar

project, on which some $i+OOM were spent, along with continuing technology work by

the Flight Dynamics Laboratory at the Wright Patterson Air Force Base, gave a con-

siderable background for flyable reentry vehicles. This work, the improved high-

performance propulsion systems being developed by both NASA and Air Force, and

the improvements in refractory materials resulting from a broad frontal research



attack, laid alongside the high present cost of injecting payloads into space,

paved the way for accepting the idea that the time to start developing a reusable

space vehicle was at hand.

The shuttle vehicle has, however, encountered severe constraints in its

fiscal diet for the early development years. Consequently, a series of vehicle

design and configuration studies have been made to determine a vehicle design

approach which, for a prescribed mission model, will have least cost in terms

of the present value of money. The systems that are the front runners at this

moment have been described by Edward Andrews (paper no. 1.)

It is probably unnecessary to remind anyone here that the changing config-

urational picture has kept the aerodynamics and aerothermodynamics personnel

busy. The importance of understanding the aerodynamic and aerothermal effects

on the flight mechanics and structural integrity of this three-piece vehicle

during a flight spectrum which ranges from Mach 0 to Mach 25 and back to Mach 0

under continually varying pressure and density cannot be minimized. In spite of

the obvious difficulties one advantage is the fact that the shuttle does not

have to be a superior airplane. As long as it can be adequately controlled

through the flight regime without scorching its skin it would appear to meet the

mandatory requirement s.

Back in the summer of 1969 OMSF and OART began a precedent-setting joint

effort to examine and prepare a technological base to support the shuttle. As

most of you know this program has pulled together the talents of the research

and space flight centers of NASA, has vastly improved communications at the

problem-solving level, and tied in not qmly the contractors, but also the

European technologists who are interested in participating in the post-Apollo

endeavors.



The management approach to this program is to solicit and to use the advice

of seven Working Groups. These Working Groups, of which the Group on

Aerothermodynamics chaired by Arthur Henderson of Langley Research Center is

one, comprise representatives of all NASA Centers engaged in the work activity.

They recommend the program content; they are also actively engaged in monitoring

it. This conference represents one of the Working Group information dissemination

functions. I would like here to express my appreciation to Dr. Hans Mark and his

entire team for organizing and hosting this symposium.

Funding for the technology effort, which will total $1JOM by the end of

FY 1972, is derived from both OART and OMSF fund sources. The Aerothermodynamics

total effort during this period will be $l6M, a sum which does not include the

salary expenses of NASA personnel engaged in the work, nor any contractors'

efforts paid under vehicle configuration studies, nor any of the independent

research and development funds which various companies have been persuaded to

invest in the shuttle prospect. 925 NASA personnel are directly involved in this

technology work; the aerothermodynamics effort accounts for nearly one-fourth of

these personnel.

Some of the results of this work have been noteworthy. New test methods

for studying heat-transfer rates and shock flow and impingement have been invented

out of necessity to handle the large volume of work. The program has now used

about 20 000 wind-tunnel hours. This technical progress will be covered here in

much detail in the next 2 days.

With the coming fiscal.year, NASA anticipates moving the shuttle program into

the design and development phase. This change will require a transition of many

of our technology investigations into development support. Because of the



intrinsic need to support closely the shuttle configurational design selections,

it seems likely that this aerodynamic work effort will continue at a high level.

In fact, it is expected that test facilities located in Europe will be used to

relieve the load of work imposed on the U.S. facilities if satisfactory working

relationships can be worked out and it is believed that they will be.

I look forward, along with you, to the development and operation of this

system so vital to a healthy and aggressive space program. I expect that this

conference will be seen in retrospect as a significant contribution to the

development of economical access to the space arena.



FLOW FIELDS SESSION

INTRODUCTION

by

Joseph G. Marvin

NASA Ames Research Center

Vehicle aerodynamics, heating, thermal protection system response,

chemical effects on surface materials, and chemical effects within the

shock layer are a few of the many variables that depend on the flow

field around the Space Shuttle vehicle during its flight through the

atmosphere. A need for flow field calculations arises mainly from the

inability to completely simulate the flight environment in ground-based

facilities. For example, tests performed to simulate the high enthalpies

associated with entry often have the incorrect flow chemistry because of

model scale effects. Therefore, the designer must extrapolate test data by

using the best information about the real flow field. Exact three-

dimensional flow field calculations are now at the threshold of providing

the necessary rationale upon which to base this important extrapolation.

At the last Space Shuttle Technology Conference held at Langley

Field in March 1971, there was only one paper devoted to exact flow

field calculations. In this session there are seven papers, five of

which contain exact methods for computing three-dimensional flow fields.

The remaining two papers treat in an approximate way chemical nonequili-

.brium effects and streamline calculations used as input for heating

estimates. The emphasis on flow fields at this conference developed

mainly from recent technology advances made in exact calculation methods

and in computer storage and speed that is necessary in the practical

application of these methods. The papers were selected in order that

the progress made on shuttle flow field calculations can be judged and

so that future needs can be determined.
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calculation of flow fields over a variety of
Flow fields over fuselage shapes for Mach
results are presented here.
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43coCUî3OCU00
-0cu00c•HT

)COCU
,—

100c•H^cu434-1

CO
<
!

mputationouCU
4
34-1

•o(3cfl

4-1C•HOCXCUM3toCOcuMexlg1•HX£*cu434-1

4-1CO

mC
N9

I—
 1

4-1ogg•H13
•HgC

fl

•acuC•HCO
4-1
4-1CO^1CU

"
I3C43OCO

Si —
 i

COC
J

Oi— <CU
434-1

•
gcu4
3O^4CXtx,
Ccfl

4-J3O434-1
•H[J

43003O^4
434-1

4-1
(3CU?



U
J

Occ=3V
)

OOZOI-0001COQU
J

01

U
J

o:a.OO

55



wofaodC
O

ww2o2O

mcu
H

 
3

£3
 

60
CQ 

-H
M

 fa

CO1-1
OWC

O
C

O
WO

u

QWHCUOC
J

COC0•H4-1
CO3(3
•H4_>

(3OOCUcfl

43O•H43£•»
COCO•H4-134
3

•HJ_l
4-1CO
•H*oCU3coCOCUC

u

.CUOcfl
>4-4J-l
3CO

T
DMcfl
SCUcucu434
-1COÔ43CO
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4
34-1

4
-1

34
3•s

CUe•H4-1

CU
4-13fte0o}_l

CU6
0

Co1— 1

r̂
-
l

6
0

C•1-1
13(3OfttoO

l

^4Oo13(3cfl

co4
-1

C•HOft

CO
•H4
34-10)

•HCfl

4
3001Mcfl

co0)Ocfl
14-1}_i
3coCU3r
-
l

cfl

^i—
 I

cfl
•H4-J
•r>

4

f3•Hcu1— 1
4
3cfl

4-1
•r-l3CO

13(3cfl

O•H13OCOr-l
O

l
ft3COco

•rHÔ1 —
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iĵ_i0cfl

Oocfl

^

4-1
C0)

TTCCUC
u

CU
T

)

•HCU<UM434-1

C•HCo•H4-13•—
 1

0COCOo•1-1
4-1CO
•HMCU
4-1
OC

fl
Mcfl

43O4
-10•o0434-1CU£2

<

*
,

•

!->

•

S

•
i

co
XCcfl
t-i
faro0cfl.
Z

•
03•

t

0M03CU0S•HMa,

m63

.
x—

s
mvDor
-
l

N
—

''

o-C
N

i-41
mvOr
J

2g4-1Moa-cua
!cocu•1-1M04-1

cfl
1-1043cfl
r
J

43OMcfl
CUCOCU

P
tfCUoCOCOOr4CU

s
«t

COcui—
4
oCO

•HMcfl
>

4-1O•ao4
-1

SCU
434-1>

,
J
3CO1t—
4

a4-1CO3cfl
43XcuCUC•H00
c01

4-1

CU
A

!OOrJcu1—
4

C
u

•H4-1
1—

 13g4
-1ocO•H4
-1

CO
r
-
l

3C
J

i—
4cfl

C
J

£

•*9

*£»»
j_i
QJ-̂lU

)
0)
•Htsi

T
3CCO•

J2•
u

*t

343UvO

.
x
^
v

Q
N

vOC
T

\
t—

 1
*̂

.s

, —
 |

1 —1
Q

N

vOCtJ
Oz4

-1

1-10CU
p
iC
u

o434-1}_l

Oz£
•t

COo•H4-1CO
•r-l

^
j

CU
4-1OC

fl
}
_
|

cfl
43O

^
^

XOo43co

T
D

£Ocfl
4-1
4-1CO

434-1
•HZCO00

•H&CO4->
i—

 1
cu•oCU00
•0CUC

u
rJcfl

43coMCUoco
•ai —

 i
cu•H4-4£?O1—

 1
fa

*
s

•

!-
(

•
-
>•N•

PS•
w

«
,

(3cfl
gCUCU

rGCcfl.

•̂
.

CO.,

co}-l
0)OC
u

rJ

•
X

—
s.

r
-
l

r--
O

^
I—

I
V

—
 X•̂

00C
O

|—
 s
.

r—
 1|

P
i

U^
J

W*
^
4

z

1343•HM4-1CO
•HT
31-1

CU
4
-1COCcfl
M4-1

4-1
cfl
cu

43-aCCOCUM3O
T

COCUI-l
C

u

CU
434-1

4
-10>,

•o34-1CO

•—
 1

cfl
4
JCCUg•HJ-l

CUC
u

Xcu1
*,•

W

•

C
u«*

4-1J
j

cfl
43CU
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S FOR SIMULATED NARC SHUTTLE ORBITER

(Figure 1)
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in the radial direction and 19 points in the meridional direction
-4

10 minutes per point and the entire calculation consumed approxi

CO4JC•HOPu

Oeno4JC•H•dCUN•H4-1CUi~lCJCO
•rl
t3toCOCUCCOrH(X

Xi-l

t
tCUi-l

•H3crcui-lCUi-l3•a01C
J

oi-ip
t

Co•H4-1COVi000)
4-1c•H0)

E-H

th interactive graphics.
•rlSr^voOvOnapqHp!cdPIotoCU4J3C•Heo\rHf>^
rHCU4-1

MOC code gave virtually identical shock shapes up to about

0)

4-1„0)i-ltx•HM
HO
l

.c4-1PJ
1-1

T
3CU4-1

COC
J

T
H

T
3Pi•HCO

^
J

ty in proceeding beyond that point because of the secondary shock.

•-I3CJ
•rl
>4H
4H•rl
T

3

T
3CO

4
301

•dOCJ

C
J

0aCU
4
3H.

vO.
OIIi_3

*~ —
 .

X

66



o:LUCDct:
oU

J

=>Ioo:
o10

QLU

lOii

C
/)

trpLUQ
_

CDOii

4
cvj

O
)

oo

67



erfWEHM§0wEHEHpc-
coC

J
p
£

5̂
2

P
^ 

x~v
O

 
C

J
fa

01
C

O
 

rl
W

 
3

P
j 

0
0

s
 

"
^

p
rj 

C
u

C
O
 

v
-'

fcy^

C
J

osC
O

! •]

-3̂0HHOWCOCO
COofy

\

C
J

CUCU

4-1

IH0M
H

C
M0
1

\-t

0
0

iHSi0coCUI-lcdCOO
l

O
-.

cdco

•̂a0X
i

T
3CU4-1

cdi-Hg•Hca
»
rj

CcdCOCUacdCOw*CJ
oX
I

CO

rHcda0•rl
4-1OCUCOCOcoOCJ01
X

I
EH

•HCJ0COCU0
0CU0
0c•H13cdCU

rH*
rj

0
1C•HM
-l

01
^
rj

^
>

rH^1cd01
rHC

J

cdCO
•HCUr
l

CU
X

I
4-1

**oV43•

M
-l

Ot-3XCcd4-1

<
^COGo•H4-1

cd4-1
co

rHcdC•H•âj4-1
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<4HCUô•rHecd^rHco

•O
l

cd3**?CJ
oX
IcoCU0
0

T
3O
l

0
0

c•HT
Jcd01

1-10
0

c•H3CU
X

I
4-1

M
-l
o01oBcd4-1
ca•H»
rj

method. More mesh points are

0)
X

I
4-1

4-1OcT
3Ccd^401

4-J3P
i

OOCU
X

I
4-JCO
•HCOCO•H4-1cdi-H3arHcdo01COCU
X

I
4-JC•Hr
l

O4-1
C

J
cdM
-l

0
0

G•H4-1
•HE•HrHCU

t̂
H

d variation of the flow there.

•Hacdr
l

0)
X

I
4JCU

rHOCOCU^rHIH01a,oa.
04-1CU0
0

13CU0
0

c•HT
3cdCU

rH0
0G•HJJ01

X
!

4-1

M
HO4̂-1

1
-1C•HCJ

•H^O
l

X
i

4-1

GiHT
3O
l

CUCUC

h as ILLIAC.

o3COcoî01
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ĤO01
4
34-1BCU0)

B0)
4
34-1B9Je01CU0̂0

<!

cuacfl

CO1goCU

5M
-l

O00

•SCU
13OG4-1
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RFACE PRESSURES FOR NARC SHUTTLE ORBITER

(Figure 6)
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4-1COĈOcoT
-l

4-1
OCU
4-1
Oex
•-IcaO

)
4
34-1

01
4
34
JO4-1

more accuratecan

)-)

CU0130P3•

(30•H4-1caC
J

o1-1co•
rl

4-1
C

J
0
)

COCU
4-1
C•H01

4
34-1

4-1
C

J
01

M
-l

M
-l

ca^»r-44-1
CcaCJ
•HM

-l
•HC6

0
•rl
CO4J0Ci«4
r
-
l

•H130•
rl

4-1
ca1-13C

J

1CU
4-1

•HCO
•H434-1

O4-1
O0)

M
-l

M
-l

CU4-1
436

0
•rl
r-l

COca01ca431-4.
30CJ01COo(3CU

4-1

VJca0)(34-1COcaCU
I-l4-1
ca016
0

cai-H0)CO3M
-4CU

434J

M
-4Oco•H4-1ca4-1
c0)coCU(X01(-1

•

co•H4-1caC
J

Oi-lC0•H4-1
C

J
0)CO



<ooaCOa:oLO-
CO >:
U

J 
-I

OL 2
<

 o

oroin

-in
- 

^

O5C
/)

C
O

C
O
occo

(0oCD

_J\x

CDIO10CD

89



^
^

I—
I

01p300
•HPK

01co3d•Hr̂-j
4-1d0)M^43C

J

•dOC
J

pCU
4
J3§
•

0CJ

4-1d01i-i0)
4
-1

4-1
•HT
3O4-1r;

4
J

•HUT
301d•HCO

4-1f
i

OCQ
4-1
i-H3CO01r
l

rHCfl
O•HP

.

4
J0
)g0co

•dCU
4-1
d0
)

COcuMp.
01CO
4
301

1CO
•H-o01pcfl

CQ
•dO434-1
01
e<aCOcu434-1

4
-10CO

4-1
•HP01e0)>•H4

Jcfl
i-lCUr
l

CU

£

.
co

T3rH01
•H4-150rH4-1O•Hp

j
OcoMCUP

.
3co
i-lcfl
do•HCOd0
)B•HT
3

•H4-1
i —

 |
3eLI04-1

C
J

p
^

.<J|

^a4-1
cfl

,CO
-dO434-1Q)gO54-1CU
434

J

"4-1
OCO4-1
H3coCUMdcucuo>4
34-1dcueCOcuP0
0

cfl

T3o00
0

TJCUU04
3COr;O•HrisJ-r
l

01P
.

COP
.

MCU
434JOd(0(3•HrH•Hcfl
4-101
T

3rl01CO01rl0
0

(3
•H•OCUCOCO3CJ

•t

^
^

C
J

v̂
-x0)

•aoC
J

coC
J

•H4-1
co•HI-l
CU
4-1
Ucfl
I-l
C

fl

-gCU

4-1

dcfl
434-J

4-1

Ccu•HC
J

•H4-1
4-101CUI-l
Oe^
t

i-
l

4
Jd0
)

J^CU
4
3(3

•HCO
•H

£C
/5

\^
sScr

•HC4
3CJ

CU
4-1

00d•H^134-1
P

i
cfl
C

J

Ĉ
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HA.PE AND SURFACE STREAMLINE PATTERN

(Figure 2)
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ENTHALPY PROFILE

(Figure 5)

on of enthalpy across the shock layer at about 13 nose radii from the nose is

iH-p43•Hr
l

-PCO
•H•dcu£^

ions: the centerline and a point near the leading edge. The entropy layer,

-pcfloOHo•̂pHOG>o43CO

ow-flowing gas that traversed the bow shock near the nose (where the shock is

rHCO•y
-po434
-4
oGO•HbD£-4

cfl

CJ
•H4
3-P43CJiCQ

•HCU

1ftO-PGCUCU
43-P-P-PGCUCUCQcu43GcflCJ

-pMCUCJCfl
CHCO

%-pcflcuCCU
-p030orHCO
•H-pCQCUbDGCQ

•H•H1COoGOCD-pO3|CUbDG•rH03

X-Pr
l

Cfl

I-P•H•H03HCUCQ8Ooo630S(UG•HHr
lCU

Iscuocu43•p•Pcfl

GiH•HG-POCQG•H43-PCUftB-pGCUCU43-P£1
•\

CO

1CMCJ
•H-pCQ
•H3-o~

j

cuH•pcflcuCMcflCO
•HCQ
•Ht-j
p

ction.cu•H•dT
O

CU1̂
-pCO

j-3?o•dcu43

f the entropy layer extracts a heavy tax from the computational scheme since,0CUCJG0)COcu1̂
ftcuEH

the steep gradients in the layer and maintain computational stability, it iscuHoCQcuoJ_j

cuJ_l

oG•H

trate mesh points near the surface. In the present computational scheme thisGcuC
J

G0CJo-p£_(cflCOCOcuCJcuG

ing" the normal coordinate. Moreover, we have found that a preset stretching

43C
J

-pcurH
-pCO

^43CUG*dCO
iH

variable in the downstream direction) is not sufficient to solve the difficultyHo-pGcfl
-PCOCOCJĈD
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?

Ocuxl-p

1fcu§bOG•HO-PCJcu%-p -
COcu$CJ
•HS•HCU3CJcuCM0•dGcu5-p-pcu£-1
flj
£

j
a

1

CO

•d•HHOCOcut^•
-pG0)CJr<ft

CM

•f-lCD
-p'd0caCOC

J

•H•d0o-p^
flo•H-PCJd)^4£^ooQ

)
r
i

106



H
3JS

N
V

H
X

 X
V

3H

107



c/3

C
d

GS£
5

1 —
 I

wHPS^3
*

H
-i|

&C
]̂

Q^
^
 

*
^

"̂
£
3

 
t*—

QPQ
 

0)H
P"-H

 
r̂

0
 

b
O•H

§
 
v
_

^

HP
H
PpQHHCOHOpz3
COHpi»

F^J
P̂HCO

H03S30•HCOS3$•H•dtcuI-po-pcu2S3O•H-PO8•H-d0)CO
•H£

3

o3ftCO0)

-pS3
•Hr*}
rHH03o•H-PCOoiin•dCOcu•HfHoi>rl0

?
rH
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s-HtHftĉu(U-p*4Hodo•H-POg•H•dcud•H

•
-Pa•Ha•gg,0

110



§8 <
*

<
~

 
o

P if 
w

<
 

K
 §

 
0

4
 

g
d

 
O

i 
h! 

w

§B

wopwoa<:w

oo 
o

:• I

§3S[«<g<«HH3̂5 
„

Wto "

to
 <

"c?

woQWoKtnWO

I 
I 

I

3H
 /I

 XS

1
1
1



EH 
0

^
 

3
I—I 

bD
•H

^
 
^

nose,QJ

-p^3Q£
-(

<H•H•H-d03rH0CQOGooH-PO,0O
i

-po3•\

H0OS0X
l

-p<H00CQ030xl-pfn030G-P03
X

I
-P•d0H•ao0f-l

0HHTS-pM

03r̂
i

(̂rH£03
H

^
>

£_l

cd
T
^
J

o0xl-p
•v

G0•rl
-po0rH

•Hrdrd£_(oioX>•p00X
!

-PG•H.pÔG•HX
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fdÔrH03o•rl
CQCQ03
HO0X

I
-pc•H£OrH(fH

•d•HOCO
•HG0-pG•H

•dGo3013-p•HGbOgC•HX
I

-POx>•\

£
f

rH03
•H-Pcd
-pCO
f
t£3CQCQ0bOG03

x;o01 —
 1

•H^HOrHft&H03
X

I
-pG00X

I
-P-P03
X

l
-PG00CO0X

l

CJ

•PM

bOG•HbO
rH3X

1

o30GO•d0•HC
-̂H

•Hr
r
j

o0X
I

-p•̂

0H•rl
<tHOftO•HGO-POGOSo3COCi3
X

I£_j

003
Hr?1oH03O•HCQCQ

i—
 ̂

C
J00̂-PI03

X
Io

I-pM0-p-p3CO
•H0bO
rjj00X

I
-p0rH0X

l

ao•rH
-PO

i
OorH0bO
•d01bOG•H•d00X

I
-p-p030glS^

3

^
j«3

rHĈ
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Ĉ
J

043C
fl

cu434-1

4̂3X
I014-1

CO
1-130i-HCOUCOCO3CO
4
JC•1-1Oa0)COcur

C4->

direction ofcuC
O

'
•r-ll>cCOCUCOcu4
34->C•r-l

4̂-1
•HCJ
Oi-HCUUO1-1M
-l

0)
4
34-10
0E•r-l

4
J

C
J

01
I-l00cucX

)cCOco
•1-1CO

1̂-1COBCOQ1C
N01

C
JBCUĉuM
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t

PC
^
^•*•

^
•

^
Jrx

NCUg00

Op^O
N

rHP**t
CO
goo

f
t

CM01OC
O•

CMinC
O

^-•
ops*•
4JaPiCO4-1COp>^
CO

§H

j
jcCUcoa£
3

ou•r-l4
-1

rH3<u-̂UM
-l
oco•H4J3i-lOCOJ_4

CO
rH•
r
l

g•r-l

C
O1ao£
2

£

rt•

g
•

P
i•V

I-l
rHCOCCU

K
^

•acCO•*•

PH

•

E
d*»

4-1
4JCU
rH4J1-1CO
PQ

*
r-.i
vOvO•
4-1aP
i*

(XV
l

oocun4-1Oijcu^
J"

~T
JO4-1CU
g•̂Hr
l

4-1C
O

gr-l

COJ-I
60CU4-1cMCCO"̂»
,
0I-
l

0)^»
 

I*"-
CO 

^D

r-H

r̂
l 

X
!

CO 
U

T3 
1-1

C
 

C
O

3
 

g
0PQ

IH
r
l
 

M

CO 
M

C•rl 
4
-1

B
 

r
l

C
O

 
C

O

rJ
 

P
i

gCOl-l60OP
LI

1£
j

COr
l

60Ol-i
P-c60C•
r
l

4JCO<U35<uuCOl-l3cou•rl
gCOC"̂»

*T3OJ_j
CU

^3
^

»*•
PC*
o

ft

i_i<uiHg•rl
<U

PBT
)cCO•

p
i•

P:*>

cCUCOc•l-l

iH•i-lJS

r̂»vOO
N

rH•
4-1UoO
Nrt

C
N

r̂
.

rH1
C

N
CMC

O
C

N
rHC

O•
4-1a,
(V

{

COgO4-»CO"̂»
COP̂iH

*»

^PBOoPB.0

CU
}_)

3T
3cu0OP-cX•r
j

}_
|

4JcagrHCOr
l

6
0

cu4-1CIHr
l

C
U

^
>

CO
rJr̂
l

C
O

C30PQIrHCO3CCO
sCO

—
r
l

C
U

C
O

P

»x.
I—

 1CO•
4J0)*\•
P-I•
w^i i4J<U
rH4-11-1CD
PQ

Or̂
.

O
N

rH

f

C
N

CM(UC3>
-}

r»

0CM

0P"*.15•o£5•
•IJacur;4-1
Or
l

CU

^
•%

^
,̂

o2
?

p
^

r-l
PQoCO•HCOCU
>

c•
r
l

CO4JOcuM
-l

[V
]î
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COîcuos0rHfc.

*
Ocu•HM
-l

CUr
l

CO
p
^C
J

•l-lcOCOr
l

0
)

aPBM
-l
0ucu•rH0̂)
Pd

~̂

ft

6
0

T
3<U

rgU•HCOCOr
l

cua35

u
•

^
•t

cu
iHrHcuuoPi

oO
N

rHf"!

CJl-lCO
sp
s
^

rH

ft

CM1vOiH
.

CMC
O

^
>•

Op̂
.,

o

•

4-1a,
piCOgcu4JCO

CO£
2

KH
ri

V̂
*

UCO4-1
4-11M

-l
O1CU

rH6
0

C4-1COCOCUCO
iH

O0rH1p
.̂

^^_
mCOoe§oCOIs,rfCO!3

f\

^cu4J4-1r
j

r;
COcuoCOaCOr
^

COgcoCO4JCOQCJ
•HOCOC»
rj

Of
j

<u4JOr
l

C
U

^

f
t

•

PQ.
Ocucur
-
l

Op
s
^

ONrH^rH3i-j

»
^rH

n

S*-̂BC
O

vOiH

C
M

C
O

in
vo

oo

155



s-O
J

oO
)

-l->+J3.CO
)

o•oQ
-

l/)

s_O
)

CO
l

toH
I

O
1

C•I—-f-><o(U
3
:o•r—<ac

<oocO
J

s_O
J

<^LO

S
L

(U
=c•ac<otn•a(U
•r-
LU§r—

g?0"oc-5a>01

+3•*-»3r̂L
OtOa
.

C
3

-a(Uc:<DV
I

>rtj

O
.

s_s.n>
a
.

1
5
6



wEHEHDS3CO
CO

PH
 

&
O

 O
fe

 HEH
2
 <

O
 E

H
H

 D
C

_
j 

Q
.

.D
 S

rH
 
O

O
 
UQ

PH
 

1-1
w

 w
EH 

H

rtj
EH 

5
CO 

O

• d
0

 
0

d
 -H

H
 C

Q•H
». 

^
^
1

 "rH

d
 Q

ft 
CQ

g
 
g

O 
QJ CO

O
 

-P
 rd

•H
 

C
Q

 X
t-H

1 
C

Q
 >i 

Q
J

O
 

C
O

 E
H

:» • •*
pq P

H
 d

 
Q

J 
-

o o d
•
 

r
l 

Id
 O

C
J 

nJ 
ftnJ

O
 

CQ
 CQ

QJ 
O

 
3

H
 
r
l
 
O

W
 

Q
J S3

<C

VH0)
-PdQJ
U-P

43 
MH CQ

0
 

rd
 id

•rH
 

rl 
X

M
 

O
 Q

J
•d 

Q
J 

EH
•d

 
O

 O
d

 
O

 rd
 

-
id o

 
ft 

d
CO

 
O-p

Q
 

T3 C
Q

QJ 
3

• 
d
 
O

&
 

d
 
S

3
id

>H
P

H
<
]

s§J3CO

CO
 

fa

ouCOH

QJQJ
dO-p

y, CQ
O

 
3

O
 

O
rH

 
S

3

CO&

d•H£0rHMHCO3OUCQ
•
r(

>Q
J

43•pCQQJ
-PrdrHr
j

OrHrdU•Prd43-PQJM'd0)ooHftrHrdO-rH}_
|

(1)

3d-Pda)•dQJftQ)i0)g•H-Pr^

•dQJ
•HrHftrddQJ(UQCQrd<-;

-PH

•
'dQJorHQ)£»CD
•dg0)QJ
43COrdrjQJCQOda)rH-p-P4
3COQJr]

n
J

T
)dOVHrdVH0)rd

rHyOoCQQJ

-P

-P43tP
•
r
l

rHM
H0)

rH-P-P343CQQJ
43-Pd•H'd0)M(U4
Jd3OUdQJ0)

43t>
1

idg-Prd43 
•

.pCOdo•H-p•rH

•ddoogrdQJVH-PCQ1QJQJrH

4-40)
43-PO-P

rH(U43-P043-P•rH£-pd(UQJa)rHtnrd^1
J

l̂
o-pordmCQ

•H-PrdCQd•H•ddrd-pd0)
•
r
l

o•
r
|

M
-l

MHQJQJ
430•P73d3OMH•ddrd^1VHo4
JoQJ

•nrdj_i
•P

13OM
H-PdQJCQQJr
l

ftQJ
43-P43-P-HS'dOJ
4
Jrd

•HOOCOCQidCQQJj_l
r
j

-PrdQ)
MH0EH•CQQ)3tr 1

•HdoQJ
-P>-,
"didQJ
-PCQd3T5dK

>
1

T3idQJ
-PCQ

-p-p43-PCO
-H-PCQr
l

•HMHQJ

EH•CQdo•H•PrdO•HrHftftrdrH3MHCOCQQJUO3CQCQ
-P•
r
l

VHOM
HQ)

rHQ•HCQdoftCQQJr
l

QJr
l

rddo•H•prdrH

QJ
43-P-Prd43_pCO
•HT

fdooQJCQQJ{~\
-P...
VHQJ>
i
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IELD DESCRIPTION

(Figure 2)
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SPACE SHUTTLE TRAJECTORY

(Figure 3)
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ĝ0)

rHrHrdJ5QJ

4
JQJCOrdoQJ

X
)

to•
r
l

'•HtoatdX
!CO

_yOOX
!to0)

x:•Pidr]
4
JQJ

4-1O•QJfdH0)
x:4-1QJ•d•
r
l

COfj
•Ht>1
-p•HCOdQJ
-dQJ
X

!
•pCO0COtoQ)Ud•H

QJ
X

!

-dH305CO
•
r
l

CO>1HiddmQ)
•pidrH(daQJCO

rt(•

COQ)fdUoX
!toQJ

4
J

(4-1oCOQJ

'dQJrH0
)

d•HQJ
x:QJido;§)
•H

OinII8
Q)
P54->aQ)0XQJCOd0•H4JidHPOHrd0rHH,S

(]•QJj_l
p4JU-PCOQJrdJ5yOoX
!COQJ

J3d•Hid•PX
)ooQJrH

•
r
l

dO
1

QJM

•

COr
l

Q
J

dCO
•drHOd>

1
QJ
(XrHQ):?orH-PidBHto^1
rHQJCOrdQJUp
j

QJt?
i

rHQJ>d0OQJ
X

i
EH.COaQJtoQ

)
g•H4J

OOin•dQJCOp

VHOrHQ
J

|3dQJ
X

!
4->QJO•
r
l

5=5>
i

HQJ
4->idg•HX0iHaard•dQJrH
-Hdo

1

QJrH

OinII8
Q)rHO'dQJ
4-)tdr
l

QJdtr>COO•H•prH0

shownoCO
rH<

•

inoHII8
QJ
&rHOIHdO•H•PpHOto•PdQJrHQJd0or
l

idrH•Hg•
r
l

COidQJ£>0)
•HX

iUid0•PCOa4-1CO0)

•H•p

QJ
X

!
EH•
todo•H4
J

-HT
3d0Oa•
r
l

HCO>1•p•HOorHQJCnd•HCOpd0•£rHOCO

T
l

-HOCO
•H£>d•Hdtdto•H(Ufj§

)
•HQJgidCOQJ

4
Jf*

•H

CO
4J
rHpCOQJrHQJ
X

!
4-1dfdX
i

•P>
i

T
)OX
)OJ

5OrHQ
J

COorH0QJidoorHCO
•H'ddrdd•Hx;>inQJ£>CO
•rHQJ$>fdo0x;CO

T
(

•
r
l

OCO
•rl
>d•
r
l

QJ

5d•HrHQ
J

>
l

idrH>1rHrdT
JoX
JQJ

X
!

4-1OQJ0dQJCO

•8QJ
X

i
EH.QJ£>OX

!fd-dC5idoooinII8
QJ
K<HO

.
4->
rHpCOQ)MCO
•
r
l

X
!

•po4-1

'dQJ
4.)pX

i
-HrH
4-1d0oQJtdx:S>i
idgdo•HidrHUrHido



<XtoUoXto

175



(0 
rH

Q)

0)

n)<D

0)rdnJ 
nJ

0) 
X!

0)

cu
0)

D
1

<D 
XI

8 
U

(U

COO

a)

oCO
rHmCO
•
rl

CO(Ur
l

-̂Pflj^1CUp
,

g0)
4JHrcJ*•P£CU)H0)
II
 I

M
l

•H•dMo4-1

•dcu•H(fl
.pX
IoQ)

•HM
-l

Or
l

C
X

K
*1

p
.

O£
_
|

-Pp
i

CU0)
X

I
EH

571
pj
•HX

!
-PC

n
C•
rl

•PCOCU^1CU
-pC-H-PCOOgcuX

!
EH•fi0•H-P•
rl

•dfi0oo•
rl

•PnJ•a•H*o(0flgo•4-t

CUgoH4J
•
rl

•̂d(Ut̂op.g0U

cuX
!

-PK
>
1

X
I

'd(UoflcurHmC!
•
r
l

CU
X

)o-pgQ)0)CO

-POfjCOcuO0)oP4(Utn>-iCUCoom00)
•pnjJ_l

cu4J-PrtX
!

-pCO
•H'dp^
r
j

o

•CUJ_j
r
j

-p(CJ_(

CUagcu•prHrH(0"5

176



Q
L

OtrLULUOor

O
 C

O

-s)

177



Page intentionally left blank 



C
L

O

IIi/i

ûh
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EôrHfaO•HgCO(Ua&cpj
•rH(ti
fj

CUgocCUr]
ftrHta4Jr^Q)

•1p
j

faQ
)

rj
4
Jd•
r
l

^
1

OcuEH

*
VDVDrHCNmrH1
O

.

O<a«..
^H.

^

^
COCOcuft>1-p-rl
COcu-HcDHrH(Ucourrrj

CU

COcu^0-pCO>HQ
)

-H>fds-Pc<U
T

3cCUa.cuQ1cug•HE
H

'

CU

5M
HOao•H-PrHOCO...

ft*,
p
j

Ooofr
j

pjnj^*
g
•

conTrH(DOco

K

vo!^
rHrtCH3Oh>sH<

•

MCU
T3G-HrH>

1
0)H(drH3O^_l
•
rl

Uidrrj
P

j
r
j

ortj0̂rHfa0)

4Jr
l

0M
HCOp
j

O•
rl

-P(dG
1

•
COCTl
H>

i
rdg
«.

CMCNCOjmrHCO.p
.

p
,

M0mT
3o5cugrHrdflo•rH•P(d-Pd1U•PCCU

•tfC
i

CUcucuQ1cug•rH

EH*
^
J

•
 ••

g

^
4J4JCU

IT3Cfd«..
O

*
•H•PCUJ_l
Og

vou>CT>
rHJ-J

0)

*gcu0cuQC
N

CO[-1vo[•̂.p
l

»
4V

^
r|«»

rH(dp*3̂0r̂
I

(̂HrtjCO>OrHfa^
1

room-P3rHm

XooX
!

COcu5MomCOco-H•pfd3G
1

PL)COCU
,XO-pCO1rHQ)
•
rl
>fd53CUf-j
4
J

^HOCOC0•
r|

•P3rH0COrHfdo•
rl
J-l
cugr
j

J2J• •.
ftU

».
•Hi-3

10r
l

CU
<co4JCOdoffi^•

ocH

^>1cfdi 10uCOO•HC!OM-PCJcurHW•ocucu<-;
,xO0«»
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mM3COô,0cu4
JM04-1rt4-1
rtT
3cuJ34
JCO

4
JCcuCOcut-la4-1

COM•H4-1The present papei

<4Hocutirt
"p-
T

3the windwarel of the pressure field in

rQoacuJ_lpproximalthe construction of the a

irt
r—

 1

3O"rtu£o1 —
 1

<+Hequilibriumf both equilibrium and nonoCO
4-»
r-43COcu!HCCU
X

I
H

symmetry is described.

o4->

sOfT
s

^J
•

ov
O

V
H0cubof-tCU

T35•iH
•4-1
I—

 1rtcuX
I+•>ti• HC
O

s0a>>IHO•4->

Ocu•I-T»
rtIH+JCU

r—
 4

-4-»
•HEJ
X

ICO

1— 1rto• H&•4-"

CUcuhXItions are discussed for 1

oOCMXUrt-i->-i->rt
MHOCOCU
1
-4bOtirtO1

llations are compared forr
*

O'rtO£ooocTmCMO•4->

O0o
•*

ooCMaXoCMv
Or^

<4H/^plications ca• rH0)

^>^
1—

4

^
C

•1-1

h
•

£Sa(MCMi—
 i

T
3«rt

£i— iainoC
O•

o
M•

H
• iH

TSrtF-icuCOOo3T>rtrt

0o•*•ortrt

tionsCOcu§•<uX
I

R

e discussed.m to shuttle technology ar3• HIHX
!

•rH
r—

 1
• iH3o

1

cur-4rtu•Hathe departures from che

*

T3CU15cu(H
4->CUMrtboa• iHÔ1—
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CU

S3crcuMntcuOn)
mM3CO

"0hat£•5rt• iH^<u454->MCUOCOcu%45CO

Xo5COcu£GO

.3$raJ
acuT

J

T
3

o 
3)

0 
"8

^ 
§

"S 
2

•^ 
A

O
J 

^

<+H 
"

Ocui— iGOrtnl

ns described lateroalculatio£o1—
 1

•4-1ai the nonequilibriv

A
•

OO-*II*T3pjnt
oOCNJII*!HOm-4->

45GO
•Hn)IH4->CO

CO
• I-l
45-i->T

)rtnt«O• 1-4

GOCU!H£Oi—
 i

m

iniform;->ntcu
435

s nose is assumedv45-(->V
HOan)cu(-1-(->COrt$0T3£01 —

 1
M

-l

cu45•4-*

hcuaataCU
454-1a•r-4

.

<u•)-»atS-l3Oun!<Unr*-tO+•>COMatcu£(in!umptionCOCOnl

CU
45-i->1545+->COCU-t->0}o• iH
T

3.scuMCU
45rt$O45COLeren photographs

i—
 i

45UCOO1cu£S-l0!5Oarisaaoucu45H

i of attack. BothCO
^™

J
GO9CO

•I-l
454
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WARD SIDE CENTERLINE PRESSURE DISTRIBUTIONS
FOR BLUNTED-DELTA SHAPE

(Figs. 6 and 7)
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EQUILIBRIUM AND

Bo43h£

Long selected streamlines have been madeCalculations of the flow al
41o•H41£•8hemical reactions. The trajectory pointsquilibrium and nonequilibrium cCO

bodoF
—

 1

nJ<uT
tct)a- 
aCDin the table below. Calculations have beialculations were done are listedo

»*/

B•§n)14CO

£>
N

CL,;reamline about in the middle of the entro]tie body surface streamline, a s1

4->

The influence• asses through the limiting oblique shock.uter streamline, or that which po

nose radius are also demonstrated.

T
l3XOn$

£etf
<+-!
O<0

1—
 1

bodO
j

.sCOcobfldnJ
41U>+H0

CDCQO41+->fn£COa>>•)->-l->dCOrHCO
mm•iH
Ttret
m0COMnJa.3M43•iH
r—

 4
• H3o<CO
r—

 1

n)o•r-tThe departure from chem

CO
•M•4->n)
£h*CO>>n)ir the outer streamlines. In the entropy 1treamlines near the body than fcCO

al equilibriumobody surface, the flow approaches chemiilong those streamlines near the«J

CO

£>+HOdo•iHCQd0)departs from equilibrium in the rapid expi the stagnation region and then

•1-1

41O1>>t-iCO>Along the outer streamlines, the flow is>
s

T
tO43CO

41+•>
m0coCOOdCO

BT3dgf-in)

|M
-l

ihrough the

•*-•

dcoIS]ot-t
m>^
i—

 i
i —

 i0
)o0)

41(JCO
• r-l

£O&<D41H

a

CO>nJ£A
!C
J

OLke the relaxing flow behind a sh

r—
 1

co41•MMn)codCQ

J[-1equilibrium over the entire body length.hock wave and then approaches <CQ

. 
CO
4
1•(->COflj
do• H13d•H1OoCOIHmOCO

4->nJnHC
O

Bd•i-<ben)
i — inJCO
• iHa.3Mai— i• r-l
dC7<
coody surface the departure from

43

re)CO
• HCDFH(0(H
f»

Hj 
*

CQCD

.ai— *an)coM4->COrHco?o 
•

CD
4)4->bOdoi — irdcoi —

 i
• H

41£-^Td•i-ioaLow expands from the stagnation

<«

ag in the dissociation rate.

i— i

206



C/5

Q
 O

8a-s
^
 U

J

<
 E

cc 
»-

H
 
WZ

§
£
i

iioVtn

co ~l
ii£o"

CM
 

O

CJ

I
I

C
O

*tII

i-S 
E

.
to

toC
O

C
S

2
0
7



coWSrHĤ«
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•ao•Pâ!HOPiCOf the temperaturs variation orj
$IHOmCO
4^
•-jSCOCO!HCO
MEH

o
-PPi
• iH0fXPio*
rH

•+
J«)PIMcd-PCOcuA-Paot
.

M<4H>
^

T3OX>CU

3bOPIO•—
i(dcuo3-PCO

• rH

13CO

aCO
•
H

to*

cuIHCO
,3?

•«

orOII

^ ^
fMO4HCOhEJbO
• i-4
M

-4
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p

. NONEQUILIBRIUM IN THE INVISCID FLOW FIEL
SURFACE HEATING RATES

(Fig. 18)
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LLOWING OFjBOUNDARY LAYER THICKNESSES, TRANSITION, AND SW^
THE ENTROPY LAYER

(Fig. 19)
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!CO

00

1rto&.CQCOIHOUCOrtoconditi

Mcorr-*layer develops uncf-trtrt*i-l

1CO
X

I

15xjrtrtCOpjO• rt
•P• rt
rO

-
rtooCO00CO

"rt§X
ICQCO

X

5 resu!*vCO

X
j00

^

ody streamline. ^

XJa• rt

X
>

•rt
i —

 I

'3CJ 1

COrtortCOo•P^*i— <co-PrtaXoFHa&

quilibrium(UtuO

.SCO3e dietedar shorter than thatooHurrtIU
T

^

rtCO
• rt

X
j00flCO

r—
 1

flO£•
r
t

COH•P0)
xj

rtoX
!COCQ

• rt

cortaoHcoa•H^a
••ss of the nonequil:cu0•H43HH

e

COrt0•H-P•rt
T

irtooXooX
iCOcocrr-4

X
!0

Luence

<+-!

CO
X

jCOrt2CO

1—
4

coCO!>.uch of the boundaraX
jflCOCOCQCOflrto• rt

dl

£, —
 1

DO
'.Wrt•rt

i—
 1

r-j

CO
• 

rt

MCO

i —
 1

a0rtcolibrium

•
r
t

3a
1ondition, the noneu•pxl00

•
r
t

r—
 1

CQ
•
r
t

X
j

rHon°coi — io"rtCOCO
X

l0

equentCOrt0U
a

co00co00leadincoaosixteen nose radii

•3oCO£*>

r
5^
^

1-1

rtOCD

•4-*

X
!

T
lCOaCQflOO

• 
rt

CQflo•
r
t

-
P>rium condi

5r—
 1

o
1

COrtoX
I(0rthco>000CQ

• rt

HCOrt
i — iIHrtOX

ICOoV
H

1 —
 1

rtHrtO*-HCO
X

j

,>pr—
 ̂

fl
*rHort

COrt0
0

1 —
 1

rtco• rt

cortoCQrt0a• rt
hX
Igoverned by equili

CO

"rt
X

!

mrt(D(— i

(Ur—
 1

ISco^»rt
i — iO"rtcocoX

j

co°

^ uoxltocorr*
yi — i

X
iO<uX
J-PT
)

" ^CO
X

!CDO-Prrt.fl0u

250



C
O

 
C

M
CO

 
,J

S "z
S

--

CC, 
o

LU 
£i

-" 
E

i =
< 

ii

DO
 

£
OQ 

5
D

 
§

UJ 
CM

COU
J

CM

inCMoCM
00

in

to6
ino

CO
C

M

O

2
3
1



*—
 \

'—
 \

C
J

N
—

 >
C

T
\

r-|

e
i

•H1
*4

*
 —

 r

4
)rHnJ

£MOmCMar
*

N
O

r~v
io4
)

13

-5•rH

ScOfirrt
T

O

4->nJCOo•iH
4
0C
O

•rHrHiracte

x
iC
J

rH4)IX

at
r—

 1

J
X

rHn
i

T
33OX
)

734)

13r—
 <

3U•3u4)
X

T
IH

influenced

CO
•rHrH4)Xn)r<nifi•i-l

gMflj
|~

H

4
)

r
f
i

-
W

V
HOCOCO4
)

r
§C
J

•iH

•s4
)

£4
0nt

X
!

&OX
!

CO4>CQ4)
_r<
**-.
IH

«

C
..N

t
i

»
rS

£Hfi•rHfi•̂«Ox
!CO

or ̂ e streamlines

V
l

o* 4->

V
l

O

factor

nt,>
s

X
Ibo

c•rHrH4
)
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ĈUJ5o|T
|•CQ£
]

O•H-P

CD
-Pcda•HJxJ
Or
l

&ftO
i

ftoH[>CD
•do-p•dQJQJ

03

HH•H-PCQCO
•HQJj^CDc~]
-P

•
\

wj
j

JMEH•
w-̂1
CD
-
f^

f̂tooGO•H-PCO£_i
QJGQJbOi
-PGQJcoCD£L|

ft£H0coCD

•H-P

CDOCO
i*t t
jj£3CQ1
•d•HOCQ
•Hrj
•Hp*CDCOCD
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INVISCID-SUEFACE-STREAMLINE SOLUTION

(Figure 2)

e entropy and pressure distribution on the surface are known, ordinary differential
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Îo-p

—

03
f
j
j

SHnjGo•Hpo•HpCO
•H•dCDpiCOCOCDft

.s^

p̂
C

jj

OCDbOCDOoS<wP
i

CQ

0
)

rHft

•HCO

OpCD
rH£
i

dO•HHftft

' 
C

DrH

P
>03(~
l

p•dCDftO0)CD
•dG0)CD
rQ(U^>o3c~^

CO
-dorc~J
p^CD
P03^
•r-\

Xo£_j

ftfto5(̂D4-*ob̂Opi
0fip5!

to general three*

•dCD
•HHft4)

-po£COar-*i
CD

_^J»v
,a\•
(j_

j

CD•x•
bOCD

•« —
 '

COCDG0o-pj
j

rH^
fl

co03c~]
CJp!CQCO
CD
•H-do•°o•H-̂PCDCO
•HS

coCDft03
^3co>>
r
^00)fta•HCQOPr
^CD
PO•HrH

PCQCD

pOGw•H•doc~)
papGCQCDinftCD

EH.coCD•H•dorHo5Go•HCOGCD

.1-d



N
OoXlf\

to

U
J

OoU
J

u.

o
o
 

o
10 ™
—

 
u

GOo:oU
J

o:

vO
 

ifi

s 
*

• 
o

8 
"_

oI

totoL
U

0
1

Q
_

8'

LT
k

Qe<to<

U
J

to

I2E<

oC
VJ

v
O

s



O
H

HHMPQQ§
 —

H
 -3

-

1
 

Q
)

"̂
 

?
H

EH 
3

. _n 
^Q

W
 

«
H

Q
 P

R

pqk
p
.

HfY
"

£̂
3

ofnCUftCUcu03'

coP
!O•HPo3

pQ
.

£
3

Ooc~]

o•Hc~]
J5P
I

OCU
p•H£_j
ObQPI•Hfe103
pHCU
.•dpq_^j-

(sp̂

HPH

|̂̂
jCU

rc"J

pCO15oco<U£_j
pbQ

•H'•Hco
•H.3EH

pie heat -transfer data

p
^
ooo6CU

tc
j

PC
f_j

Or>
)

|
 1

•HH•Ho3
H•H03030)

PC
j_)

OCUCOpi03Od>
,£>'dCU
poCU
HCUcoco03J5PIo•Hp03^Jpsbo
•HP!
OOCO
•HEH

The dimensions shown on

, —
 ̂

oH

V

C
|_j

QJSH
»^ 

^

_^j-*
t —II

a?_jj>n3
^ —

 ̂
O^ —

 ̂

c
.

(UpPI(L)
0f
i0o3(UCO0)COCU£2

<
^

p03

•d0)PI
•H03
Pft0cuf->0)^P03
,dp

1floST
3

cu•HoCOcuCOo3?H

PCUfiocubOcuoo3
VHc 1
pco0)

g

•

H0)
•dgspco(UPcur~4ftOO00CU

p̂U•ZX^

(L)

P

£
_

j

OC
|_

 (

OJ£-J
CDcûjpoO
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<ĵ

co
•HG•H•dCD
-PCDcoCDftCO

f—
 J

pCOCD

! —
 J

O
J

O•HftC
?

•P^
CD
HftCDW(UO•*\
-pCOOS
<fHJ>

j
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preceding papers provide material from which to form a judgement regarding the status andcuH

eds of exact flow field calculations, as summarized in figure 1.cuc01S-l34-13

t methods are available to provide the starting data for the three-dimensional inviscid

ons used when the flow field is predominately supersonic. At the high altitudes where

CJ 
-H

CO 
4-1

X 
CO

W
 

rH3CJ
rHCOCJ

ffects in the shock layer are important a two-dimensional method for generating startingCUCO3OCJCO
•rl

vailable which has the promise of extension to three dimensions. Methods for calculatingCOCO
•HCfl

cfl
13

flows for realistic shuttle geometries at angles of attack where the flow is predominately

1
3•rlCJCO

•Hĉ•H

curlCX

CO
•rl

13rHCU
•rl
MHOrH4HCU

4-1CUl-lcu43Ocfl
4-1
4-1CO

MHOCOCU
rH6

0

•a•H434
JCU

rH4
3Cfl

rH•rlCfl

COCUrlcO

0OC
OO4-153CU

•rl

CJ
•HCOCOrlCUC

X3CO

y subsonic two-dimensional methods have been applied to calculate shuttle flow fields in

rHcu4-1cflc•rlao13

imate way. In each of the aforementioned inviscid flows, thin boundary-layer methods haveôrlexexcfl£*ctf

ied with reasonable success, but extension to three dimensions should be undertaken.

rH
 

.
exexcflGCUCU

4
3

e the present status indicates good progress toward the ultimate objective of calculating

rH•Hp»

ete flow over shuttle vehicles, much work remains. In particular, the need for a three-

rH!<oaCU
434

J

al method applicable at high angles of attack is clear, as is the need for including theC3O•HCO£3CU£3
•H•o

ominated regions over the leeside of the vehicles. Furthermore, each of the methods needs

*"O1CO3OoCO
•H>

e real gas chemistry as part of its' development. To accomplish this work large storage,

•u3r-HCJa•rl04-1

rlOcflcfl

rHC
X
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1
•s

CMC
T.

rHm0rHrHCfl
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CUCXOCU
4304-1A

HOcfl
•HrHrHI-HoCOCOl-l0)
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ch machines should make possible economical calculations of complete flow fields on a3C/3•CUrH0rl

hedule for shuttle development.CJCO^rHCUG•H4J
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