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ABSTRACT 

Aerothermodynamic tests of Phase B space shuttle configurations proposed by 
McDonnell Douglas—Martin Marietta were conducted at Mach numbers 8 and 10.5. Test 
conditions provided both Mach number and Reynolds number simulation for typical ascent 
and reentry trajectories. This report provides a comprehensive analysis of the major test 
results and also presents data comparisons with theoretical calculations. Specific areas 
covered are ascent heating and shock interference, booster reentry heating and flow fields, 
and orbiter reentry analysis which includes leeside heating, windward shock angles and 
flow fields, windward surface heating, and boundary-layer transition. 

m 
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SECTION  I 
INTRODUCTION 

During the Phase B design studies of the Space Transportation System (Space Shuttle), 
a fully reusable concept requiring a booster and an orbiter was investigated by NASA. 
In support of the Phase B program, extensive aerothermodynamic tests of several proposed 
configurations were conducted at the von Karmän Facility of the AEDC. The tests were 
sponsored by NASA-MSFC; however, the configurations were determined by the two Phase 
B contractor teams which were composed of: 

1. McDonnell Douglas—Martin Marietta 
2. North American Rockwell—General Dynamics Convair 

This report presents results for the McDonnell Douglas—Martin Marietta 
configurations. A parallel report (Ref. 1) documents test results for the North American 
Rockwell—General Dynamics Convair configurations. 

Additionally, tests of basic delta wing shapes were included in the test program; and 
these results will be documented in a separate report. All data generated during this test 
program were submitted to the NASA-sponsored "System for Automated Development 
of Static Aerothermodynamic Criteria" (SADSAC) and are documented in data reports 
(Refs. 2 through 17). 

The test objectives for the McDonnell Douglas—Martin Marietta configurations are 
summarized as follows: 

1. Provide aerodynamic heating data for the ascent (launch) configuration 
including booster-orbit er interference effects. 

2. Provide  aerodynamic  heating  data for both booster and orbiter entry 
conditions. 

3. Obtain flow-field and boundary-layer transition data at reentry conditions. 

To accomplish these objectives, two VKF test facilities were utilized. The continuous-flow 
hypersonic Tunnel B was used to provide ascent and reentry data, and the hypervelocity 
hotshot Tunnel F provided orbiter reentry data. Tunnel B was chosen because of its unique 
combination of high data quality, high productivity, and large model size capability. Tunnel 
F was used to provide flight-matched Mach number-Reynolds number conditions. The high 
Reynolds number capability of Tunnel F permitted investigation of fully turbulent heating 
rate distributions and boundary-layer transition location at flight conditions. The test 
conditions for both tunnels are compared with representative Space Shuttle trajectories 
in Fig.  1 (Appendix I). 

In Tunnel B, heat-transfer rates were determined using the phase-change paint 
technique on 0.011-scale ascent and orbiter reentry models and on 0.009-scale booster 
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reentry models. The nominal test conditions were Mach number 8 and free-stream Reynolds 
numbers, based on model length, from 2 million to 9 million. To produce a maximum 
amount of fully turbulent flow on the reentry models, boundary-layer trips were used 
during some of the tests. Model surface pressures and flow-field pressure and temperature 
data were obtained for the reentry models. 

The Tunnel F tests were made in two entries. From the first entry, heat-transfer-rate 
and model surface pressure measurements were obtained on a 0.011-scale orbiter during 
simulated reentry. Heat-transfer-rate distributions were determined by the thermographic 
phosphor paint technique, whereas the primary pressure and heat-transfer data were 
recorded with gages. The nominal test conditions were: Mach 10.5 and free-stream Reynolds 
numbers, based on model length, from 2 million to 24 million. Results from the first 
entry (Phase I) indicated that surface irregularities such as pressure orifices and heat gages 
may have unintentionally "tripped" the boundary layer at high angles of attack and high 
free-stream Reynolds numbers. Consequently, a second entry was made whereby "natural" 
transition results were obtained at 40-deg angle of attack and flight Reynolds numbers. 

In addition to the experimental program, a parallel analytic research program was 
conducted by the VKF under Air Force sponsorship. One particularly valuable result of 
this effort was the development of a calculation technique for the laminar and turbulent 
windward surface heating of space shuttle configurations at large angles of attack. Results 
from this technique are compared with the experimental results from the present program 
in this report; a thorough description of the analytical procedures and additional data 
comparisons are presented in Ref.  18. 

SECTION  II 
APPARATUS 

2.1    MODELS 

2.1.1    Tunnel B Models 

Two basic configurations of the space shuttle vehicles were tested: the -17A booster 
(MDAC-B) and the delta wing orbiter (MDAC-DWO). For the booster configuration, two 
model scales were selected: 1.1 percent and 0.9 percent. The 0.9-percent booster was 
used to provide high angle-of-attack reentry heating data, while the 1.1-percent booster 
was used for the tests of the booster mated with the orbiter. Model drawings were provided 
by the McDonnell Douglas Corporation, and the model fabrication was subcontracted to 
the Grumman Aerospace Corporation by AEDC. A list of the models fabricated is shown 
in Table I (Appendix II). The two 0.009-scale booster models (Configuration Nos. 41 
and 42) were geometrically the same, but Configuration 42 had ten windward centerline 
pressure orifices. A sketch showing the overall booster model dimensions is presented in 
Fig. 2, and a photograph of the 0.9-percent booster is shown in Fig. 3. References 4 
and 5 provide additional configuration description details, as well as tabulated model surface 
coordinates. 
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The two orbiter models (Configuration Nos. 21 and 22) were also geometrically 
similiar, but Configuration 22 had a l.O-in.-long steel nose and 10 windward centerline 
pressure orifices. A sketch showing the overall model dimensions is presented in Fig. 4, 
and a photograph of Configuration 21 is shown in Fig. 5. Reference 7 provides additional 
configuration description details, as well as tabulated model surface coordinates. The mated 
configuration (booster-orbiter) used in the ascent tests is discussed later in Section IV. 

The phase-change paint technique, which was used to provide heat-transfer-rate 
measurements in Tunnel B, requires a model material of relatively low thermal diffusivity 
to permit extraction of accurate heating data. Basically, the data are reduced by assuming 
that the model is a thermally semi-infinite slab. Several materials have been used in wind 
tunnel tests which satisfy the semi-infinite slab requirement (within reasonable limits of 
time and material thickness). Probably the most commonly used material at present is 
Stycast®, which is a filled, high-temperature epoxy. Stycast 2762® was selected as the 
model material for the present tests because of its proved performance. 

One important requirement for phase-change paint data reduction is knowledge of 
the model material thermophysical properties. To provide this information for these models, 
two approaches were taken. First, a laboratory analysis of samples of the material was 
made; second, 6-in.-diam hemispheres were cast from the same batch of Stycast used to 
cast each model. Calibration runs were made during the tests with each hemisphere model. 
The results of these tests are discussed in Appendix III. 

Chrom el®-Alum el®  thermocouples    were    cast    into    all    the    Stycast   models 
approximately 1/8 in. from the surface to measure the initial model temperature. 

2.1.2    Tunnel  F Model 

A photograph of the 1.1-percent scale model of the delta wing orbiter mounted on 
the support sting in Tunnel F is shown in Fig. 6. The model fabrication consisted of 
a stainless steel lower surface up to the model reference plane (see Figs. 6 and 7) with 
the fuselage upper body and vertical fin made of a Fiberglas® composition. A complete 
layout of the model showing all instrumentation locations is shown in Fig. 7. The model 
was constructed at AEDC from loft lines supplied by McDonnell Douglas (Drawing No. 
255BJ00050, Rev. B). Only the windward centerline was instrumented for Phase II. 
Reference 8 provides additional configuration and instrumentation location details. 

2.2    WIND TUNNELS 

2.2.1    Tunnel B 

Hypersonic Wind Tunnel (B) is a continuous, closed-circuit, variable density wind 
tunnel with an axisymmetric contoured nozzle and a 50-in.-diam test section. The tunnel 
can be operated at nominal Mach numbers of 6 and 8 at stagnation pressures from 20 
to 300 and 50 to 900 psia, respectively, at stagnation temperatures up to 1350°R. The 
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model can be injected into the tunnel for a test run and then retracted for model cooling 
or model changes without interrupting the tunnel flow. 

2.2.2    Tunnel  F 

The Hypervelocity Wind Tunnel (F) is an electric-arc-heated impulse wind tunnel of 
the hotshot type developed at AEDC. The test gas, nitrogen or air, is initially confined 
in an arc chamber by a diaphragm located near the throat of a convergent-divergent nozzle. 
The gas is heated and compressed by an electric arc discharge resulting in rupture of 
the diaphragm and subsequent expansion through a 4-deg half-angle conical nozzle CM«, 
= 10 to 22) or a M„ = 8 contoured nozzle. Testing is possible in the conical nozzle 
at either the 108-in.-diam test section for Mach numbers from 13 to 22 or at the 54-in.-diam 
station for Mach numbers from 10 to 17. Useful run times between 50 and 200 msec 
are obtained. 

The present tests were conducted at the 54-in.-diam station (M„ * 10.5) using nitrogen 
as the test gas with a useful run time of approximately 100 msec utilizing the 4-ft3 arc 
chamber. 

SECTION III 
PROCEDURES 

3.1    TEST CONDITIONS 

The nominal test conditions for each phase of the tests are shown in Table II. The 
specific test conditions and tabulated data are documented in a series of SADSAC reports 
(Refs. 2 through 8). 

3.1.1 Tunnel B 

The Tunnel B flow conditions are such that perfect gas, isentropic relationships can 
be used to compute test section properties from measured reservoir conditions. 

3.1.2 Tunnel  F 

Since Tunnel F operates with a constant volume reservoir with an initial charge 
density, the reservoir conditions vary with time. As a result, all tunnel conditions and 
model data results vary with time during the useful data range. Nondimensional values 
such as po/po and model p/po are relatively constant with time. Timewise variations in 
such parameters as Reynolds number permits acquisition of data at different Reynolds 
numbers for the same run. In many instances, laminar, transitional, and turbulent flow 
may be identified at the same gage location as a result of Reynolds number variation 
during one run. An illustration of the timewise behavior of various parameters for typical 
tunnel conditions encountered during this test is shown in Fig. 8. 
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To monitor the tunnel conditions, two l.O-in.-diam hemisphere cylinders instrumented 
with slug calorimeters were installed in the test section at an appropriate distance from 
the model to eliminate shock interference. A pitot probe was located near each hemisphere 
cylinder to measure the normal shock stagnation pressure. The reservoir pressure and pitot 
pressures were measured with strain-gage-type .transducers developed at the AEDC-VKF. 
Detailed information concerning the heat-transfer and pressure instrumentation can be 
found in Ref.  19. 

The use of these measurements to compute flow conditions is as follows: instantaneous 
values of p0 and p0 are measured directly and an instantaneous value of q0 is inferred 
from the hemisphere cylinder shoulder heat rate measurements. Stagnation enthalpy (HQ) 
is calculated from these measurements using Fay-Riddell theory (Ref. 20). With values 
°f Po) Po> and H0 known, the remaining flow conditions (M«,, Re«,, etc.) are calculated 
as described in Refs. 21 and 22. For the short run times experienced in a hotshot tunnel, 
the model wall temperature ratio (Tw/T0) varies between 0.15 and 0.30 which 
approximates the range experienced with reentry vehicles. The flow conditions 
corresponding to results presented herein are provided in Table III, and a Tunnel F test 
summary is presented in Table IV. 

3.1.3    Test Condition Uncertainties 

Uncertainty in the basic tunnel flow parameters p0, T0, p0, and q0 was estimated 
from repeat calibrations of the instrumentation and from repeatability and uniformity 
of the test section flows during tunnel calibrations. The individual contributions of these 
uncertainties were propagated through the appropriate flow equations to obtain the 
remaining uncertainties. 

Approximate uncertainties in tunnel flow conditions are: 

Parameter Uncertainty, percent 

Po 
Po 
To 
q0  or qref 

Poo 

A» 

Ho 
nref 
ReM 

Tunnel B Tunnel F 

±0.5 ±5 
±0.3 ±4 
±1.0 ±4 
N/A ±5 
±0.3 ±1.5 
±2.0 ±6 
±1.1 ±8 
±0.5 ±3 
±1.4 ±5 
±1.0 ±2 
±2.0 ±10 
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3.2    TEST PROCEDURES AND DATA REDUCTION 

3.2.1    Phase-Change Paint Test Technique (Tunnel B) 

The phase-change paint technique of obtaining heat-transfer data uses an opaque 
coating which changes phase from a solid to a liquid (melts) at a specific temperature. 
Tempilaq®, a paint consisting of calibrated melting point materials suspended in an inert 
carrier, was used as the phase-change indicator. The specific melting temperatures of the 
Tempilaq paints used were 100, 113, 125, 150, 156, 175, 200, 225, 250, 300, 350, 400, 
and 500°F. Uncertainties in the phase-change temperatures are estimated by the 
manufacturer to be  ±1 percent. 

The primary data were obtained by photographing the progression of the melt lines 
with 70-mm sequenced cameras. During the ascent phase of the test, one camera was 
mounted in the top window of the tunnel and two in the upstream side window. During 
the reentry phase, three sides of the model were photographed simultaneously with cameras 
mounted in the top and side windows and with the third camera in the model injection 
tank below the test section. The cameras used Kodak® TRI-X Pan black-and-white film, 
and the time from the start of model injection and of each shutter opening was recorded 
on magnetic tape. The cameras were operated at 2 frames per second. 

Backup data were obtained with 16-mm motion-picture cameras. These cameras were 
operated at 24 frames per second, and Kodax Ekatachrome ER color film was used. The 
models were lighted with fluorescent light banks. 

Prior to each run, the model was cleaned and cooled with alcohol and then 
spray-painted with Tempilaq. The model was installed on the model injection mechanism 
at the desired test attitude, and the model temperature was measured with a thermocouple 
probe or with the model-embedded thermocouples. During the course of the test, many 
of the embedded thermocouples became inoperative, and the probe temperature was 
generally used to determine the model initial temperature. The model was then injected 
into the airstream for approximately 20 sec, and during this time the model surface 
temperature rise produced isotherm melt lines. 

Since the maximum Reynolds number in Tunnel B was not sufficient to produce 
fully turbulent flow during the reentry phase, boundary-layer trips were used to induce 
transition so that turbulent heating levels could be determined. The trip application method 
is discussed in Appendix TV 

The data reduction procedures used were somewhat more involved than previously 
used for paint data since the melt lines were transformed into body coordinates and the 
corresponding heat-transfer coefficients. The fundamentals of this data reduction technique 
are described below. 
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During each run, the tunnel conditions and time of each picture, were recorded on 
magnetic tape. The heat-transfer coefficient for each picture was calculated from the 
semi-infinite slab transient heat conduction equation. 

T
P° ' Ti  = i . e^2  erfc ß 

Taw  " M 

where 

ß = *vAt_ and Vpck = 0.11 - 0.008 VÄt 
Vpck 

The equation for the thermal properties (Vpck) of Stycast was obtained by evaluation 
of a considerable amount of hemisphere calibration data and supplemented by VKF 
laboratory measurements (see Appendix III). 

Heat-transfer coefficients were calculated for assumed adiabatic wall temperatures of 
T0, 0.9To, and 0.85To. The use of three values of Taw provides .an indication of the 
sensitivity of the heat-transfer coefficient (h) to the values of Taw assumed. For the sake 
of consistency, all heat-transfer coefficients in this report are based on Taw = T0. A 
discussion of other assumptions associated with the phase-change paint technique is 
presented in Appendix V. All heat-transfer coefficients were nondimensionalized by the 
theoretical stagnation point heat-transfer coefficient (Ref. 20) on a 1-ft-radius sphere scaled 
down by the model scale (0.011 ft or 0.009 ft). 

The transformation of the melt line coordinates, as viewed by the camera (picture 
plane), to model coordinates was accomplished as follows. The 70-mm film was projected 
onto an 8- by 10-in. glass plate, and the melt contours were recorded using an 
analog-to-digital tracer, and stored on magnetic tape. In regions of relatively constant 
heating, a distinct melt line was frequently difficult to define, and in some cases the 
melt line tracings were terminated because of poor definition. A considerable amount of 
engineering judgment was involved in the intepretation of the melt patterns; consequently 
this was performed, or closely supervised, by an experienced engineer. To obtain the melt 
line tracings in body coordinates the following additional steps were taken: 

1. The model surface coordinates were measured at selected model stations 
with a modified Sheffield Cordax coordinate measuring machine (Model 
200); 

2. The camera location relative to the model was determined; 

3. Using the principles of photogrammetry and the information obtained in 
steps 1 and 2, the model coordinates were transformed into the picture 
plane; 
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4. The body coordinates of a given melt line were then obtained by 
interpolation in the picture plane with the results being stored on magnetic 
tape. 

The level of the heat-transfer coefficient associated with each melt line was obtained 
by the solution of the semi-infinite slab conduction equation as previously discussed. With 
the level and body coordinates of the heat-transfer coefficients stored on magnetic tape, 
any desired machine-generated plot within the Emits of available data can be produced. 
Much of the phase-change paint data in this report are presented as data fairings obtained 
from machine-generated plots. 

3.2.2    Pressure Data (Tunnel B) 

Model centerline static pressures and flow-field surveys were obtained at the conditions 
shown in Table II. Static-pressure orifice locations are shown in Figs. 2 and 4, and details 
of the flow-field survey rakes are shown in Fig. 9. The static pressures were measured 
with 15-psid transducers referenced to a near vacuum, while the rake pressures required 
an atmospheric reference in some cases. From repeat calibrations, the estimated pressure 
measurement precision is ±0.003 psi or ±0.5 percent, whichever is greater. 

The model flow-field data were obtained with a pitot-pressure rake and a single-shield 
total-temperature probe rake (Fig. 9). The rakes were mounted side-by-side so that pressure 
and temperature measurements could be made simultaneously. Most of the orbiter 
flow-field data were obtained with rake No. 1; however, it failed during the tests, and 
a new rake and support mechanism were fabricated for the booster survey data. The new 
rake (No. 2) was similar to the first with only small changes in probe spacing. 

By assuming the flow-field static pressure equal to the wall static pressure (pg), the 
local Mach number (Mg) was calculated from the Rayleigh pitot formula 

1 *        ' »       for M£ > 1 T (- P£ V    5    / \7M)22-1 

or from the compressible Bernoulli equation 

PR/P£ = (1 + 0.2 Mg2)7/2  for Mfi < 1 

In general, the assumption of constant flow-field static pressure becomes less valid as the 
distance from the model surface increases. 

Estimated uncertainties of the primary measurements are given as follows:- 
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Parameter 

n 
PR 

Uncertainty 

±1.0 percent 
±0.015 psia (for pR < 15 psia) 
±0.021 psia (for pR > 15 psia) 
±2.0 percent 

3.2.3    Gage Data (Tunnel  F) 

3.2.3.1 Phase I 

Model heat-transfer rates were measured with slug calorimeters and coaxial surface 
thermocouples. The slug calorimeters have a thin-film platinum resistance thermometer 
to sense the temperature of an aluminum disk which is exposed to the heat flux to be 
measured. The calorimeters are designed to measure a given range of heat-transfer rates 
by appropriate selection of the aluminum disk thickness. The coaxial surface thermocouple 
is comprised of an electrically insulated Chromel wire enclosed in a constantan cylindrical 
jacket. A thin-film junction is made between the Chromel and constantan at the surface. 
In practical measurement applications, the surface thermocouple behaves as a homogeneous, 
one-dimensional, semi-infinite solid. The instrument provides an electromotive force 
(E.M.F.) directly proportional to surface temperature which may be related by theory 
to the incident heat flux. All heat-transfer gages were bench-calibrated prior to their 
installation into the model. The precision of these calibrations is estimated to be ±3 
percent. Posttest calibrations were made for the majority of gages with calibration 
repeatability being within ±3 percent. A limited number of model pressure measurements 
were made by transducers developed at the AEDC-VKF. Strain-gage-type transducers were 
used on the windward surface; whereas the variable-reluctance-type transducers were used 
on the leeward surface. 

3.2.3.2 Phase II 

The same model that was used for Phase I was reinstrumented for Phase II. All previous 
instrumented locations were filled with metal plugs and contoured to the model except 
the windward centerline heat gage locations. The windward centerline pressure orifices 
were plugged along with the model stagnation point orifice. The heat gages were primarily 
of the coaxial surface thermocouple type. 

3.2.4    Phosphor Paint Technique (Tunnel  F) 

A relatively new thermal mapping test technique uses a phosphor material to coat 
the model surface. The phosphor when activated by ultraviolet light luminesces and this 
luminescence is temperature dependent. As temperature patterns develop during a test 
run, a photograph records the luminescence patterns. A densitometer analysis of the 
photograph provides a mapping of constant temperature contours. Heat-transfer rates are 
obtained from heat-rate gages located over the model surface so that the temperature 
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contours can be related to heating rates. The details of this technique are presented in 
the following subsections. 

3.2.4.1    Theoretical Application 

The phosphorescent paint technique consists of photographing the painted model 
surface and measuring the optical density of the recorded image. The optical density of 
a photographic image is a function of the logarithm of the intensity of the exposure, 
for a given exposure time (Ref. 23), as illustrated by the following figure. 

>> 

■H 
to 
a 
0) 
a 

ü 
■H 
-H 
ft 
O Linear  Region 

£n  B 

Thus, if the exposure from the phosphorescent paint falls within the linear region (i.e., 
logarithmically linear), the optical density (D) is given by 

D = AßnB + C 

From the paint characteristics, 

therefore, 

ßnB = £n f^I) + f2(I, Tw) 

D = Aßn fi(I) + Af2(I, Tw) + C 

where I is the u-v light intensity, B is the emitted light intensity (brightness) of the paint, 
and A and C are constants. For small changes in intensity (I), the functional relation 
f2 is given by 

f2(I, Tw) oc Tw 

10 
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When using the phosphorescent technique in the wind tunnel, the procedure is to take 
a photograph of the model before the tunnel run (i.e., a tare) and then take another 
picture during the run. It is necessary that both pictures be taken in the "linear" region 
of the optical density curve. When the optical density of the tare photograph is subtracted 
from the optical density of the run photograph, 

D - Dj oc (Tw - Twl) 

where the subscript i indicates the initial conditions; i.e., the tare photograph taken before 
the run. 

It can be shown that the quantity (Tw - Twj) is proportional to the heat-transfer 
rate to the model surface, for Tw « Taw, and relatively short heating times (< 1 second) 
regardless of whether the "heat-transfer model" assumed for the technique is a semi-infinite 
slab (either a relatively thick layer of paint or a thin layer of paint mounted on a thick 
layer of material) or an infinite plate. This, of course, means that the optical density 
difference (D - Dj) is then proportional to the model heat-transfer rate: 

D - Dj = AD oc 4 

The best way of evaluating the constant of proportionality is to measure a few 
heat-transfer rates with conventional heat-transfer instrumentation at the same time the 
paint data are taken. Heat-transfer rates as determined from gages give a calibration for 
the paint, so the paint data yield the detailed heat-transfer-rate distribution over the model. 

3.2.4.2    Experiment 

The ultraviolet light needed to excite the phosphorescence of the paint was generated 
by an Osram Xenon gas bulb XBO 1600w powered by an Ingersoll Product d-c supply. 
Three units were used for these tests. Each unit had a heat-absorbing glass and filter to 
eliminate all but the 3650 Ä (black light) wavelength light. 

Four view cameras with 4- by 5-in. Polaroid backs were used to record the pictures: 
two with 145-mm lens were located on the side of the tunnel, and two with 163~mm 
lens were on the bottom. Each camera had a set of filters to pass only the 5000 to 
6000 Ä light emitted by the paint. Type 57 Polaroid (ASA 3000) film was used to record 
the image. 

The phosphor paint is a mixture of the phosphor material and a binder. The phosphor 
material is a fine grain powder (« 10 ß average size) of the ZCdS (zinc-cadium-sulfate) 
with silver and nickel additives whose concentration control the temperature range of the 
phosphorescence. The binder can be any transparent or translucent liquid which can be 
sprayed. Normally, clear dope or epoxy is used. 

11 
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The phosphor paint is applied as a thin coating to the model; therefore, the model 
wall material must be selected to give an observable temperature rise for the expected 
heat-transfer rate. The wall material selection, many times, is based on other things such 
as strength; hence, when the model material is not suitable to the paint technique, coatings 
are applied to produce the proper surface properties. 

The following discussion documents the procedure using the microdensitometer to 
reduce the phosphor paint data. The optical density distributions on the tare and run 
pictures are read and recorded by a scanning microdensitometer P-1000 Photoscan® 
manufactured by Optronics International. The tare density is subtracted from the run 
density on the VKF-CDC 1604B digital computer, and the density differences are plotted 
on a CRT plotter (one density difference per plot). Each plot (i.e., density difference) 
is assigned a color and copied by hand in that color so that a color composite of all 
the plots is made. The boundaries of the colors are retraced, and the reference heat gages 
and model outline are located on this tracing.1 

The heat gage measurements and the optical density differences are plotted to obtain 
a relationship between the two. The relationship gives the heat-transfer values corresponding 
to the color regions. These values are noted on the color tracing, thereby resulting in 
a contour mapping of the heat-transfer rates on the model. Typical final contour mappings 
using the phosphor paint technique will be illustrated in a subsequent section. 

The model image is distorted by the viewing angle of the camera. This distorted 
view is reflected in the final contour mapping. However, by using the heat-transfer-gage 
locations to scale the centerline and span results as was done herein, the final paint results 
can be obtained in a true normal projection. Automated procedures are now available 
whereby body coordinates may be obtained directly from the picture plane coordinates 
(see Section 3.2.1). 

The uncertainty associated with the phosphor paint results is not a constant but 
varies from run to run. Some of the more important guidelines that determine the paint 
uncertainty are the range of optical density (affects the optical density resolution) and 
the uncertainty associated with relating the heat gage measurements with the paint 
distribution. These two uncertainties are interrelated and as a result the uncertainty 
generally quoted for the paint results is based on the agreement between heat-gage 
measurements and the paint distribution. Based on agreement between heat gages and 
paint distributions for all paint pictures reduced for this test, the following average 
uncertainties were computed for the maximum heat rate encountered on each run: 

h/href, Windward surface ±12 percent 
h/href, Leeward surface ±  7 percent 

^Since the completion of these tests, a system has been installed at the VKF which automatically provides a 
density-color analysis of the black and white photographs. 

12 
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SECTION  IV 
RESULTS AND DISCUSSION 

The space shuttle Phase B design studies were being completed during the time period 
of these tests, and shortly thereafter the fully reusable, flyback, two-stage system was 
abandoned by NASA. At present, a water recovery of an unmanned booster is planned, 
and the orbiter, while retaining its basic delta wing shape, is about two-thirds the size 
of the Phase B orbiter. The use of external fuel tanks for the orbiter ascent engines has 
made this size reduction possible without serious compromise of the payload capabilities. 

In light of these developments, much of the data obtained from these tests may 
not be directly applicable. However, a wealth of knowledge was accumulated which can 
be applied to future programs. With these facts in mind, the major objective of this report 
is to review the basic results and the techniques employed during the course of the test 
program. Most of the orbiter results presented herein were previously presented in Ref. 
24. 

4.1    ASCENT 

The ascent configuration tested is shown in Fig. 10. Heat-transfer measurements were 
obtained by the phase-change paint technique on 0.011-scale Stycast models. The orbiter 
nose was 1.86 in. downstream of the booster nose, and the gap between the models was 
between 0 and 0.02 in. No attempt was made to seal the mating line between the models, 
and the models were held together by the support bracket shown in the photograph (Fig. 
10). The orbiter model used for this phase of the test was the same model used during 
the orbiter reentry phase. 

The nominal test conditions were: Mach 8; free-stream unit Reynolds numbers of 
0.8 x 106, 2.5 x 106, and 3.7 x 106 ft"1 and angles of attack of -5, 0, and +5 deg. 
Additional information and a complete set of the data are presented in Refs. 2 and 3. 

Because of the complexity of the configurations, the phase-change paint data are 
presented as data photographs. Typical phase-change paint photographs are presented in 
Figs. 11 through 14; and, of course, the heat-transfer ratios shown apply only to the 
melt lines in the corresponding photographs. The hotter regions are vividly depicted as 
the white paint melts and the black model shows through. Each figure presents four 
sequential photographs and, therefore, four levels of heat-transfer ratios (h/href). In most 
cases, at least two different paint temperatures were required to span the range of h/href 
shown. 

As expected, the leading edges and noses were regions of relatively high heating (h/href 
= 0.271, Fig. 11). However, shock interference produced relative "hot spots" in several 
other areas on both the orbiter and booster. In the second photograph of Fig. 11 (h/href 
= 0.126), "hot spots" are observed in the region between the models, above the canard, 
and on the side of the booster. The remaining two photographs illustrate the extent of 
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these "hot spots" and provide some insight into the complexity of the flow field. The 
series of photographs presented in Fig. 12 was obtained at a Reynolds number of 2.5 
x 106 ft"1, while those of Fig. 11 correspond to a Reynolds number of 3.7 x 106 ft1. 
Comparisons of the extent of the melt on the second pictures of Figs. 11 and 12 (h/href 
« 0.125) does not indicate any detectable Reynolds number effect since the melt patterns 
are very similar2. 

Figures 13 and 14 show the melt patterns for angles of attack of +5 and -5, 
respectively. In the bottom picture of Fig. 13 (h/href = 0.027), the streaks caused by 
melted paint provide an indication of the local flow direction. Figure 14 clearly shows 
the orbiter bow shock interference heating on the booster top centerline. A plot of the 
booster top centerline heating distribution (Fig. 15a) at a = 0 shows that two peaks exist 
with the first peak at x « 7 in. being about sixty times higher than the booster-alone 
data fairing. The maximum value of h/hret- for the second peak at x « 9 in. was not 
measured; however, the indications are that the interference heating was more than 100 
times higher than the booster-alone level. A typical posttest photograph is also presented 
in Fig. 15b, and a complete set of these pictures may be found in Ref. 2. The primary 
value of the posttest photographs is that regions which were hidden from camera view 
during the run are revealed by separating the two models, as shown. 

A composite shadowgraph picture (Fig. 16) shows the interaction between the bow 
shock of the orbiter and booster which is the cause of the high heating in this region. 
Edney (Ref. 25) classified shock interference patterns and the associated heating 
amplifications into six types. The bow shock interactions of the present configuration 
can probably be classified as Type I. For the general cases studied by Edney, a Type 
I interaction has associated with it a factor of 10 increase in local heating; however, for 
the specific conditions of the present tests, the local heating was increased by a factor 
of at least 100 (see Fig. 15a). This discrepancy points out the danger in trying to apply 
generalized results to a specific case. 

4.2    BOOSTER  REENTRY 

A 0.009-scale model of the booster was tested at simulated reentry conditions at 
Mach 8 in Tunnel B. Phase-change paint heat-transfer data were obtained at a = 40, 50, 
and 60 deg at length Reynolds numbers of 5.0 x 106 and 7.3 x 106. Windward centerline 
surface pressure and flow-field data were obtained at a = 40 and 50 deg at a length 
Reynolds number of 7.3 x 106. Figures 17 through 22 summarize the results of these 
tests, and a complete set of the data may be found in Refs. 4 and 5. 

Theoretical analysis of the booster flow field is complicated by the interaction of 
the bow shock and canard shock which is shown in Fig. 17. However, comparison of 
modified Newtonian surface pressure distributions with the experimental measurements 

2In the second pictuie of Fig. 12 (h/href = 0.125), the series of short black dashes downstream of the canard 
should be ignored since they are not valid melt lines. 

14 
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(Fig. 18) does exhibit reasonable agreement. Windward centerline Mach number profiles 
obtained by the procedures outlined in Section 3.2.2 are presented in Fig. 19. At a = 
50 deg, the profiles are smoother than those at a = 40 deg, which may be attributed 
to the canard shock influencing the windward centerline flow field more at the lower 
angles of attack. Boundary-layer-edge Mach numbers were not determined from these data 
because of the relatively large total temperature probe spacing compared with the 
boundary-layer thickness. 

A typical phase-change paint photograph of the booster windward surface is presented 
in Fig. 20. Regions of relatively high heating are clearly indicated on the canard and 
wing and the maximum measured level in these regions was about (h/href) «* 0.5. The 
cause of these relative "hot spots" can probably be attributed to bow shock impingement. 
A side view of the model (Fig. 21) shows "hot spots" just upstream and downstream 
of the canard and below the wing root. The maximum measured heating levels in these 
regions approached the level measured on the model nose region (h/href « 0.35 - 0.40). 

The effect of Reynolds number on windward centerline heat-transfer-rate distributions 
is presented in Fig. 22a. To ensure that turbulent heating levels were obtained, 
boundary-layer trips were used for several runs. A discussion of the tripping procedure 
may be found in Appendix IV. The level of peak heating caused by the canard (x/L 
« 0.4) was about h/href « 0.4 at a = 40 and 50 deg with a slight decrease at a - 60 
deg, all three data fairings are similar which implies turbulent flow existed for each case; 
however, at a = 60 deg, the tripped data fairing is significantly higher than the others. 

The theoretical distributions shown in Fig. 22b were obtained from numerical 
solutions of the governing three-dimensional laminar and turbulent boundary-layer 
equations for the stagnation line of a swept cylinder following Kaups and Keltner (Ref. 
26) and Hunt, Bushnell, and Beckwith (Ref. 27). The turbulent eddy viscosity model 
used was that of Adams (Ref. 28). The local pressure levels and edge conditions were 
calculated, assuming that the shock was parallel to the model surface. On the cylindrical 
portion of the model, the crossflow velocity gradient was obtained from a Newtonian 
pressure distribution. On the remaining portions of the model (see Fig. 22b), the velocity 
gradient was calculated from the pressure distribution on the rounded-shoulder flat-face 
body. This pressure distribution was obtained by the one-strip method of integral relations 
from South (Ref. 29). Additional data comparisons and a more complete description of 
the theoretical method may be found in Ref.  18. 

There is good agreement between the data fairing and the laminar theory ahead of 
the canard, while downstream of the canard the data agree with the turbulent theory. 
The implication is that the canard-bow shock interaction tripped the boundary layer and, 
therefore, produced turbulent heating levels downstream of the canard. Also illustrated 
in this figure is the obvious failure of crossflow theory to predict the spike in the 
heat-transfer distribution in the region of the canard. 

15 
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4.3    ORBITER  REENTRY 

The orbiter tests were conducted on 0.011-scale models in the continuous hypersonic 
Tunnel B at Mach 8 and in the hypervelocity hotshot Tunnel F at Mach 10.5. Unless 
otherwise noted, all results reported herein at Mach 10.5, Tunnel F, refer to the Phase 
I entry. Photographic data are used to illustrate the regions of peak heating on the leeside. 
Windward centerline data include measurements of shock angle, surface pressure, flowfield 
pitot pressure and total temperature, and heat-transfer coefficient distributions. Shock 
angles, surface pressures, and local Mach number distributions are compared with tangent 
cone theory over an angle-of-attack range from 10 to 60 deg. The measured heat-transfer 
coefficient distributions are compared with both laminar and turbulent theories; and in 
the last section, boundary-layer transition is discussed. 

4.3.1    Leeside Heating 

Typical phase-change paint photographs of the model leeside at a = 20, 40, and 
60 deg at M„ = 8 are shown in Fig. 23. Isotherm lines are indicated by the black model 
surface (Stycast) showing through the white paint (Tempilaq). Typical photographs 
illustrating the thermographic phosphor paint technique used in Tunnel F for obtaining 
heat-transfer data are shown in Fig. 24. Leeside wind-on photographs at a = 20, 40, and 
50 deg are presented as well as an a = 20 deg tare (wind-off) picture which shows the 
general lighting and emission of the paint with no temperature gradients. Note, for example, 
that the intensity of the left wing tip in the tare picture (Fig. 24a) is similar to that 
of the wind-on picture (Fig. 24b). 

At both Mach numbers, the canopy is clearly a "hot region" (Figs. 23 and 24). 
The level of the heating on the canopy will be shown in a later figure. A second "hot 
region" can be seen on the centerline meridian between the nose and the canopy. For 
an orbiter at a = 20 and 40 deg, Hefner and Whitehead (Ref. 30) also observed peak 
heating in this region and attributed it to vortices emanating from the model nose area. 
It was shown in Ref. 30 that the peak heating in this region increased as Reynolds number 
increased, but this trend could not be confirmed by the present data. However, it should 
be pointed out that the present patterns are significantly elongated compared with those 
in Ref. 30, and this supports the conclusion of Whitehead and Bertram (Ref. 31) that 
nose shaping is a dominant factor in the leeside meridian heating. At a > 40 deg, dark 
streaks on either side of the central streak imply that secondary vortices are present. Also 
of some interest is the wavy shape of the dark regions particularly at a = 50 deg (Fig. 
24d) and 60 deg (Fig. 23c). 

Quantitative heat-transfer-rate distributions on the lee surface obtained by the 
phosphor paint technique at M^ = 10.5 are shown in Fig. 25. These results were obtained 
using the microdensitometer technique and are the result of considerable computer time 
and manual effort. Since the peak heating on the top surface is essentially confined to 
the top meridian, a limited number of heat gages normally is adequate to establish the 
maximum heat rate. However, the vortex streaks evident off the top meridian indicate 
the value of the paint techniques in locating hot regions. 
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Side view photographs at M„ = 8 and 10.5 are presented in Figs. 26 and 27, 
respectively. At a = 20 deg, a single elongated "hot region" is evident on the body above 
the wing. As the angle of attack was increased from 20 to 40 deg, the "hot region" 
(i.e., darker areas) moved toward the nose and appears to cover a somewhat larger surface 
area. At a = 40 deg, there is a series of elongated streaks on the body below the canopy. 
This implies that a series of vortices exist in this region. No significant Reynolds number 
effects were discernible for the leeside results. 

The value of the paint techniques is further illustrated in Fig. 28 for the side panel 
of the orbiter at M^ = 10.3. The location of the side panel hot regions is a function 
of angle of attack thus making it relatively impossible to instrument the side panel with 
a reasonable number of heat-transfer gages to define the hot regions. The results shown 
in Fig. 28 illustrate hot regions from the paint distributions approximately four times 
the value of gage measurements in that general area. 

Mach 8 leeside meridian data fairings are compared with windward centerline data 
fairings for a = 20, 40, and 60 deg in Fig. 29a. As previously pointed out, the canopy 
heating is quite severe despite the fact that it is in the shadow of the bottom surface 
at a = 40 and 60 deg. Normally, one would expect all heating levels on the leeside to 
be less than those on the windward centerline. As can be seen at a = 20 deg, the peak 
heating on the canopy (h/href « 0.1) exceeded that on the windward centerline for a 
Reynolds number of 4.5 x 106. The peak heating in the region upstream from the canopy 
where vortical flow was observed was h/href ~ 0.03. However, as the angle of attack 
increased there was a slight decrease in the leeside heating levels. The M«, = 8 locations 
of the side panel "hot regions" were shown in Fig. 26, and the peak heating levels are 
included in the lower right side of the graphs in Fig. 29a. The side panel peak heating 
was h/hIef = 0.04, and this value occurred at a = 20 deg. 

Mach 10.5 leeside meridian data fairings are compared with windward centerline data 
fairings for a = 20, 40, and 50 deg in Fig. 29b. These thermographic phosphor data fairings 
also show relatively high heating on the canopy and nose region as did the phase-change 
paint data fairings which were presented in Fig. 29a. However, the magnitude of the canopy 
peak heating level was not obtained. 

The photographic data presented in this section have shown various "hot spots"; 
however, it should be pointed out that inspection of the photographs also shows that 
the majority of the leeside surface area experienced heating levels of h/href less than 0.008. 

4.3.2    Windward Shock Angles and  Flow Fields 

Typical shadowgraph and schlieren photographs at Mro = 8 and 10.5 are shown in 
Fig. 30, and shock angle measurements from such pictures are presented in Fig. 31. The 
data are presented in terms of the angle between the local body slope and the local bow 
shock. This angle is about 5 deg for all angles of attack. For a < 40 deg, the data agree 
within ±2 deg with the tangent cone theory. For angles around shock detachment (i.e., 
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a = 50 and 60 deg), the data are compared with the a = 30 deg fairing, and as can 
be seen, the incremental shock angle is relatively insensitive to model angle of attack. 
No significant Mach number effects were observed. 

In Fig. 32, windward centerline pressure distributions at M» = 8 and 10.5 are compared 
with tangent cone and modified Newtonian theories. Modified Newtonian theory shows 
satisfactory agreement with the data for both Mach numbers and for all angles of attack 
(i.e., 10 < a < 60). However, at the intermediate angles, tangent cone theory shows better 
agreement with the data at M„ = 8. 

Mach 8 windward centerline flow-field data were obtained at four model stations 
(x/L = 0.3, 0.5, 0.7, and 0.92) and at a = 10 through 60 deg. Typical flow-field rake 
measurements at a - 20 deg and x/L = 0.5 are shown in Fig. 33, and a complete set 
of data showing the Mach number profiles is presented in Ref. 7. The rake consisted 
of a column of 15 pitot pressure probes and an adjacent column of 6 total-temperature 
probes (see Fig. 9). The pitot pressure distribution shown (Fig. 33) is representative of 
the case where the bow shock entropy layer has not been completely engulfed by the 
boundary layer. To determine an approximate lower bound of the inviscid flow, the 
total-temperature profiles were used to define a value of y* (the minimum value of y 
where TR/T0 * 1.0).3 The measured pitot pressure at y* and the local surface pressure 
at the corresponding station were used to calculate M*, the local flow-field Mach number. 
These Mach numbers are presented in Fig. 34. The distributions are compared with tangent 
cone theory where applicable. The experimentally determined Mach numbers are equal 
to, or below, the theory with a maximum deviation of about 20 percent. 

4.3.3    Windward Heating 

Mach number 8 heat-transfer coefficient distributions obtained using phase-change 
paint at a = 10 and 20 deg are presented in Fig. 35a. The 10-deg angle-of-attack data 
are compared with two-dimensional and axisymmetric laminar local similarity theory and 
two-dimensional Spalding-Chi turbulent theory (Ref. 32) using the Colburn Reynolds 
analogy factor (1.25). Local flow properties were calculated using fairings of the 
experimental pressure data and shock angles. The radius (r) used in the axisymmetric 
calculation is shown superimposed on the orbiter planform sketch. A more complete 
description of the theory used may be found in Appendixes VI and VII. 

Since the laminar data are bracketed by the 2-D and the axisymmetric solutions, 
only a small amount of streamline divergence is indicated at 10-deg angle of attack. The 
turbulent data are in reasonable agreement (approximately 20 percent) with the 
Spalding-Chi theory. The boundary-layer trips consisted of 0.030-in.-diam steel spheres 
located 1.0 in. from the model nose with 3-diam spacing between centers. 

■5 

The actual boundary-layer thickness (6) may be slightly less than y* since continuous profiles would be required 
to define S. 
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The 20-deg angle-of-attack data (Fig. 35 a) are compared with axisymmetric laminar 
theory and turbulent Spalding-Chi theory corrected to axisymmetric values by the method 
of Ref. 33. These corrections were less than 10 percent at all points. The laminar data 
agree with the axisymmetric theory both in magnitude and distribution. The turbulent 
data are once again within 20 percent of the Spalding-Chi theory. 

In Fig. 35b, Mach 10.7 heat-transfer-rate gage data at 10- and 20-deg angle of attack 
are compared with theoretical solutions calculated in the same manner as those of the 
preceding figure. The laminar data show good agreement with the theoretical laminar 
solutions. At the highest Reynolds number there was about 30 to 40 percent difference 
between data and turbulent theory near the model midsection. At the lowest Reynolds 
number, the data appear to be transitional. In Ref. 34, it was shown that surface roughness 
which was not large enough to move the end of transition significantly upstream could 
considerably increase the heating rates downstream of the roughness. The small surface 
roughness produced by the heat gages and surface pressure taps may have had a similar 
effect on the present data at the lowest Reynolds number. The effect of surface roughness 
will be discussed in more detail in the next section. 

Mach 8 heat-transfer coefficient distributions obtained using the phase-change paint 
technique at a = 40 and 60 deg are presented in Fig. 35c. The experimental data are 
compared with both laminar and turbulent theories. The theoretical distributions were 
calculated by the crossflow method described in Ref. 18. Inviscid conical flow was assumed 
for the 40-deg angle-of-attack calculations while a shock angle 5 deg greater than body 
angle was used at 60 deg. This assumption will be discussed later. The crossflow inviscid 
velocity gradient was obtained by approximating the local body lower surface with either 
a spherical segment or a rounded-shoulder flat-face cylinder using the one-strip method 
of integral relations from South (Ref. 29). Additional data comparison and a more complete 
description of the theoretical calculations used herein are presented in Ref. 18. Agreement 
between theory and experiment (Fig. 35c) is within 20 percent for the laminar and 
turbulent cases at both angles of attack. The boundary-layer trips used at these angles 
of attack consisted of small (0.025-in.) clusters of grit spaced approximately 1 in. apart 
on the entire windward surface (see Appendix IV). 

Mach 10.5 heat-transfer-rate gage data (Fig. 35d) at 50- and 60-deg angles of attack 
are compared with theoretical solutions calculated in the same manner as those of the 
previous figure. Good agreement is noted between theory and experiment at 50-deg angle 
of attack for a large range of Reynolds numbers. Two different turbulent solutions are 
presented for the a = 60 deg results. When experimental shock angles are not known, 
a priori, and a detached shock is predicted; one normally treats the shock angle as parallel 
to the local surface deflection. These results are shown in Fig. 35d as (0$ - a. + a). 
Taking an average value of the incremental angle between the body slope and the local 
bow shock (« 5 deg, see Fig. 31) and adding this value to the previously used shock 
angle improve agreement between theory and experiment. Since the Newtonian pressure 
used to make the theoretical calculations was in good agreement with experiment, the 
pressure values were not adjusted. These turbulent solutions are noted as (0S = a + a 
+ 5). It should be noted that the 5-deg increment added to the shock angle lowered 
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the turbulent theory approximately 10 percent and essentially had no effect on the 
theoretical laminar results. 

A more complete discussion of the effect of shock angle, wall temperature, and local 
conditions on theoretical solutions is given in Ref. 18. Other items discussed in Ref. 18 
include spanwise pressure and heat-transfer distributions and Reynolds number scaling. 

4.3.4    Transition Results 

Based on the majority of the results from the Phase I entry in Tunnel F, it was 
concluded that surface roughness such as pressure orifices and heat gages unintentionally 
"tripped" the boundary layer at high angles of attack. The primary purpose of the Phase 
II entry in Tunnel F was to obtain natural transition results at a high angle of attack 
and large free-stream Reynolds numbers. This section deals with results from the Phase 
II entry with an analysis of transition results. With revised model surface preparation 
including the replacement of some gages with metal plugs, "natural" transition results 
were obtained for one tunnel run at 40-deg angle of attack. Phosphor paint was not used 
during this phase of testing. 

A plot of the centerline heating rate distribution for a = 40 deg is shown in Fig. 
36 along with theoretical laminar and turbulent rates. Good agreement with the theoretical 
results is noted. Although the onset of the transition location is moving with changes 
in Reynolds number, it is not evident from a data plot of this type if these results are 
natural transition data. Based on transition analysis plots presented later in this section, 
it was concluded that all of the transition data in Fig. 36 (with the possible exception 
of the data at Re«,, ft"1 = 2.13 x 10 ) were tripped by the roughness associated with 
the most forward three heat gages. 

Boundary-layer transition locations obtained with the forward three heat gages 
replaced with metal plugs and contoured flush with the model surface are shown in Fig. 
37 at 40-deg angle of attack. Good agreement is shown between the experimental results 
and the laminar and turbulent theory. These data are defined as "natural" transition results. 
The word "natural" is used to imply that surface roughness did not appreciably affect 
the data. However, the transition data were probably affected by free-stream aerodynamic 
noise disturbances as discussed in Ref. 35. Although transition moved aft in Fig. 37 as 
compared with the xt locations shown in Fig. 36, the presentation of data in this manner 
is not sufficient to establish if "natural" transition occurred. 

One of the easiest and most direct methods to determine if the boundary layer is 
tripped is to plot xt vs Re«, as was done in Refs. 36 and 37. A similar method is to 
plot Re«,)Xt vs Re«, as was done in Fig. 13 of Ref. 38. As clearly shown in Fig. 38, the 
deviation of the "tripped" data from the natural transition locations is quite dramatic. 
Even if there is some uncertainty about whether "natural" transition data were obtained 
during a test, the xt data can be compared with an xt trend determined from assumed 
variations, such as 
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or 

ReTO.Xf  * (RejO-2 

Re~,xt 
= constant 

Both of these approximations for an xt vs Re„ trend are included in Fig. 38. 

Posttest measurements of protuberances from heat gages were of the order 0.0005 
to 0.001 in. These are relatively small surface irregularities and it might at first thought 
appear that the boundary-layer flow on lifting bodies at high angles of attack and high 
Mach numbers is fundamentally different than has been reported in previous studies at 
the AEDC-VKF; e.g., Ref. 39. However, this is not the case, as shown by the results 
presented in Fig. 39. The methods of Potter-Whitfield (Ref. 40) and van Driest-Blumer 
(Ref. 36) were used to estimate the surface roughness effects on xt assuming a single 
row of spheres were located at x = 0.9 in., x/2 = 0.040. The displacement thickness 
correlation method of van Driest was used. 

The xt vs Re„, profiles for trip heights of 0.001 and 0.004 in. calculated using the 
Potter-Whitfield method are presented in Fig. 39 along with calculations of the "knee" 
or "effective" point location determined using the displacement thickness method of van 
Driest-Blumer for roughness heights (k) of 0.0015, 0.002, 0.003, and 0.004 in. The 
agreement between the two methods is considered good. These results show that very 
small amounts of roughness can be expected to trip the boundary layer on lifting bodies 
at high angles of attack even at hypersonic speeds. Furthermore, either of these two 
methods appear to be adequate for estimating the effects of surface roughness, even for 
geometries and flow conditions outside the range of the original correlating data. Of course, 
further work needs to be done before the validity of the two methods as applied to 
these geometries and flow conditions is completely established. 

Transition Reynolds number data from both tunnels are presented in Fig. 40 in terms 
of the Kipp-Masek (Ref. 41) correlating parameters. Local flow properties are calculated 
using ideal gas properties for the wind-tunnel test conditions. Conical flow is used to 
determine the shock wave angle and flow properties. For surface angles for which a 
detached shock is predicted, the shock wave angle is assumed parallel to the local deflection 
angle with isentropic expansion from properties behind the shock to classical Newtonian 
local pressure. For comparison purposes at a = 60 deg, calculations were made with the 
shock angle increased 5 deg, which agrees with experiment, but maintaining the same 
local pressure, which also agrees with experiment. These results indicated approximately 
1 to 2 percent change in the correlation parameter. There are several observations to note 
from Fig. 40: 

1. The Kipp-Masek data correlation had a large scatter band, 

2. The correlating parameters did not account very well for the Re^ variation 
in the M„ = 10.5 data. The MTO = 8 data for two Reynolds number values 
indicated a similar trend, and 
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3. The Tunnels B and F "natural" transition data showed good agreement 
with the revised transition correlation curve of Kipp and Masek for a < 
50 deg. However, some of the artificially tripped data (Tunnel F) was within 
the scatter band of the data correlation which indicates the insensitivity 
of the correlating parameter. Agreement or disagreement of experimental 
data with the best fit correlating curve should not be the sole determining 
factor used to establish whether transition data are "good"  or "bad." 

SECTION V 
CONCLUSIONS 

Extensive wind tunnel tests of the McDonnell Douglas-Martin Marietta space shuttle 
configurations have been conducted at the von Kärman Facility of the Arnold Engineering 
Development Center (AEDC). The tests were conducted in Tunnel B at Mach 8 and in 
Tunnel F at Mach  10.5. The major conclusions of these tests are: 

Ascent Phase: 

1. "Hot spots" (h/href > 0.125) were observed between the models, above 
the canard, and on the side of the booster. 

2. The booster top centerline heating distribution exhibited two distinct peaks; 
the first was about 60 times greater than the undisturbed (booster-alone) 
level, and the second was more than 100 times greater than the undisturbed 
level. 

Booster Reentry: 

3. In addition to the nose and leading edges, "hot spots" were observed around 
the canard, on the wing, and on the body below the wing root. The 
maximum measured value was about h/hrcf = 0.5. 

4. The windward centerline heat-transfer distribution peaked in the region of 
the canard. 

5. A shock disturbance from the canard probably tripped the boundary layer 
since laminar cross-flow theory agreed with the data upstream of the canard 
and turbulent theory agreed with the data downstream of the canard. 

Orbiter Reentry: 

Leeside 

6. "Hot regions" were observed on the canopy and on the nose upstream 
of the canopy: (h/href)max   « 0.1  and 0.03, respectively. 
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7. The side panel exhibited "hot streaks" which moved forward as angle of 
attack increased: (h/href)max  « 0.04. 

Windward 

8. The angle between the local body slope and the bow shock was about 
5 deg and varied only slightly (±2 deg) with angle of attack. 

9. The pressure distributions were bracketed by tangent cone and modified 
Newtonian theory. 

10. At a = 10 and 20 deg, 2-D and axisymmetric theory agreed with both 
the laminar and turbulent data at Mach 8 within 20 percent. At the higher 
Reynolds number at M«, » 10.5, there was at most 40 percent difference 
between the data and turbulent theory at the model midsection. 

11. At a = 40 to 60 deg, cross-flow theory and experimental data agreed within 
20 percent. 
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Fig. 1   Typical Space Shuttle Trajectories and VKF Simulated Conditions 
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iber-Glass Upper Surface 

Fuselage Ref. Plane - 

Configuration No. 1 Model Scale: a Oil 

All Dimensions in Inches 

m Heat Transfer Gage 
X Pressure Gage 

Fig. 7   Instrumentation Layout of Tunnel F Orbiter Model 

37 



AEDC-TR-73-53 

S8 

o    01 

i- ■ 
_ , 

- 

41 
- 

a r r — 
4) -H 
p-l H /       / 8 
A f        /O) ~ 
a +> las 
Ul  [R «. 
Pti r - 

l_J LUXXLL, I_ 

3 

3 
O 

n 
Q 

O       O 

T-"   9-0X   * 9H 
?0X  x °d/°d 

°d/ozad J3Jb/9b 

o <H t~ 
(M 0) rH 

0 »  0 CQ fH CQ 
o, 0. 0. • Ö" •o- 

CQ 

■p a 
■H 
M 

0) 
Q "S 

o 
m 
"Q 
C 
ra 
i/i 
£ 
© 
*-> 
■Ö 
C 
o 
Ü 
u_ 
tram 

fl> 
c 
c 
3 

A H 
f H_ 

o 
c 
O 

B 
•H 

<-> 
(0 

H t- 
(0 

-p" 
> 

3 0) 
0. (A 

■P 
3 g 
O 0) 

a E 
■p 
a h- 
a an 

s* s « 
03 a 

s» 
h- 

O 
•H 00 
a 
£ O) 

u. 

38 



AEDC-TR-73-53 

H 
B 
O 
M 
w 
as 

W 

§ 

o 
S5 

HHNON01 
mnooooi 
OHNio^m 

odoodo 

(0 iH «O •«JHO O) 

o d d o o d 

VI 
a 
o 
•H 
to 
c 
11 
e 

•H 
Q 

HiOHieHioHicHaooooioo 
OOHHNNOl<)V*10N00l»31 

ooooooooooooooo 

■<fin.-IOON'<»,OOM'<ltrH(»r-(t>0>0 
HiCHinoin-oiCrionoosio 
oOrHr-iMMcoco'<<,inwt~ooooo 
ddddoooddoooooH 

HNnfmeMxiaioHPifif n 

OQ 

"3 
c 
c 
3 

o a. 
a. 
3 

CO 

■a 
c 
(8 
w> 
(B 

CO 

■ 
w 

o 

OJ 

r-i     ©      O      O     O 

39 



AEDC-TR-73-53 

c 
O 

(0 
k. 
3 
o> 

C 
o 
Ü 
T3 

a ra 
V. 

o 
+■> 
o 

CL 

40 



AEDC-TR-73-53 

Fig. 11   Phase-Change Paint Photographs of Mated Configurations 
at a = 0, M„ = 8.0, Re„ = 3.7 x 106 ft1 
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Fig. 12   Phase-Change Paint Photographs of Mated Configurations 

at a = 0, IVL = 8, Re^ = 2.5 x 106 ft1 
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Fig. 13  Phase-Change Paint Photographs of Mated Configurations 
at a = +5, IVL = 8, Re» = 2.5 x 106 ft1 
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Fig. 14   Phase-Change Paint Photographs of Mated Configurations 
at a = -5, M„ = 8, Re^ = 2.5 x 106 ft"1 

<-p-f 



AEDC-TR-73-53 

o> 
0) 

CC 
a 
8 u 
k. <o 

>4- 
k. 
0) +rf 
c ^ 
o CO 

£ II 
a 8 
ca m 
O) K 
s o 
o II ^ 
a. Ö 
■H +■> 

& co 
,+■• O) 
t5 c 
o +■> 
0. 

Q) 
X 

SI a> u 
c a> 

CD c o 

o 
o 

03 

a 
o 
•H 
+> 
as 

hfl 
■H 
«H 
G 
O 
Ü U 

0) 

CD     0) 
4-> 

S 

1 
CO 
bfl 

es a 
+» -H 

CO fH 
Q -H 

CO 

<N 

0) 

00 

S 13 
O -H 
!H 

<H - 
X 

0) 
Ü - 
fl <U 
rt CO 

■P O 
CO Ä 
•H 
Q SH 

CD 
rH +-> 

CO CO 
o 
o 

c 
o 

c 

c a> 
Ü 
a o 

</> 
o 
o 

CO 

co 

3 
O) 

c 
o 
o 
■a 

45 



AEDC-TR-73-53 

**4eBäÖÖ5p8SJ ..." ■■■■'■'i 

I 

I 

\  / V 

i. 

; 

! 

;:*£S% 00 
rSf^ II 

s 
a   5 mmm 

s 

'■■"''■ ~ß'M~ 
•  '~:-§Z.. u '"*& >*- 
.'> (O O 
•'hC** T— 

'WfiB. s# X 
:?£;; 

in 
*-^|t cvi 

■•:-»i|! ii 
8 <o 

".' ce 
„ 

o 
II 

IBS     ™ 
;S

T^; c 
o 

.; 
•-: -f^J^; l_ 

3 
■,';'-.£fi:" ffl 
'v&ä^* i£ 
'?/•??-■>. C o 

• '■'& 
Ü 

■o a> 

a 
(0 
en 
5 
O 

T> 
(0 .c 

CO 

0) 

8. 
E o 
o 
CO 

46 



AEDC-TR-73-53 

CO 

II 

D. 
(0 &- 
OS 

§ 
■D 
(0 

w 

c 
V 
0> 

OC 

k- cu 
+■> 
w> o 
Ö 

CQ 

TO u 
"a. > 

47 



AEDC-TR-73-53 

o o 

e 
a 

•H 
S 
o 

CD 

0 
■H 
<H 
•H 
■o 
o s 

OD 

c 0 

r1 n 

r o 

_TL o 

_n_ 

n -J~i- 

r t J 

r" —-* 

/I p 
f 

r 

oo 

o 

O 

o 

N 

O 

V) 
C 
O 

'•H 
3 

"S « 
5 
V fc. 
3 
CO 

8 

»& 

0) ^ 

= w 

5 CO 
fc " 

o 2 
00 re 

eo 

00 

o 
«5 

o o 
o   0 

o 

ft 

48 



AEDC-TR-73-53 

x/L =0.3      x/L =0.5 x/L = 0.7     x/L = 0.9 

y, in. 

x/L =0.3     x/L =0.5    x/L =0.7    x/L =0.9 
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Local Mach Number. M I 

b.   a = 50 deg 
Fig. 19   Booster Windward Centerline Mach Number Profiles 

at IVL = 8 and Re„x = 7.3 x 106 
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Fig. 30   Flow Field Photographs of Orbiter 
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Fig. 34.   Orbiter Windward Centerline Inviscid Mach Number Distributions 
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Surface 
Instrumentation Location (x) 

First 
Sym Date Run No. a, deg Q Gage Pressure Orifice 

o Jan 72 3825 40 0.85 in. None 
A Jan 72 3826 40 0.85 in. None 
D Jan 72 3828 40 4.15 in. None 
0 Jan 72 3829* 40 4.15 in. None 
o May 71 3662 45 0.85 in. o, 3 .05,10.0,14.05,19. 55 in 
4 May 71 3660 45 0.85 in. o, 3 .05,10.0,14.05,19 55 in 
4 May 71 3663 45 0.85 in. o, 3 .05,10.0,14.05,19. 55 in 

*Burr was found in model <£ surface at x = 0.85 in. after r un 

Note: 

in 

Co-ax surface thermocouple gages 
had surface discontinuities 
between 0 and «0.001 in. 

"Natural" Transition 

(Re^/ft) 

Fig. 38   Effect of Unintentional Surface Roughness on Transition Results 
from Tunnel F at IVL = 10.8, a = 40 deg 
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Sym 
Fairing of Experimental Data 

Predicted xt Location Using 
Potter-Whitfield Trip Correlation 

Predicted "Knee" x-t Location Using 
van Driest k/5* Trip Correlation 

x f 

22 

20 

18 

16 

14 

12 

10 

8 

6 

4 

2 

0 

k = Roughness Height 
xk = 0-92 in. 

Me = 1.57 

T /T„ =2.97 

in.        _ 

(Reoo) 
CO 

0.2 

0.001 

v ^-—..      \°-°0irV0015 Location^\ '" —       X x 

0 

Re ft 

6 
-1 

8 10 x   10 6 

Fig. 39   Predicted Effect of Surface Roughness on Transition Results 
from Tunnel F at WL = 10.8, a = 40 deg 
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TABLE IV 
TUNNEL F TEST SUMMARY 

a.   Phase I 

a,  deg Run ~M 
CO ~Re», L 

10.0 3654 10. 0 8-22 x 106 

10.0 3656 10. 2 8 x 106 

20. 0 3650 10.4 6-10 x 106 

20.0 3651 10. 7 10-20 x 106 

20.0 3652* 10. 3 9 x 106 

25. 0 3667 11. 2 2-6 x 106 

30. 0 3653 10.4 7-20 x 106 

30.2 3655 10.5 5-17 x 106 

40.5 3657 10.4 9-11 x 106 

40.2 3661 10.5 6-13 x 106 

45. 0 3660 11.9 7-10 x 106 

45.2 3662 11.4 2-5 x 106 

45.0 3663 11. 8 3-9 x 106 

51.0 3659 10. 7 7-22 x 106 

50.2 3664 10.5 5-9 x 106 

60.5 3658* 10. 6 6-24 x 106 

60. 2 3665 10.4 5-11 x 106 

'Three Point Pitot Survey 

b.   Phase II 

a,  deg Run -M^ ~RetD> L 

40 3825 10 .9 4-10 x 106 

3826 4-11 x 106 

3828 6-11 x 106 (Natural Transition) 

' ' 3829 ' ' 6-11 x 106 
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APPENDIX III 
EVALUATION OF STYCAST THERMAL PROPERTIES 

INTRODUCTION 

An extensive Space Shuttle heating test program sponsored by 
NASA-MSFC has recently been completed at AEDC-VKF.    A large por- 
tion of this program was devoted to testing phase-change paint models 
fabricated from Stycast 2762.    Stycast has been used for this purpose 
for several years because of its low diffusivity,   ability to withstand the 
high temperatures experienced in hypersonic wind tunnels,   and its 
molding characteristics. 

The reduction of phase-change paint data to quantitative results re- 
quires knowledge of the model material thermal properties.    Normally, 
models are fabricated from materials having low diffusivity,   and semi- 
infinite solid assumptions are used to infer heating rates from the ob- 
served surface temperature response.    Specifically,  the product (pck), 
where p is density,   c is specific heat,   and k is thermal conductivity,   is 
needed.    There are two basic methods of obtaining the pck values. 
First,   an analysis of the material can provide values for the individual 
properties.    Second,   a technique which utilizes a known heat imput to 
the material can be used to infer the material properties from the sur- 
face temperature response.    This method normally takes the form of a 
wind tunnel test of a sphere model of the subject material.    For this 
test program,  both techniques were employed to provide a check of the 
procedures and to optimize data precision. 

ANALYSIS 

Phase-change paint data reduction,   including the sphere calibration 
technique,  utilizes the equation governing the surface temperature 
response of a semi-infinite solid which experiences a step heating input: 

Tw " Twi n2 
T       - T   ■ xaw      xwi 

eß    erfc/3 

where 

ß = hVÄt 

>/ pck 
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For normal data reduction,   this equation is solved for h,   the heat- 
transfer coefficient.    The sphere calibration technique uses a theoretical 

value for h,   and the model thermal properties (\/ pck ) are determined. 

For the Space Shuttle test program,   a 6-in.- diam hemisphere 
model was cast and cured with each Stycast model to permit evaluation 
of batch-to-batch uniformity.    Because of apparent inconsistencies in 
the hemisphere data,   a number of repeat runs were made on one 
hemisphere model,   and these results follow. 

Prior to testing,  the model was striped with a thin coat of high- 
temperature paint to permit visual identification of the phase-change 
locations.    The stripes were applied circumferentially at 10-deg intervals 
from the stagnation point (0 = 0) to the shoulder (0 = 90 deg).    During a 
typical test run,  the model was exposed to the tunnel flow about 20 sec. 
Several longer runs were made when the test conditions (i. e.,  the model 
wall temperature) permitted.    The progression of the phase-change paint 
melt line over the model surface was recorded on 70-mm black and 
white film at 0. 5-sec intervals. 

The results of five runs shown in Fig.   Ill-1 are plotted versus the 
model location at which the data were obtained.    Two paint temperatures 
were used on runs 296 and 297 (the model was masked along the vertical 
centerline and the paints were sprayed on either side) to increase the 
amount of data from each run.    The data scatter (±20 percent) was in 
excess of that expected,   and a reason for the scatter was sought.   The 
data were obtained at two Reynolds numbers and with four different paint 
temperatures.    Since some variation of the material properties with 
temperature was expected,  the data from Fig.   Ill-1 were replotted versus 
paint (or wall) temperature,   as shown in Fig.   Ill-2.    The results of an 
analysis of the model material (individual p,   c,  k measurements) are 
also shown and indicate a slight trend with temperature for the lower 
wall temperatures.    The hemisphere data,  however,   show no discernible 
trend with temperature.    Note that the symbols defined in Fig.  Ill-1 are 
used in all figures to permit identification of the individual data points. 

As shown in Fig.   Ill- 1,   a trend with 0 is observed;  that is,   as 0 in- 

creased,    "V pck generally decreased.    It was speculated that,   since the 
model was cast with the nose (0 = 0) down,  heavier parts of the material 
may have settled toward the nose during curing,  thus altering the ma- 
terial thermal properties.    To experimentally evaluate this possibility, 
a run was made with the hemisphere at 30-deg angle of attack.    The 
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results of this run are compared with run 296 in Fig. Ill-3. To facil- 
itate data comparison, 0 was measured from the stagnation point in 
each case so that, if the material properties varied around the model, 
a shift of 30 deg in the data should be evident. In fact, no shift occur- 
red, and it was concluded that material uniformity in the 0 direction 
was not a problem. Note that these additional data increased the total 
data spread to ±34 percent. 

Since the only discernible trends appreared to be related to 0,  the 
theoretical predictions used for h versus 0 were reviewed and com- 
pared with data from thermocouple and heat-rate gage models.    This 
comparison confirmed the technique being used and thus shed no light 
on the problem. 

Attention was turned to the heating time since this is one of the 
basic experimental variables.    Injection of the model through the tunnel 
boundary layer could introduce up to 0.5-sec uncertainty'in the heating 
time.    However,   an error of about three seconds would be required to 

produce the \pck variation shown in Fig.   Ill-3.    The data were plotted 

versus S/t  as shown in Fig.   Ill-4,   and some improvement in data scatter 

was observed,   although the \/pck variation still existed.    A straight- 

line fairing of the data is shown and correlates the Vpck variations 

within about ±10 percent.    A variation of -\Jpck with time could be caused 
by variation of thermal properties with material depth since the diffu- 
sion of heat in a solid is basically a function of time.      To check this 
possibility,   two investigations were made.    First,   the model was sliced 
normal to the surface,   and the sliced surface was polished to expose 
the structure of the material.    A 40-X photographic enlargement of this 
surface is shown in Fig.   Ill-5.    The photograph clearly shows a concen- 
tration of lighter colored particles (<0.050 in. ) near the model surface. 
Since Stycast is a mixture of epoxy (black) and alumina (AI2O3),  the 
light particles are assumed to be alumina.    The epoxy has thermal 

properties quite different from alumina.    Typical values for yjpck are 
0.04 for epoxy and 0.35 for alumina.    Obviously the thermal properties 
of the mixture (Stycast) are sensitive to the distribution of the alumina 
particles. 

To check the effect of the apparent alumina concentration near the 
surface,  the second investigation was made.    Two samples of the model 
material were checked for thermal properties in the VKF Instrument 
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Laboratory.    Thin-film resistance elements were deposited on the sur- 
face of the samples.    Temperature-resistance calibrations of the ele- 
ments were made,  and the surface were then subjected to a very short 
(0.1-sec) calibrated convective heat pulse.    This procedure is commonly 
used to calibrate heat-rate gages for short-duration test applications 

and permitted a yjpck evaluation similar to the sphere calibration tech- 

nique.    The \/pck values thus obtained are plotted in Fig.   Ill-4 and iden- 
tified as VKF laboratory data.    Each point represents the average of 
three runs,   and about ±10 percent scatter existed in these data.    These 
results present a strong confirmation of the time correlation since the 
fairing of the hemisphere data extrapolates very near to the laboratory 
points. 

To check the compatibility of the \ At  correlation with the observed 
material nonuniformity,   an analytical model was formulated.    A distri- 
bution of material thermal properties with depth was assumed,   and the 
surface temperatures response to a convective heat imput was computed. 
This surface temperature response was compared with constant property 

solutions to infer an effective constant -\/pck.    From these solutions,  the 

variation of the effective "s/pck with time was plotted and compared with 
the hemisphere data.    These results are presented in Fig.   Ill-6 and 

basically confirm the validity of the "\/At  correlation.    The analytic 

models of -\/pck variation with depth were chosen to approximate the 

limits in \Jpck. variation shown in Fig.   Ill-4 and the alumina distribu- 
tion shown in Fig.   Ill-5. 

CONCLUSIONS AND RECOMMENDATIONS 

1. The scatter in the Stycast 276 2 thermal property data obtained 
at VKF was reduced from ±34 percent to ±10 percent by correla- 
tion with time.    The equation used in the data reduction was 

Vpck = 0.11 - 0.008>/AT. 

2. The validity of the time correlation is attributed to variation 
in the alumina filler distribution in the material. 

3. These results should not be applied directly to other test data 
since the cause of the nonuniform filler distribution is unknown. 
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APPENDIX IV 
VKF BOUNDARY LAYER TRIP PROCEDURES USED DURING 

THE NASA-AEDC STS HEATING TEST IN TUNNEL B 

The use of the phase-change paint heat-transfer technique can pro- 
vide a complete mapping of the heat transfer distribution on a given 
model surface.    This is not practical with the thin skin or heat gage 
techniques.    However,  this new wealth of data has brought to light new 
problems.    Tests of delta wing type models at relatively high angles of 
attack (30 to 60 deg) at the VKF and other test facilities have shown 
that small surface irregularities are sufficient to produce boundary 
layer transition.    In fact,   it has been observed that small (<0.010 in. ) 
particles in the paint can promote transition.    Since the heating rates 
downstream of the particles are significantly higher (i. e. ,  turbulent 
levels) than those upstream of the particles,   a characteristic spiked 
melt pattern originates from the particle or surface irregularity. 

To obtain turbulent heating levels over a major portion of the 
model,   advantage was taken of the above phenomenon.    That is,   closely 
spaced surface irregularities were placed on the entire windward sur- 
face (bottom), of the delta wing orbiter and booster.    The application 
method consisted of dabbing small dots of Barco Bond®4 in about 1-in. 
intervals on the bottom surface of the models and then sprinkling the 
surface with No.  46 grit (~0.015-in.   diameter).    Several pieces of grit 
adhered to each dot,   resulting in a small surface irregularity approxi- 
mately 0.025 in.  high.    With the exception of the nose region,  these 
surface irregularities we're sufficiently large enough to trip the lami- 
nar boundary layer producing the desired turbulent heating levels. 

For angles of attack of 10 and 20 deg,  the grit did not trip the 
boundary layer.    For these angles,   0.030-in. -diam steel spheres were 
welded about one diameter apart on the steel nose cap of the MDAC- 
DWO (Configuration 22). 

4Epoxy adhesive (Kit No.   MB-165). 
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APPENDIX V 
PHASE-CHANGE PAINT DATA REDUCTION ASSUMPTIONS 

A complete description of the phase-change paint technique,   in- 
cluding the assumptions made,   was presented in Ref.   42.    A summary 
of the assumptions listed in Ref.   42,   and others applicable to the pres- 
ent tests,   is given below. 

1. The depth of heat penetration into the wall is less than 
the wall thickness and very small compared with the 
surface radius of curvature so that the wall acts like 
a one-dimensional semi-infinite slab.    The present 
models were solid Stycast,   and therefore,  this assum- 
tion should be valid with the exception of small radius 
edges. 

2. The model is isothermal before injection into the air- 
stream.    Thermocouples embedded within the model 
were monitored to ensure that the model was isothermal 
before injection. 

3. The surface experiences an instantaneous step in local 
aerodynamic heat-transfer coefficient at time zero, 
and this coefficient is invariant with time.    The models 
were exposed to the tunnel airflow approximately 0. 7 
sec before reaching the tunnel centerline and this time 
is considered in determining time zero.    By not con- 
sidering photographs obtained during the first 3 sec of 
model exposure,  uncertainties in heat-transfer coeffi- 
cient attributable to errors in time are minimized. 

4. The thermal diffusivity and conductivity of the wall is 
invariant with temperature. An evaluation of the Sty- 
cast thermal properties was presented in Appendix III. 

5. The phase-change coating melts when the wall tempera- 
ture reaches the specified value (i. e. ,   Tpc = Tw).    Un- 
certainties in the specified phase-change temperature 
are estimated by the manufacturer to be ±1 percent. 

6. The radiation heating produced by the fluorescent 
lighting and model radiation to the tunnel walls are 
negligible compared with the aerodynamic heating. 
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7. The metallic noses did not distort either the tempera- 
ture distribution in the model material or the develop- 
ment of the boundary layer. 

8. As discussed by Throckmorton (Ref.   43) the largest 
uncertainty in the reduction of phase-change paint 
data is probably caused by observer interpretation. 
The reduction of phase-change paint data requires 
the visual identification of the melt line,   and its 
identification may vary from one observer to another. 

91 



AEDC-TR-73-53 

APPENDIX VI 
FLOW FIELD REGIMES ON THE WINDWARD SURFACE OF 

THE MCDONNELL DOUGLAS ORBITER 

The planform of the McDonnell Douglas orbiter can be fairly well 
represented by a 81.5-deg sweep delta wing for values of x/L between 
0.1 and 0.6.    Even though the bottom surface is curved,  the flow field 
should be basically similar to that of a flat-bottomed sharp-edged wing 
of approximately the same sweep angle. 

The PrMr heat transfer method presented in Ref.   44 relates the 
variation in inviscid flow field properties to delta wing centerline heat- 
ing through the use of the variable (n) which is the centerline flow di- 

vergence angle derivative,   (~rr), _n-    By assuming that the influence of 

the spanwise pressure gradient is neglible and combining equations 
A10A,  A10C,   and A18 of Ref.  44,  the following expression is obtained: 

= >/l + 2n (VI-1) 
h2D 

Note that for n = 1.0,  the result is the same as that obtained for the 
sharp cone to flat plate heating ratio,   i. e. 

h 
h2D 

An estimate of (—-r),    „ for sharp-edged delta wings of various 
d<p <p =0 

sweep angles at Mach number 9. 6 is shown in Fig.   74 of Ref.  45 and 
is reproduced here as Fig.  VI-1.    It can be seen from this figure that 

.dto. 
for an 80-deg sweep wing,   (—rr-).    _ is between 0.7 and 1.0 for angles 

d<p 0 =0 
of attack between 10 and 30 deg.    Substitution of n = 0.7 into Eq.   (VI-1) 
results in heating ratios only slightly below the conical value.    The 
conclusion then is that the heating rates on an 80-deg sweep delta wing 
at angles of attack between 10 and 30 deg are approximately the same 
as thos-j on an equivalent axisymmetric body;   i. e. ,   a body whose local 
radius is equal to the local semispan of the delta wing which in this 
case is a cone. 

This result was applied to the McDonnell Douglas orbiter by using 
solutions to the axisymmetric boundary layer equations presented in 
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Appendix VII. The radius used in this solution for values of x/L less 
than 0.6 was the local semispan of the body in analogy with the sharp- 
edged delta wing result. 

At values of x/L greater than 0.6,  the McDonnell Douglas orbiter 
/du. 

has an effective sweep angle of about 55 deg.    Values of VTT) . _n for a 

60 deg sweep wing are shown in Fig.  VI-1.    From these results for 

a = 20 deg,   it would appear that (-rj),    _ would be 0.4 or less and hence 
U0    0=0 

the heating rate ratio would be closer to the two-dimensional value.  In 
order to obtain the two-dimensional result from the axisymmetric equa- 
tions, the radius is held constant. 

The radius distribution resulting from these considerations and 
which was used in the 10- and 20-deg angle of attack heating calcula- 
tions is shown graphically in Fig.   35a. 

By returning once again to the 80-deg sweep results in Fig.  VI-1, 

it may be seen that the value of (-77) ,        is greater than 1.0 for angles 

of attack greater than 33 deg.    A streamline path illustrating this con- 
dition is shown on the sketch in Fig.  VI-1.    This flow pattern is sim- 
ilar to that produced on an infinite swept cylinder which implies that 
spanwise strip theory (crossflow theory) may be valid.    This is shown 
to be the case in Ref.   18 where a complete discussion of this approach 
is given. 
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APPENDIX VII 
LOCALLY SIMILAR BOUNDARY LAYER CALCULATIONS USING 

THE TABULATED SOLUTIONS OF DEWEY AND GROSS 

It was shown in Appendix VI that the flow near the orbiter surface 
was axial at 10- and 20-deg angle of attack.    To make reliable heating 
rate and boundary-layer thickness parameter calculations,   a suitable 
method of solution of the two-dimensional and axisymmetric boundary 
layer equations is necessary.    It was shown in Ref.   46 that the locally 
similar solutions of the boundary layer equations give accurate heating 
rate and boundary-layer thickness parameter predictions when pres- 
sure gradients are mild.    This condition was met by the flows currently 
under consideration. 

Dewey and Gross (Ref.   47) solved the boundary-layer equations 
for a wide range of conditions and tabulated values of <£'w,   1^,   and I2. 
In the present application,  the parameters Stm,   0,   and 6* were computed 
from the following equations: 

T 

Pw/JwueHo(1 " ^rL)  rj  tf'w 
Stm = 

Pa>uJH0 - Hw)Pr>i2?" 

>/1MF 
peuerJ 

6* ^T (TQ) L    ^\ 

PeuerJ 

Note:   for a perfect gas, 

h        _ St 

href     St«    ref 

The values of the boundary-layer parameters were tabulated in 
Ref.   47 for a range of values of jT,   u|/2He,   Prandtl number,   wall tem- 
perature ratio,   and temperature-viscosity law.    A Prandtl number of 
0.7 was selected for the present calculations.    A temperature-viscosity 

5See Fig.  VII-1 for nomenclature peculiar to this appendix. 
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0   7 law of jua   T       was selected because Dewey and, Gross showed it gave 
good agreement with the Sutherland law for the temperature range of 
the present calculations.    The wall temperature ratio was fixed by the 
particular case. 

Values of 0'w,   Ij,   and I2 were then obtained from the tabulated 
solutions for several values of ~ß and u|/2He.    These values were then 
input into a computer solution.    At each calculation point,   a double 
interpolation procedure was used to obtain the value of the boundary- 
layer parameter for the value of ß and u|/2He at the point. 

A flow diagram of the calculation procedure is given in Fig.  VII-1. 
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