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RESULTS OF PHASE CHANGE PAINT HEAT TRANSFER
TRST UMTLIZING 0.040 SCALE 50% FOREBODY MOTELS
(No. 82-0) OF THE ROCKWELL INTERNATTONAL SPACE

SHUTTLE ORBITFR IN AEDC VKF HYPERSONIC TUNNEL B
(TEST OHS4B)

by

W. H. Dye
Shuttle Aerosciences
Rockwell Interhational Space Division

ABSTRACT

Results of aerodynamié heating phase change paint tests of the
Rockwell International Space Shuttle Orbiter conducted in the AEDC VKF
Tuntiel B during July, 1975 are presented. The wodel was a 0.0kD scale
representation of the forward 50% of the orbiter. Surface roughness
effects on boundary layer transition were investipated. The rougliness
was simulated hy steel balls 0.020 and 0.025 inch  in diameter and a
0.25 in, diameter hole simulating the forward ET attach socket. A
nominal Mach number of R was tested with unit Reynolds number varying
from 0.75 x 106/1‘(: through 3.5 x 106/1‘13. Angle of attack was varied
from 20° to ho°.

it




TABLE OF CONTENTS

* Page

f ABSTRACT 111

’ INDEX OF MODEL FTGURES—-. 2

f INTRODUCTION 3

: NOMENCLATURE 4

. CONFIGURATIONS INVESTICGATED 7

T TEST PACILITY DESCRIPTION 9

’ TEST PROCEDURE 10

: DATA REDUCTION 1

REMARKS 13

: RESULTS AND DISCUSSION 14
E RIEFERENCES 16 g
j | TABLES | *

‘ . I. TEST CONDITIONS 17

' II.  DATA SET/RUN NUMBER COLLATION SUMMARY 18
111,  MODEL DIMENSIONAL DATA 20

FIGURES 22

APPENDLX 33

TABULATED SOUKRCE DATA

FRECEDING PAGE BLANK NOT FiiMip




//
INTFX OF MODEL FIGURES (o
;
Fimires Title Page !
1. Axis System. 22
o, Model Sketches. '
a. Paint Gtripe Model). Grid Locations. 23
b. Madel R2-10, =11, and -12 Trip Ring Insert 24 -
3. Model Photorraphs
a. Stainléss Steel Inkert 25
b. Smodbth Trip Ring ' 26 i
c. Trip Ring with 0.020 Inch Diaméter Balls 27
d. rip Ring with 0.025 Inch Diametér Balls 28
e. Installéed Smooth Trip Ring 29
f. Grid Model 30
g. Model Installation, Tunnel Opéen 31
h. Model Installation, Tunnel Clesed 32
= ). !

=




T

%

TNTRODUCTTON

Aerodynamic heatin~ thase change paint hyperfonic wind turnel tests
were conductéd oh 0.0DhD seale 506 forebody models of the Rockwell
International Space Shuttle Orbiter (models H2-0) to determine the
effetts of forward ET attach socket and roughness element size and
location on boundaiy layer transition. The tests were condusted in the
Arold Enpineerin: and Development Center VKF hypersonic wind tunnel B
fror July 21 to July 25, 1975. These tests, OHSUB. were the second of
three entries in the facility to complete OHS.

Two (?) different surface irregularities were tested:

1) small steel balls (boundary layer tripping device)

2) a .25 inch diameter hole located &t X, = 388 on the
model  (simulating ET attach sockét)

The tésts were cornducted at Mach 8 and Reynolds numbers ranging

between 0.75 x 106/1’1: and 3.5 x 106/f*h. Model angle of attack was
variéd from 20° through 40P,
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o o NOMENCLATURKR
L
f: SYMBOL MMAMONIC  TWFINITION
Cp ¢ specific heat of the model material, BTU/1b-°F ;
A accéleration due to gravity. 32.17 t‘t/ser:e
h #(T0) heat transfer coeffiedent based nn Ty, = T
=
hg HREF reference heat«-transfeg coeffgcient based on Fay-
Riddell theory, BIU/ft2-sec.-°R
[ L fuselage reéference length, 1293.3 in.
ﬂ ; Mo, MACH tree stream Mach no.
!* | N, R reference nose radius (0.040 f£t. model scale,
=% : 1 ft. full scale)
=i ; B, P-<INF free stream static pressure, psia
v P, Prandtl rumber |
+ Py PO turinel stilling éhamber pressure, psia | X
Py,Pp defined in context o
, q,, Q-INP freé¢-gtream dyhamic pressure, psia ' }
R universal cas tonstant, f‘t-lbf/l.bm-c’t! *
Re/ft  RN/L free stream unit Reynolds number. £t~ j
,,, : 8, sr(T0) Stanton number based on T, | y
L 0) IS .) —
P By Vo, (2235 + 1.35x10-4(T, + 560) ] x32.17
R ‘ b
|
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SYMBOI,  MEMMONIC
STREF

AW

T TBAR

T, T

Trn TIN

Tw T-m

'l‘pc TPC

L 0

t TIME

Ag DRL TIME

Ve

vt/} V"‘INF

X

a ALPHA

B BETA

y

Y K

# e MU-INF

NOMENCLATORE (Continved)

DEFINITION

Reférence Stanton number:

S(T0) = HREF

poVe [-7235 + 1.35x10-W(T, + 560))%32.17

adiabatic wall temperature, Op

Toe - TN

Taw ~ TIN

temperature measured by thermscouple n». 1, °F

p

initial model temperature,
free stream 8t .tic teémperature-°R

paint melt temperature, °F

tunnel stilling chamber temperature, °R

time from start of model injection, sec.

timé model exposed to airstream. seé.

Velocity at edre of the boundary layer, ft/sec.
free stream velotity, ft/set.

lonritudinal coérdinate

model angle of attack corrected for sting
deflection, deg.

flow parameters defined in context; also 8ideslin
angle; des.

rati, of spetific heats of air
model thetmotonduetivity, BTU/ft-sec-oF
free¢ stream viscosgity, lb-séc/ffp

5




NOMENCLATURE (Coneluded) .

SYMBOL  MNEMONIC DFFINITION

3 " stagnation air viscosity, 1b-sec/ft®

8
, Hy air viseosity along model wall, lbm/ ft-gec
s RHO mrdel material density, b, /rt3 |
-—
Py air density along medel wall, 1b,,,/ﬁ;3
Py stagnation air density, 1b,/tt3 |
Py RHO~INF free stream air density, slug/ft
v Yaw model yaw angle, deg.
BBRER wing span at reference spanj m, ft.
I/NREF ratlo of heat transfer coefficient based on
Pyl to reference heat transfer coefficient
bated on Fay-Riddell theory (100% recovery factor)
‘ LREF reference léngth or wing méah eervdynamic chordj
m, ft. :
SREF wing area or reference area; m2, f£t2 t
XMRI moment reference point on X, Y, and 2
YMRP nxed
ZMRP '
X/1 tonpgitudinal fuselage locution, referencé to nosej :
in Lab. data, X/1, 18 loeation of melt line oh :
fuselage bottom centerline é f
RUN NO. denoten Individudl test run L
GROUP same &8s Run No. E
FRAME defined in test procedure section
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CONFIGURATIONS TNVESTIGATED

Theé models were 0,040 shale representaticns of the forward 50% of
the Rockvell International Space Shittle Orbiter. Theé models were
contouretl per Rockwell lines VI.70-D001LOC.

Five (5) different models were utilized. They were designated as
#P-1, 82-2, 82-10. 82-11 and 82-12. The -1 and -2 mbdels were made of
Grummah proprietary material 'G' cast oh a steel.sting. Models 82-10,
-11 and -12 were cast from Lockheed proprietary material "LH" oh a steel
sting. Shrinkage during curing of the cast models reduced the seale

of each model to 0.0397. Differences in tre mcdels were as followss

Test
Model Configuration
No. No. Definition

82-1 1 Paint stripé model used as a reference for
model coordinate system. Figure 2a defines
its grid system.

82-2 2 Model with a 0.25 inch diameter hole located
at x/ £ = 0.010k on thé fuselage bottom center~
line. The hole simulated the ET forward attach
socket.

82-10 10 Model with a stainless steel insert located at
x/2 = 0.0518 61 the fseluge lower surface.
Interchangedble t¢ip rings, consisting of steel
balls spot welded to & contoured fuselage
segment. f£it intv the insert. Trip rings with
0.00 (n5 balls), 0.020, and-0.025 inch diameter
balls were tested.

82«11 11 Model with stainless steel insert and trip rings

(1ike No.10) located at X/¢ = 6.11 6n the fuse-

lage lower surface. A trip ring with balls
wids tested,

y—-




CORFIGURATIONS INVESTIGATED (Contimued)

Test

Model Configiratinn
NO . NO .
8212 12

Definition

Model with stainless ateé} insert and trip rings
(1ike No.10) located at X/2 = 0,164 on the fuge-
lage lower surface. Trip rings with 0.00 (ro

halls), 0.020 and 0.025 inch diameteé# balls were
tested.

The reference body length (g) 1s 1293.3 inches.
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TEST FACILITY NEACRIPTION

The Arnold Enrineering Development Center (AEDC) 4s an Air Force
Facility located in Tullshoma, Tendessee. The tunnel used, Tunsol B, ds
located in the von Karman Pacility portion of this centér. Engineering
and other technical operations in this tunnel are perfortied by contractor
personnel of ARO, Ine.

Tunnel B is a continuous, closéed eircuit, variable density wind
tunnel with an axisymmetric contoured nozzle and a 50-inch Adiameter teat
section. The tunnel can be operated at & nominal Mach number of 6 or 8
at stagnation pressurés from 20 to 300 end 50 to 900 psia, respectively,
and at a stagnation temperature of up to 1350°R. The model may be i
jected into the tunnel for a test run and then retracted for model

cooling or model changes without interrupting the tunmel




TES PROCFDURE

Tempi 1a ®. a fusible coating that changes phase from an opaque
solid to & transparent liduid at temperatures specified by the man-
ufacturer, was used to indicate the location of isotherms on the.model
surfdce. The paints used had melting temperatures of 169, 200, 250, 300,
350 and 400, degrees Fakrenheit.

A Beattie-Coleman Va.rit;rorf® 70 nm sequence camera was used to
récord the progression of isotherms on the windward surface as a
funetion of time during each test run. The camera was located on the
top of the wind tumne). and photographed the bottom surface of the
Orbiter models. The camera was operated at a nominal rate of 1 frame/
set. Kodak TRI-X Pan® black-and-white £ilm was used.

Dual television monitors were used throughout the test to further
record the effects of planform area reduction on heating rates and to
facilitate on-line cross-referencing.

Prior to eath test fun, the model was cleaned with a solvent and
spray-painted with the phase-change coating. Trip ring balls were
protected using cardboard shields diuring ¢leaning and painting. Model
temperature was measured using a thermocouple probe. The model was then
injected into theé wind tunnel for about 30 seconds, dwing which time the
profression of the isotherms, indicated by the demarcatistn between melted
and urmeltéd coating, was continuously photographed. The model was
then retracted from the wind tuhnel and the tydle repeated for the next
ruh.

10
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DATA REDUCTTON

Thin film heat transfer coefficients weré calculated for each melt
line at which.photozraphs.uere taken. The coefficients were calculated

asstiming three differeht recovery factors:

T
21,0
o
The following calculations.were then performed to obtain thin £ilm

coefficientss

whére the flow parameter i results from iterative solution of:
- 2
1-Te B (1-ert )

Theoreétical thin film heat transfer coefficients and stagnation
point heating rates were calculated using the equations given belows

hg = (6N (B, ") oy )N g ) JEE

where

C.
pt..&k_’i (#, Cpand k for air)

dVe . The streamiise velot!ty gradient
dx along the model surface

1




DATA REDUCTTION (Bontluded)

and

dve = 1_ ./ 2Rg T, (1 -1
Nr\/ 6% (1= L)

N. = Nose radius, .0LO foot radius (1 foot full scale)

- Y
= X._’"...]_. ? y-1
L R ]

X
QYMm? - (Y b l)
L

Locations of melt lines on the fuselage bottom centérline were

Py

manually measured using film. These lotations were torrelated with cor-
responding values of tunnel conditions and h/hg calculated using the
sbdve equations. The résult of this effort wis a table giving h/hy end
frame number as & function of x/% for each group number. These date were
ther arranged into datasets and input to the DATAMAN system. Resulting
data are tabulated in thé appendix. Data off the lower surface center-
1ine were used for qualitative undlysis but Were not digitized. Photo-
graphs taken during the test showing all melt 1{nes may bé obtained by

contacting the aerothermodynamics analysis engineers.
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RFMARKS

Results of OHSUA indicated that nominiform transition patterns. were
caused by nonunifosrm ball heights. Therefore, before OHSUB commenced,
considerable effort was expended to obtain acturate and precise measure-
ments of the height 6f each steel ball after it was spot welded onto a
trip ring.

The standard deviation.of the ball heipghts for each ring was
reduced to produce a tore uniform transition pattern. . The tolerance of
the ball heights was reduced to ¥ 1.5% of the ball height to6 accomplish
this. Any ball with measurements outside thé allowable tolerance was
removed, réplaced, and remeasured urtil the tolerance limit was satis-
fied.

The medasurements were made using an optical measuring microscope
with special lighting and measurement technigues. Particular attention
was given to determining the éxact point of contact between the ball and
the trip ring. Ball height measureménts were obtained with a 10"5 inch

precision and accurate to £ 10~ inch.
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RESULTS. AND DISCUSSION ’

Uncertainties of the basic¢ tunnel parameters were estimated from
repeat calibrations of the PO and TO instruments and from the repeat-
ability and uniformity of the tunnel flow during calibrations. The
parameters PO, T0, and Mach No. with their uncertainties were then
used to compute theé untertainties in the other parameters dependent on

these by means of the Taylor series method of error propagation.

Uncertainty, pertent

MACH NO. PO 10 RE/FT
+ 0.3 + 0.5 + 0.5 + 1.2

An estimate of the data precision of phase change paint data is
hamperéd by the fact that an observer must determine the location of
the melt line. For this analysis, pnly uhc¢ertainties attributable to
thé measured parametérs are considered. The parametérs needed for
the solution of the equation for the heat transfer coéfficient, h, are
Tpc’ Trygs maw,- pxC.,, and At. Theé table below sumarizes the nominal

uncertainties in these specific parameters.

Parameter Uncertairt: (+)
At + 1.0
chp + 10.0
Tin + 0.5
To (Tav) 1.0
Tre + 0.5
14
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i RESULLS AND.DISCUSSION (Concluded)

f; i Tt should bé remembered that the above uncertainties in T, and
';i T@c ohly reflect nominal measurement uncertainties. As previcusly
| mentioned, the interpretation of when phase change occurs (i.e., Tbc)
is a matter of obsérver experience, and the “"correct" assumption of

what should be used for T, also requires engineering judgment. -

However, combining the above measurement uhcertainties with the
corresponding error sehéitivity factor (derived by usinz the equation f

for the heat transfer coefficient, h, and taking the square root of

the sum of the squares) yields the following:
for Tp, 200°, h uncertainty = + 13 percent

i for T, >200%F, h uncertainty = + 11 percent
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TABLE TIT.
MODEL DIMENSIONAL DATA

MODEL, COMPONENT: BODY - Bgp

GENERAL DESCRIPTION: 50* Orbiter Forebody, Vehicle 140C.

NOTE: This body includes a small portion 6f the wing glove.

MODEL SCALE: 0.0LO

DRAWING NUMBER: ___ VL70-00O1koC

DIMENSIONS: FULL SCALE  MODEL SCALE
tength 645,15 25.80
Max Width 330.00 __13.20

) R




TABLE IfI (Cantimed)
MODEYL, DIMENSIONAL DATA

MODEL COMPONENT; _ CANOFY - 39

GENERAL DESCRIPTION:

Configuration & canopy and windshield as used

with 325. g8ix glass panes in windshield

MODEL fICALE: 0.040

VL70-000140B, 14%0C, 202B

DRAWING NUMBER:

DIMENSIONS: FULL SCALE MODEL SCALE
Length (X, = 434.643 to 670) In. 235.357 R
Max-Width
Max Depth Glaas - In. 28.00 1.12

Nose/windshiéld intersection, X, = L3h.643 17.386

21
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