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i f FOREWORD
i _ t

Results are presented of aerothermodynamic wind tunnel

tests performed by Lockheed's Huntsville Research fa Engineering

Center. This .constitutes the Final Report for Contract NAS9-

10506. The tests were performed in the Mach 8 Variable Density

Facility at the Langley Research Center, Hampton, Virginia. The

NASA-Manned Spacecraft Center technical monitor for this con-

tract is Mr. W. D. Goodrich, Mail Code ES57.
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NOMENCLATURE

Symbols

• i a

C

•- g
h

H

; K

a
', P

R«n
• t

T '

X/L
R

IM

Greek

a

V

P

thermal diffusivity, K/pC

specific heat

•universal gravitational constant

heat transfer coefficient

enthalpy

thermal conductivity

depth

pressure

nose radius, 0.005 ft
i . . . . .

time

temperature
nondimensional wetted length along bottom centerline

free stream Reynolds number

angle of attack

viscosity

density

Subscripts

AW
i
pc

o

s

w

oo

adabatic wall conditions

initial
phase change melt temperature

total conditions

stagnation point

wall conditions

free stream

x
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Section 1

INTRODUCTION AND SUMMARY

This report presents results of the experimental investigations per-

formed on the NASA-Manned Spacecraft Center Space Shuttle orbiter and

booster configurations at the Mach 8 Variable Density Facility at Langley

Research Center, Hampton, Virginia, from 13-16 October 1970. The test

program reported here was a series of aer other mod ynamic wind tunnel tests

that were run over a range of angles of attack, yaw angles, and Reynolds

numbers. This report documents the tests performed and presents results

obtained.

Objectives of the test program were to obtain heat transfer data over

the NASA-Manned Spacecraft Center Space Shuttle orbiter, booster, and

launch configurations for a range of angles of attack from -20 to +30 degrees,

yaw angles of 0 and Hh6 degrees, and Reynolds numbers of 0.6, 2.0, and 3.7 x

10 . The phase-change coating technique was used to obtain heat trans -

fer data. Information received from these tests will be instrumental in per-

forming thermal protection systems studies and vehicle aerodynamic design.

Review of the data shows that the principal objectives of the test were

attained. Side, bottom, and top view data were obtained which consisted of

isotherm melt contours. Schlierens of most test attitudes and conditions

were also taken and are presented.

LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER
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Section 2

DISCUSSION

Heat transfer tests were performed on the NASA-Manned Spacecraft

Center Space Shuttle orbiter, booster and launch configurations in the Mach 8

Variable Density Facility at Langley Research Center. The tests were con-

ducted at a nominal Mach number of 8, with the free stream unit Reynolds

number varying from 0.6 x 106 to 3.7 x 106. Heat transfer data were ob-

tained by coating 0.005-scale plastic models of the NASA-MSC configurations

with a material that melts at a known temperature and recording the phase -

change patterns by motion picture photography. The data were reduced by

measuring the time required for the surface to reach a known temperature,

as indicated by the phase-change, and calculating the corresponding heat

transfer rates by the semi-infinite slab transient heat conduction equation.

This technique has been developed (Ref. 1) and used at the NASA-Langley Re-

search Center (Refs. 2 and 3).

2.1 MODELS

The NASA-Manned Spacecraft Center heat transfer models were fabri-

cated in the laboratory facilities at Lockheed's Huntsville Research & Engineer-

ing Center, Huntsville, Alabama. Three pair of identical boosters and or-

biters were fabricated with one booster and one orbiter mated for a launch

configuration. These models, which are shown in Figs. 1 and 2, were

fabricated from a material known commercially as Stycast, a 600°F

castable plastic. Hemisphere models were also cast with each MSC model

to provide a means for determining the «7pCK for the material. All MSC

test models (except the orbiter/launch configuration) were instrumented

with two chromel-alumel thermocouples imbedded to a depth of one-eighth

inch below the surface at midpoint bottom and top centerline. These thermo-

couples were used to monitor the model temperature before each run.

LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER
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2.2 TEST PROCEDURE AND RUN SCHEDULE

Before each run, the Stycast models were cleaned and coated with a

phase -change material known commercially as "Tempilaq. " This material

consists of wax crystals having calibrated melting points which are suspended

in an inert, volatile, nonflammable fluid. Tempilaq, with a" melt temper-

ature of 150 F, was used on all runs. The coating was sprayed on the model.

~It~dr ied iir~appr"dxirnatel'y~one minute, leaving a dul!7 "opaque

After t"he models were dry, the test configuration was attached to the

tunnel injection mechanism at the desired test attitude. Motion picture cameras,

positioned at the top and side of the test section, were set in motion when

the model was injected into the air stream. The duration of each test was

limited to approximately fifteen (15) seconds. Recorded data consisted of

35 mm double -frame black and white film which showed the phase -change

patterns. Upon the completion of each test, the model was washed and

cooled with acetone to prepare for the next test. Table 1 shows the complete

run schedule with the Reynolds numbers calculated from wind tunnel condi-

tions.

t _ . _ _ ^ ___ i __

Schlieren photographs, which were made during most of the runs, are

presented.

2.3 DATA REDUCTION

Surface heating rate distributions on the models were determined by

measuring the time required for the surface to reach a known temperature,

indicated by the observed phase change, and utilizing the solution of the

transient one -dimensional heat conduction equation:

8T _ K 9 2T
TT = PC -

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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To solve this equation a set of boundary conditions which most nearly describes

the actual tunnel test was used. In this case the boundary conditions are:

m<>) = T.,

T(oo,t) = T.

8 T ( O f t ) _ h .
8j? " K AW[TA W -T(0. t ) ] . (2)

.Coating temperature and model surface temperature were initially assumed

to be identical. The solution of the above equation yields the test time required

for the surface temperature to reach Tpc, the coating melt temperature. Other

assumptions are: <

1. Depth of'heat penetration into the model is small compared
with the Stycast thickness so that the model acts like a
semi-infinite slab.

2. The model is initially isothermal.

3. The surface is subjected to an instantaneous step in aero-
dynamic heating at time zero and the heat transfer coef-
ficient does not vary with time.

4. The product of model thermal conductivity, density, and
specific heat does not vary with temperature.

The solution of the transient one-dimensional heat conduction equation with

stated boundary conditions is:

.1

T = PC " = l - P
XAW i

where

•u ^i~

- . (4)

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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To minimize errors due to nonuniform heating rates encountered while the

model passes through the tunnel boundary layer and errors in determining

the test time, the time required for the phase change to occur should be

large compared with the time from initial exposure of the model until steady

How is established. However, the time required for the phase change to oc-

cur must be short compared with the thermal diffusion time of the model

wall. The thermal diffusion time is given approximately by the expression

,(Ref. 1):

(5)

This expression was obtained by assuming a cubic distribution of tempera-

ture with depth in a slab subjected to an instantaneous applied constant heat

transfer rate at one surface and solving for the time for which a significant

change in temperature occurs at a depth I. For the NASA-MSC models made

from Stycast, the assumption that the model acts as a semi-infinite slab is

valid for all test times encountered only for the fuselages. The wings
T.—To-a-l-u-s^-a-t-e-d-a-ta^-v-al-Ld-ity-r-a-plQ-L-Q-f—thermal

diffusion time versus depth of penetration is given in Fig. 3. This plot shows

thicknesses and corresponding melt times for which the data are valid or

invalid. For a given depth, the data are invalid'if the melt time is to the

right of the curve. The case then would require a finite-slab solution with

two heat inputs. Depending upon the depth and magnitude of heat inputs, large

errors can be encountered if the data are reduced by a semi-infinite slab

solution.

The model thermal property, ^pCK, is required to reduce the heating

data by the semi-infinite slab heat conduction solution. The density, specific

heat, and thermal conductivity of one of two representative samples of Stycast

have been measured by NASA-Langley for Lockheed under a different •

contract. It was assumed that density and specific heat did not vary from

batch to batch. The variation in thermal conductivity was determined by

LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER
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comparing the heat transfer rate through a slab cast from each batch with

that measured on a sample whose thermal conductivity had been measured.

These tests were performed by using a NASA-Langley apparatus which in-

corporates a heat meter to measure the heat transfer rate through a 0.5-in.

thick specimen when the two faces are exposed to a known temperature dif-

ferential. The thermal conductivity tests of the model material gave a value
L ^ JL^

-for—*hoe-K-of-Ov06-22-Btu-/ft-seG-^-R

To provide another means for obtaining the value of WpCK, three

hemispherical models were fabricated and tested as indicated in Table 1.

Stagnation point heat transfer coefficients for the three spheres were cal-

culated for their respective run conditions, by the method as outlined in

Ref. 2. A similarity boundary layer solution was used with a Newtonian

pressure distribution to obtain the heat transfer coefficients at scribe

marks located on the hemispheres. By using these values of h, the

value of WpCK was-found by using Eq. (4) and the times at which the phase-

change occurred at the scribe marks. This procedure was followed to check

the measured value of ^pCK. The average value of ^pCK so determined

was 0.060 Btu/ft2sec¥-°R. This value was used to reduce all data for the

NASA-M'SC models. The method has also been used in" previousTesFprograms

ae discussed in Refs . 3 and 4. Consistently, a value of approximately 0.062

was obtained through several batches of models.

To limit the number of errors made in producing and interpolating curves

for the heat transfer coefficients, a digital computer program had been written

previously to reduce phase change data. The run conditions are read in;

the correct T~ and p are calculated with h being output directly as a function

of time required to melt.

The Fay and Riddell method for calculating the stagnation point heat

transfer coefficient to a sphere was programmed and values calculated for

each run. The equations on the following page were used:

LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER
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.0.1 0.4
i w* W O O - u w ./.h (6)

* o w'

where

H = total enthalpy

H = wall enthalpy

B = 5=- 2g

The values of h/h were calculated and output for each case as a function of
s

time required to melt.

2.4 TEST RESULTS

A Telereadax'machine at NASA-MSFC was used to draw melt contours

for all runs, except Runs 429 through 434. Data for these runs were invalid

because of camera failure. Repeat runs were made. In these runs, each

melt contour represents an isotherm or constant heat transfer coefficient.

The data are presented as ratios of local heat transfer coefficient based on

the stagnation conditions for that run and calculated with a nose radius of

0.005 feet.

Figures 4 through 30 present the upper and/or lower surface contours

for Runs 435 through 464. Figures 31 through 57 present the side panel sur-

face contours for Runs 435 through 464.

Wing chordwise heat transfer distributions for several spanwise loca-

tions are presented in Figs. 58 through 68. Those runs whose test conditions

varied such that meaningful comparisons could be made are presented.

Lockheed-Huntsville's experience with phase change testing, indicate

that there is a breakdown in the assumptions of the data reduction procedure

used on certain portions of the wings. Certain portions of the wings cannot

8
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1

be treated as a semi-infinite slab. A finite slab data reduction procedure

must be used to calculate the heat transfer coefficients. This would require

a new data reduction technique development and was considered beyond the

task assignments of this contract. All data presented was reduced with the

semi-infinite slab solution.

Figures 69 through 83 present schlieren photographs taken during the

test series.

2.5 RECOMMENDATIONS

One test program ordinarily does not provide all data needed for a com-

plete analysis of a space vehicle configuration. Data are obtained, surveyed,

and analyzed; and additional test programs are usually required, which are

designed to obtain very specific information.

Much data were obtained on this NASA-MSC test program, as results

indicate; however, there are regions on the model surface where heat transfer

data are lacking or cannot be reduced by the semi-infinite slab solution.

The phase-change technique has limitations and models and test pro-

cedures must be designed around these limitations. Models used in the test

prograrr> performed extremely well and remain in excellent condition so that

they could be used in other tests. Based on the results of this test program

the following items are recommended for consideration:

o Conduct heat transfer tests on the NASA-MSC configuration with lower
melt temperatures and increased tunnel conditions.

o Conduct shock impingement heat transfer tests on the NASA-MSC launch
configuration, utilizing the mated model configuration and a separate
or biter and booster.. Staging maneuvers could be simulated with a cor-
rect sting arrangement.

e Investigate data reduction errors due to model thickness effects. Develop
a data reduction program that will solve the finite slab solution with heat
inputs to both surfaces. Such a program could be expanded to account for
surface gradients.

o Conduct oil flow tests with silicone oils and zinc oxide. Such information
would provide insight to shock impingement, flow separation, and stream-
line divergence.

Complete detailed recommendations will be forthcoming in a Lockheed -

Huntsville document.
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! Thermal Properties Measured
^ * 3

p ~ 139.5 Ib/ft
°i C -0.22 Btu/lb- F

I P A
1 K ~ 1.175 x 10 Btu/ f l - soc- 'R ;

, Quoted by Emerson & Cumings :

mm

Fig. 3 - Thermal Diffusion Time vs Depth of Penetration for Stycast
Used in NASA-MSC Heat Transfer Models
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ô

4-> IT*

•t. * t.-i n

• ^o Ky *->
R K oT
^ ™ 2
.£ « 7

o
U

et

s

o
0.

ri
C
OC
rt

Ul
o

C

fi

e
s

*wf-1

O fM O'rJ ^
>O 5j* O CO *O
TM — ~* 0 0

o o o o o

— * ro rn ^ ui



O
w

O

o"
f>

o
•o

o
O

C
CO
d

C.

C

t

£o
to

^ c n - f v j
m r- irt *»*
^- o o o
O o o o

— <M f^l ^J*



O
Ow

e>

JO

41

£

•)

03 O 0 ~
r\J r~ U1 ro
— O 0 0

O O O O

— • rO r^ Tf



o1"
. R'
, r-l O

uw
(6

II
.*=.

?
A

Is
ot

he
rm

»n o .r-. t*- t-
i*- \rt o °o ^co _ — o o
o o o o o

-. ro m -!• >n



oi

SI O
> L-*

i
^ C
•H 3o a
K i-)

o
O

o
O,

I

tt

.c

E
.c
o
m
t-i

r- CO
- CO •*•

O 0

o o

•* CO
ro rj
O O

0 0

— • fj p) ^ •



o
U

rf
c
to
3ul
o

ca
a

o a* in
o o a
o o o

ft)
.c
+>
O

(O N



£ *=* £

e
o
O

o

c

£
o
2
in

^_
^

£
4>

*V>
O
to

00 CO

0 0

o o

•*
0

o

--



<J
u

o

J

n

E

t>
m
n

(M *-. ^-. O O

o o o o o

-„,«,,«



o

J
"-̂

E
.C

ifl
HI

-o^c-or-
M o -f -r n
— o o o o
o o o o o



LMSC/HREC D162761

0.30

0.20 I-T--K--

0.10

0.0

j 1. h/hg Heat Transfer Coefficient Ratio

'] 2. x/c Ratio of Axial Distance from Wing
M Leading Edge to Local Chord Length---!

ffliuttif

0.2 0.4 0.6

x/c
0.8 1.0

Fig. 58 - NASA-MSC Orbiter/Launch Configuration Wing Chordwise
Heat Transfer Distribution at 50% Span, Alpha = 0°, yaw = 0°
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LJ

1. h/h Heat Transfer Coefficient Ratio

2. x/c Ratio of Axial Distance from Wing j
Leading Edge to Local Chord Length'

Flagged symbols are for Run 450

LL_L;:;i ::J : LJ

Fig. 59 - NASA-MSC Orbiter/Launch Configuration Wing Chordwise
Heat Transfer Distribution at 50% Span, Alpha = 0°, yaw = 6°
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NOTES

1. h/h_ Heat Transfer Coefficient Ratio
-]-.-—.

2. x/c Ratio of Axial Distance from Wing '
Leading Edge to Local Chord Length-;)"

: ; : . I . : LiLl •'- ' • ' • • ' i i ' ! • ! - . . ' I"- i "'.I

0.0 ." : - : i r

Fig. 60 - NASA-MSC Booster/Launch Configuration Wing Chordwise
Heat Transfer Distribution at 50% Span, Alpha = 0°, yaw = 0
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1. h/h Heat Transfer Coefficient Ratio
' s :j

Ratio of Axial Distance from Wing !

Leading Edge to Local Chord Length-]

• .-.H---

yf- -[—-j -4-'-r—|-::rl.— —!:}-:— (rĵ -̂ rt-.-di— T-.—\r.

>.o a îl_;Ji.:ki_:.mii:̂ klî .iil;I_!,._±
0.6
x/c

0 0.2 0.4

Fig. 61 - NASA-MSC Booster/Launch Configuration Wing Chordwise Heat
Transfer Distribution at 50% Span,1 Alpha = 0°, yaw = 6°
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1. h/hs Heat Transfer Coefficient Ratio

2. x/c Ratio of Axial Distance from Wing j
Leading Edge to Local Chord Length}—.{—_j

: | . • . : ! ' " I : : ! . • I ' . - ' .... ,..__, 1.__

TT—! r~~ ~ "^ • r -: 1"1 1

wmm0,0 I—
0 0.2

Fig. 62 - NASA-MSC Booster/Launch Configuration Wing Chordwise Heat
Transfer Distribution at 50% Span, Alpha = 10°, yaw = 0°
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0.30

0.20

i i j U.I.-LI u.: L,.: i ; ; u i : 11 n; i ITTI i, 111 • i; h,, iTrrnrrnTrTTiTi nTnrmiT.TiTTr rn :~T
ijNOTES: ' ' ! > !
i_l. h/hs Heat Transfer Coefficient Ratio

2. x/c Ratio of Axial Distance from Wing
Leading Edge to Local Chord Length :

0.10

0.0

;;;_'_•;• _; ; •.; j •'; ; ' ^ ; • _i - •_[_

!̂__.: _..: L.4_:̂ .;
. . . . . . . . : | . ...

Fig. 63 - NASA-MSC Orbiter Configuration Bottom Wing Chordwise Heat
Transfer Distribution at 25% Span
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0.30

0.20

MNOTES:
i j

I 1. h/hs Heat Transfer Coefficient Ratio

: 2. x/c Ratio of Axial Distance from Wing
Leading Edge to Local Chord Length--

0.10 i—j

0.0

;-rrr—1-.-.-| r~~ I :: ! 'v;
! • ! ' . i • • . ! . i . . . - I , ; , i . . I . . . . J

Fig. 64 - NASA-MSC Orbiter Configuration,Bottom Wing Chordwise Heat
Transfer Distribution at 50% Span
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1'NOTES:
il. h/h Heat Transfer Coefficient Ratio !1 ' s I
2. x/c Ratio of Axial Distance from Wing 1

Leading Edge to Local Chord Length j

-J3. Flagged Symbols are for Run 451
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Fig. 65 - NASA-MSC Orbiter Configuration Wing Top Chordwise Heat
Transfer Distribution at 25% Span, Alpha = 0°, yaw = 6°

75



LMSC/HREC D162761

;: NOTES
•: 1. h/h Heat Transfer Coefficient Ratio

0.20 -----

; 2. x/c Ratio of Axial Distance from Wing
Leading Edge to Local Chord Length

Flagged Symbols are for Run 451

' .-I: . 1 • • j ! - , :
—-r; 1—if-.-

Fig. 66 - NASA-MSC Orbiter Configuration Wing Top Chordwise Heat
Transfer Distribution at 50% Span, Alpha = 0°, yaw = 6°
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0.30

0.20

.c!

.a

0.10

j - J ; : 1 . ;

SNOTES:

]l. h/hs Heat Transfer Coefficient Ratio

•2. x/c Ratio of Axial Distance from Wing
Leading Edge to Local Chord Length—

ffl l l.fcfjj: i i j i-l,j^ji. Rjii:HI::Hi'-n.':.:!^: i : : . : ; ; ! :

~~

I

0.0

Fig. 67 - NASA-MSC Orbiter/Launch Configuration Wing Chordwise Heat
Transfer Distribution at 50% Span', Alpha = +10°, yaw = 0°
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0.30-T

0.20

0.10.

0.0

!'![r 1 h/h Heat Transfer Coefficient Ratiotrfif- s
! - i ' 2. x/c Ratio of Axial Distance from Wing

Leading Edge to Local Chord Length

3. Flagged Symbols are for Run 452

LLLpJ.LLJ.iU:.• • : ! • ' - 1 • • • • • • ' • - , • • •

0

Fig. 68 - NASA-MSC Booster Configuration Wing Bottom Chordwise Heat
Transfer Distribution at 50% Span, Alpha = 0°, yaw = 6°
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: v;$

Fig. 69 - Schlieren Photographs of Run 430; Pitch = 0°, Yaw = 0°,
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Fig. 71 - Schlieren Photographs of Run 434; Pitch = -10'

Yaw = 0°
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Fig. 72 - Schlieren Photographs of Run 441; Pitch = 0, Yaw

RN/FT = 0.026 x io5
0°,
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Fig. 74 - Schlieren Photographs of Run 445; Pitch = +10 ,

Yaw = 0°, RN/FT = 6.43 x 105
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Fig. 75 - Schlieren Photographs of Run 446; Pitch = -10°,

Yaw = 0°, R../FT = 6.43 x 105
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Fig, 76 - Schlieren Photographs of Run 447; Pitch = 0 ,

Yaw = +6°, RN/FT = 6.3 x 105
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f̂ tî si;̂ .: u:., -;;m ̂ s?

:,:S5 î
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Fig. 77 - Schlieren Photographs of Run 448; Pitch = 0°,

Yaw = -f6°, = 5.9 x 10
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Fig. 78 - Schlieren Photographs of Run 449; Pitch = 0 ,

Yaw = +6°, RN/FT = 5.99 x 105
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Fig. 79 - Schlieren Photographs of Run 450; Pitch = 0 ,

Yaw = -6°, RN/FT = 6.26 x 105
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Fig. 8Q - Schlieren Photographs of Run 454; Pitch = +20 ,

Yaw = 0 , = 2.04 x 10

90

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER





wi-itrf-aw t-i-ws.

ffg^SZ***^-

. • . -

" ' - ' '

4 * ~

462; Pitch = -5°,
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Fig. 83 - Schlieren Photographs of Run 464; Pitch = -20 ,

Yaw = o°, RN/FT = 1.97 x io6
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