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FOREWORD

The experimental research effort reported herein was conducted by
the Hypersonic Facilities Department of Cornell Aeronautical Laboratory of
Cornell University, Buffalo, New York, for the Flight Dynamics Laboratory,
Air Force Systems Command, United States Air Force, on Contract

F33615-67-C-1203 of Project No, 1366, The contractor's report number is
AF-2389-Y-3.

The work reported herein covers both phases of a two-phase program
which began in January 1967 and was conducted under the technical cognizance
of Mr. Dennis Sedlock of the Flight Dynamics Laboratory's Internal Aero-
dynamics Group. The final report was submitted in April 1968,

This technical report has been reviewed and is approved.
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Philip’P. Antonatos
Chief, Flight Mechanics Division
Air Force Flight Dynamics Laboratory
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ABSTRACT

An experimental study of turbulent boundary layer flow, under the
influence of adverse pressure gradients typical of hypersonic inlets, was
conducted in the Cornell Aeronautical Laboratory 96-inch Leg of the
Hypersonic Shock Tunnel on a two-dimensional and an axisymmetric model
each instrumented with skin friction, heat transfer and pressure gages.
Tests were conducted over a Mach and Reynolds number range of 6.74 to
11.37 and 1.05 x 106 per ft. to 2.93 x 107 per ft., respectively. These
test conditions produced toundary layer transition on the forward portions
of the models without resorting to artificial trips. It was possible to attain
a fully turbulent boundary layer before the start of the adverse pressure
gradient region for most of the axisymmetric model tests but for most of
the two-dimensional tests, transition was not completed until after the start
of the pressure gradient,

A comparison of the pressure data with the inviscid pressure distribu-
tion was made and good agreement is generally found indicating very little
change in effective model shape due to boundary layer growth. This result
is a consequence of the large model size relative to the boundary layer
thickness, i.e., high Reynolds number flows over large models.

An important conclusion resulting from this program was that turbulent
boundary layers can negotiate large adverse pressure gradients without
separating. Comparison with some existing laminar boundary layer data
indicate that a turbulent boundary layer can negotiate adverse pressure
gradients at least an order of magnitude greater than those gradients which
will separate a laminar layer.
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SECTION 1
INTRODUCTION

Hypersonic inlet design and performance estimation are dependent
upon a thorough knowledge of the boundary layer flow on the various com-
pression surface comprising the inlet configuration. Boundary layer growth
can alter the effective shape of the inlet giving a different shock wave pattern
both at the leading edge of the inlet and internally with the result that the
mass flow captured and the total pressure losses are both affected. In addi-
tion, boundary layer separation from the inlet compression surfaces may
occur creating additional shock waves with further losses in total pressure.
Boundary layer transition will occur, except at very high altitudes ( >1 50K)
and Mach numbers (>12), with a resultant increase in aerodynamic heating
and skin friction drag. Despite the increased heating and drag, a turbulent
boundary layer may be an asset because of its ability to negotiate larger
adverse pressure gradients than laminar boundary layers can without sepa-
rating. The wall skin friction of turbulent boundary layers in adverse
pressure gradients comprises the subject matter of this report,

The effort reported herein is concerned with the experimental investi-
gation of turbulent boundary layers on continuous compression surfaces at
hypersonic Mach numbers under the influence of large adverse pressure
gradients. Freestream conditions of sufficiently high Reynolds numbers
were available to attain natural boundary layer transition within reasonable
model lengths and thereby avoid introducing boundary layer trips as an
influence in the experiments. Direct local skin friction measurements, in
addition to pressure and heat transfer rates, were made on continuous
compression surfaces to provide data which can be used to evaluate the
applicability of existing turbulent boundary layer theories., In addition the
data can be used to improve existing, or develop new, methods of predicting
turbulent boundary layer characteristic 8.



SECTION 11

TEST EQUIPMENT

1. CAL 96-INCH LEG OF THE HYPERSONIC SHOCK TUNNEL

The basic components of the 96-Inch Leg of the Hypersonic Shock
Tunnel are shown in Figure 1. The tunnel employs a chambered reflected
shock tube with a 5-inch inside diameter driver and a 4-inch inside diam-
eter driven section. The driver tube is 16 feet long and is externally heated
with a resistance heater up to temperatures of 1200°R. The driven tube
length is 48. 5 feet long and is always at the ambient temperature. The
driver gas was a mixture of heliuin and air with a maximum helium purity
of 98. 5% while the driven gas was dry air. Steady flow test times of the
order of 2 to 5 milliseconds, which allowed ample time to measure skin
friction, pressure and heat transfer rates on the models, were achieved
using the tailored-interface technique to be described later.

The long models tested in the present program made it desirable to
avoid the streamwise pressure gradients typical of conical nozzle expansions.
Consequently two axisymmetric contoured nozzles, providing parallel flow
with no pressure gradients in the streamwise direction for several feet,
were used for the expansion. One nozzle is designed for a Mach number of
8 and the other for 16. Both nozzles were used over a Mach number range
by employing removable throat inserts of various diameters. Both nozzles
have been calibrated, using pitct pressure survey rakes, over the range of
operating conditions used in the subject program,

The test air expands throvgh the nozzles into a 96-inch diameter test
section in which the models are supported on an angle of attack sector as
shown in Figures 2 and 3. Test air passes downstream of the test section
into a receiver tank large enough to maintain flow for the desired duration.
The models are isolated from tunnel accelerations by mounting the model
support system on the laboratory floor and using a flexible bellows to
provide a vacuum seal between the sector and the tunnel. The l6-inch
diameter schlieren windows shown in the figures were used to obtain a single
spark flow photograph for most runs of the test program.

2. SHOCK TUNNEL OPERATING PRINCIPLES

The shock tube is separated into regions of high and low pressure by a
diaphragm (Figure 4). The wave phenomena begin with the rupture of the
diaphragm, permitting expansion of the high-pressure driver gas into the
lower pressure section and the generation of a shock wave which propagates
through the low-pressure air. Between the shock wave and the gas interface
(the contact surface separating the driver gas and the driven air) there
exists a steady state region which is at a high temperature and pressure.
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The downstream end of the sho.k tube is terminated by a convergent-
divergent nozzle. The ratio of the nozzle throat area to the shock tube
cross-sectional area is small, however, 8o that the primary shock wave is
nearly completely reflected upstream from the throat, leaving a region of
almost stagnant, compressed, and heated air at the end of the low-pressure
section of the shock tube. This processed air is expanded through the
nozzle to the desired test condition.

By proper control of the initial conditions in the driver and driven
sections, the gas interface becomes transparent to the shock wave reflected
upstream from the throat, i.e., no gasdynamic waves result from this
interface-shock interaction that can subsequently disturb the steady test-
air-supply conditions. Since the states of the gases on both sides of the
interface must be carefully matched, this method is called the "tailored-
interface' technique (Reference 1). The limiting wave, which then determines
the maximum available testing times for the tailored-interface technique, is
the leading expansion wave reflected from the driver end of the tube. The
test times available are approximately eight times those achieved with the
same length tube operating as a conventional nonreflected shock tunnel.

The temperature of the air behind the reflected shock in the driven
section of the tube (corresponding to the nreservoir'' or "supply' temperature
in conventional wind tunnel terminology) is a function of the strength or
velocity of the shock wave through the driven tube. If the stagnation tempera-
ture is to be duplicated at a given flight Mach number, the shock velocity or
shock Mach number is then uniquely determined. The shock Mach number
is, in turn, a function of the pressure ratio across the diaphragm for given
driver gas mixtures and initial temperatures of the driver and driven gas.

In order to tailor at various shock strengths, provision is made to vary the
velocity of sound of the driver gas by mixing the driver gas with other gases
and by heating.

3. MODELS

The models are of two basic shapes, two-dimensional (Phase I tests)
and axisymmetric (Phase II tests) and are typical of the types of compression
surfaces which might be used in hypersonic inlets. High shock losses at
hypersonic speeds dictate that initial angles of inlet surfaces be small.
Consequently the two-dimensional model has a sharp leading edge and an
initial wedge angle of 3 degrees and the axisymmetric nose is a sharp hollow
cylinder which was vented downstream of the model, allowing flow through
the interior of the body. The aft regions of both models are designed for
isentropic continuous compression which produces the adverse pressure
gradient regions of interest in this test program.

PRVETEN T



a. Two-Dimensional Model, E-2

The two-dimensional model was designed and fabricated by the
General Electric Company on Air Force Contract Number AF 33(675)-11747.
This model, with a cowl attached, was tested by General Electric in their
Missiles and Space Division shock tunnel facility. The G.E. test program
(Reference 2) investigated cowl shock and compression surface laminar
boundary layer interaction whereas the present tests are concerned with
turbulent boundary layer characteristics under the influence of isentropic
compression.

The two-dimensional model consisted of a wedge with an angle
of 3°* for the first 5 inches followed by a region designed for isentropic
compression, The curved surface aerodynamic contours are based on a
Method-of-Characteristics solution and laminar boundary layer analyses.
Using the GE /Bertram viscous interaction program described in Reference 3,
a solution for the upstream wedge region determined the boundary layer
displacement thickness and surface pressure distribution. At the station
5 inches from the leading edge, the computed value of the Cohen and Reshotko
(Reference 4) pressure gradient parameter, 7 , is -0. 5 reflecting the viscous
induced weak favorable pressure gradient. Aft of this 5 inch station N is
varied linearly to a value of 0. 12 at station 15 inches. Downstream of the
15-inch station the wall contour is designed to maintain a constant value of
77 of 0.12. The final wall angle was approximately 17.5 degrees. Photo-
graphs and drawings of the two-dimensional model comprise Figures 5 and
6, respectively. Locations of the model instrumentation are given in
Figure 7.

b. Axisymmetric Model

The axisymmetric model was designed and fabricated by the
Lockheed-California Company on Air Force Contract Number AF 33(657)-8833.
This model was tested by Lockheed in the Arnold Engineering Development
Center (AEDC) 50-inch diameter Tunnel B and the 40-inch Tunnel A, both of
the von Karman Facility. The model was tested at Mach numbers of 5, 6 and
8 over a range of Reynolds numbers per foot of 1.6 to 6.9 million. Boundary
layer trips were used for the AEDC tests whereas natural transition was
achieved for the tests reported herein. Heat transfer and pressure data were
obtained in the AEDC test which are reported in Reference 5.

The axisymmetric model consisted of a sharp leading edge hollow
cylinder nose followed by an isentropic compression region which was designed
for a focused isentropic compression at a Mach number of 8. The high rate
of wall turning in the aft region of this model is readily apparent in the
pressure data which will be discussed later. In addition, a blunt nose was
provided to be interchanged with the sharp hollow nose to obtain blunt nose
data. The downstream end of the model was terminated with a conical flare
specifically designed to prevent the expansion from feeding upstream and
modifying the boundary layer in the aft region. The final wall angle was
approximately 30 degrees. Photographs and drawings of the axisymmetric
model comprise Figures 8 and 9, respectively. Locations of the model
instrumentation are given in Figure 10.
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4. INSTRUMENTATION

a. Skin Friction

The large aerodynamic forces involved in this test program
necessitated the development of a new high load skin friction gage with both
a linear response to higher skin friction forces and a mechanically stronger
gage structure to survive the large tunnel stopping loads experienced by the
model and gages. Early attempts in this current program to use existing
skin friction gages which had been previously used at lower Reynolds number
conditions (Ref. rence 6) indicated that these gages were not linear up to the
maximum wall shear forces expected in this program and that they would
not physically survive the environment. Hence a more rugged skin friction
gage using the same basic principles as the existing gages was developed.

The CAL skin friction gage designed for this test employs the
piezoelectric effect to convert a mechanical stress to an electric charge
output. Lead zirconium titanate crystals are stressed by a force acting on
a diaphragm and flexure system shown in Figure 11. Response is to a force
applied tangentially to the diaphragm as shown by the arrow in Figure Il
indicating airflow direction. The flexures, which are cemented to the
diaphragm and crystals with a high temperature bonding material, carry the
skin friction force from the diaphragm to the crystals. These flexures are
designed to be weak in bending to isolate the crystals from diaphragm warping
which could be caused by pressure or thermal effects. Force normal to the
diaphragm resulting from pressure loading is eliminated by allowing the gas
to flow underneath the diaphragm and around the crystals. In addition, what
little norm.i force does get to the crystal is in a direction in which the
crystal has zero theoretical and little actual sensitivity., Using Invar for
the diaphragm further reduces temperature effects by minimizing thermal
warping which could transmit forces to the crystals. Compensation for
acceleration effects is accomplished by an additional crystal and mass system
which has the same acceleration sensitivity as the active system and is
electrically wired in opposition to the active system.

The crystals are bimorph configurations which consist of two
layers of lead zirconium titanate that have been polarized in opposite direc-
tions in order that the combination will be sensitive to bending in one plane
but relatively insensitive to all other strains, They will, therefore, have
little response to temperature change. The crystals are used in a canti-
levered beam mode with one end rigidly bonded into the gage housing and the
other end attached to the diaphragm. Two bimorphs are used in the active
gage in order (0o make a stronger crystal-diaphragm structure. The crystals
are cnated with an electrical insulator to avoid effects of charged particles
in the airflow.

In addition to developing a more rugged skin friction gage for
this program, a new technique of mounting the gage in the model was used

to isolate the gage from model accelerations. Although the internal accel-
eration compensation of the skin friction gage was generally sufficient to

5
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eliminate errors due to acceleration from the average output during the test
time, it was discovered that the gages were being physically damaged by
accelerations of the model during tunnel flow breakdown (Figure 12(a)).
These model accelerations were measured and were found to be many times
greater than the accelerations experienced during the test time and to contain
frequencies on the order of 10 to 12 kc which is approximately the natural
frequency of the gages. The resulting resonance of the gages was felt to be
largely responsible for the damage experienced, To isolate the instrumenta-
tion from the model excitation, a shock mount was designed and bench checked
for the skin friction gage. This mount provided for rubber support of the
gage with no metal-to-metal contact between the gage and the model. To
further ""de-tune" the gage from the model excitations, a mass was added to
the back of the gage housing which lowered the natural frequency of the gage-
mass system. Typical skin friction gage outputs during testing are indicated
in Figure 12.

The new shock mounting system for the skin friction gages ensures
that the gage unit is not stressed by the gage mounting and consequently the
need to calibrate the gages after installation in the model is eliminated.
Calibration of the gage outside the model was not only possible but desirable
since, for concave curvatures, such as existed on these models, it is not
possible to apply a purely tangential force to the gage diaphragms. The
calibration consists of applying known forces to the diaphragms in the skin
friction direction using weights. The gages were calibrated from . 006 psi
to 2.8 psi and were linear over this range to within 2%,

The flat diaphragm shown in Figure 11 was used for model E-2
which had very little curvature over a surface distance in the flow direction
of 1/4-inch. These same diaphragms were then hand-contoured to the local
model radius for the axisymmetric model and again the surface contour over
a length of 1/4-inch was neglected.

b. Heat Transfer

Heat transfer rates were determined by a technique that relics
on sensing the transient surface temperature of the model. The sensing
element is a thin platinum strip painted on a Pyrex substrate which conforms
to the local model contour. The gage is then fired at controlled conditions,
resulting in a thin film of metal, typically 0.1 micron thick by 5 mm by
0.5 mm, and fused to the Pyrex insert. Since the heat capacity of the gage
is negligible, the film temperature is equal to the instantaneous surface
temperature and is related to the heat transfer rate to the model by the
theory outlined in Section V of this report and discussed in detail in
Reference 7. Temperature histories from the platinum strips were fed into
a passive analog network which produced a step output that was proportional
to the heat transfer rate to the model. An IBM 360 computer program then
uses the analog network output voltages to compute heat transfer rates.

The computer automatically makes small corrections for the variation with
temperature of the heat transfer gage substrate (Pyrex) properties and the
nonlinear resistance-temperature characteristics of the platinum strip.

6



c. Pressure

The model pressures were measured with miniature ceramic
piezoelectric crystal transducers. Their small size permits installation
inside the model close to the orifice in the model surface, thus minimizing
pneumatic lag. These transducers are available in several sizes and
pressure ranges so that the type best suited for the estimated pressure
range at a given model position can be used. Proper shielding of the sensing
element precludes temperature effects during the short test time. In the
transducer used to measure the pressures of the current program, a dual-
element transducer was used to reduce acceleration effects to an indicated
pressure of £ ,0008 psi/g. Pressures on the order of 0.1 -60 psi were
measured with this transducer, The pressure transducer indicates the
pressure rise over the initial pre-run test section pressure which is usually
on the order of 3 microns as determined by a Pirani vacuum gage which is
periodically checked against a McLeod gage as a standard. The voltage
output of each gage is calibrated against applied pressure through the model
surface orifice after the gage has been installed in the model. Transducers
are selected such that the voltage output is linear with pressure over the
range of pressures encountered, Pressure transducers are normally cali-
brated before a series of runs. The details of the design, fabrication, and
calibration of the pressure transducers used in the present test series are
described in Reference 8.

d. Flow Visualization

Flow photographs were taken, either schlieren or shadowgraph,
for both test phases using a single-pass parallel light system which viewed
approximately the aft 16 inches on both models. This region of the models
had the maximum adverse pressure gradient and consequently was of the
most interest. The majority of the photographs were taken using shadowgraph
since this system was superior to schlieren for observing the boundary layer.
The schlieren system generally had too much sensitivity for these high
density flows. The few schlieren photographs obtained were taken with the
knife edge horizontal.

5. DATA ACQUISITION

The electrical signals from the heat transfer, skin friction and
pressure transducers were recorded on 44 channels at 50-microsecond
intervals on the magnetic storage drum of a Navigation Computer Corporation
MCL-100 data acquisition system., The information was then transferred to
magnetic tape for use as the input to the data reduction program. The data
were also reproduced on a pen-type recorder for immediate examination and
preliminary calculation,



SECTION 111

TEST PROCEDURE

1. TEST PROGRAM

The two-dimensional and axisymmetric model test program and test
conditions are presented in Tables I and V, respectively. The test program
was specified by the Air Force Flight Dynamics Laboratory. Run 18, which
is not shown in the test program, was an instrumentation diagnostic run
which produced no model data, On Run 19, the first run on the axisymmetric
model, most of the rearward data on the model were lost because the recording
equipment gain settings were based on pretest estimates which proved to be
too small in the aft region of the model.

2. CALIBRATION

The detailed calibration data are kept on file at CAL.

a. Skin Friction

The skin fricticn gages were calibrated using known weights to
apply shear forces to the gage diaphragm. Gage outputs were displayed on
oscilloscopes and photographed using Polaroid cameras. Dividing the weights
by the area of the diaphragm gave the equivalent shear stresses corresponding
to the respective gage outputs. The gages were checked for electrical leakage
after installation in the models, The gage sensitivities determined by the
calibration were used to select recording equipment gains during the test.

b. Heat Transfer

The heat transfer gages were calibrated prior to the tests to
determine the changes in resistance of the elements with temperature. At
the temperatures encountered in these tests, these changes are linear and
the resistance at only two temperatures need be determined. This calibration
is then used to set the gain of the recording equipment for the expected
temperature increase.

c. Pressure

The pressure gages were calibrated (i.e., voltage output versus
applied pressure) and checked for air and electrical leakage after installation
in the model. The voltage-pressure relation is linear over the range of
pressure normally encountered during testing.

These calibrations, in conjunction with estimated values of model
pressures provide the basis for adjusting amplifier gains to achieve maximum
""readability" of the data recording system.

8



SECTION IV

TEST CONDITIONS

The test conditions of pressure, temperature and Reynolds number are
computed by assuming isentropic expansion of the test gas from the conditions
behind the reflected shock in the tube to the test section Mach number which
has been previously determined from airflow calibrations, The calculation
of test section free-stream parameters includes the effect of molecular
vibration assuming a simple harmonic oscillator model for the diatomic

constituents of air.

The stagnation enthalpy and temperature of the air behind the reflected
shock are determined respectively from

Hy=H, (He/H,) (m
and
7,27, (T /7) @)

where 4, /¥, and T/7, » are functions of ¢, , the incident shock velocity
(Reference 9-11), Y is obtained by measuring the time taken by the shock
wave to pass between two stations in the shock tube. H, is taken from
Reference 12 and 7, is measured prior to each run. Free-stream static
temperature is obtained from

H .-/ €
Too =2 (/f -%— L M:o) (3)
Coonv Crpav

where 3/, is a function of Cpooj Cpp and Cappy include vibrational heat

v
capacity and are functions of Tao. requiring an i{eration between 7 and C/ .
Free-stream pressure is calculated using

aefa(r Hn2) T

(P//f,) real
(P/Pa) perfect

is the real gas correction to the ideal static to total pressure ratio as
described in Reference 13 but suitably modified to include vibrational specific
heat in the test section, and 4 is the measured pressure behind the
reflected shock, The source data used in this technique are References 12
and 14,

where

£
%



Free-stream velocity, density and dynamic pressure are respectively

calculated from
foo = B [RT, (6)

2
7"" =§,'/oa° ”ao (7

Values for absolute viscosity (#) used to compute Reynolds numbers
were obtained from Reference 15 for temperatures below 500°R and from
Reference 16 for temperatures above 500°R.

Stagnation conditions behind a normal shock in the test section are
based on the data of Reference 14,

10



SECTION V
DATA REDUCTION

1. SKIN FRICTION

The skin friction gage output is a direct function of the average shear
stress over the gage diaphragm and the sensitivity of the gage, which was
determined during gage calibration., Dividing gage output by gage sensitivity
gives average shear stress directly.

2. HEAT TRANSFEK

The "'thin-film'' heat transfer gage is a resistance thermometer which
reacts to the local surface temperature of the model. The theory of heat
conduction in a nonhomogeneous body is used to relate the surface temperature
to the rate of heat transfer, Since the resistance element has negligible
effect on the Pyrex substrate surface temperature, the substrate can be
characterized as being semi-infinite, homogeneous and isotropic. The
general heat conduction equation is

pe(m3 5 [xn )

where 0 , ¢ , and K are substrate density, specific heat and thermal
conductivity, respectively, and X is the substrate depth.

If the substrate properties are independent of temperature; i.e., if
the temperature change is less than 100*R, a closed-form solutiorn is obtained
for the heat transfer rate,

. / k V4 ¢ . % y
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For evaluating the integral numerically, the equation is recast in the
following form:
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where ¢ time interval between tabulated data points (typically,

50 microseconds)
7 = time index of the point

/° = running time index
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subscript # = value of parameters at? th time increment
th
subscript # = value of parameters at/# time increment

When the gage te)'nperature rise is greater than 100°R the temperature
dependence of (,ock }1/2 and the variation of the electrical properties of the
resistance element with temperature are accounted for in the computer
program.

Frequently heat transfer data are obtained by solving Equation (9)
directly by the use of g-meters, which are passive electrical analog networks,
in conjunction with the heat transfer gage. The analog is based on the fact
that the equation for heat conduction in a semi-infinite solid is identical to
-2t for a semi-infinite electrical transmission line with distributed series
resistance and shunt capacitance. In practice, it has been found feasible to
construct the analog of a number of circuit elements consisting of parallel
resistor-capacitor elements in a series arrangement. A time and heat
transfer rate dependent correction must be applied to the g-meter output to
acrzunt for gage property variations with temperature.

3. PRESSURE

The pressure transducers measure the difference between the internal
case pressure and the model pressure, The case pressure is equal to the
initial test section pressure (on the order of 3 microns) and is added to the
measured pressure to obtain the absolute pressure.
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SECTION VI

DISCUSSION OF RESULTS

The results of this program provide wall skin friction data for turbulent
boundary layers in adverse pressure gradients on slender continuous
compression bodies typical of the components of hypersonic inlets, In
addition one very important characteristic of turbulent boundary layer flows,
namely resistance to separation from the wall, can be observed from the
wall measurements of skin friction, heat transfer and pressure. The ability
of turbulent boundary layers to negotiate rather large adverse pressure
gradients without separating is clearly seen by comparing the data herein
with the work of Reference 6 which contains wall data obtained for laminar
boundary layers in adverse pressure gradients. All the turbulent data
obtained in this program were taken using natural boundary layer transition.

The two models were tested at nominal Mach numbers of 7, 8, 10, and
11, and a range of Reynolds numbers at each Mach number., The maximum
Reynolds number was limited by the facility and/or instrumentation capabilities
and the minimum Reynolds number was limited by the desire to have transition
occur before the start of the adverse pressure gradient. This latter restraint
was relaxed for many of the two-dimensional tests in order to obtain a larger
range in Reynolds number variation, The two-dimensional model was tested
at zero degrees angle of attack for Mach numbers of 8, 10 and 11 and at zero,
four and eight degrees for a Mach number of 7. These angle of attack runs
at Mach 7 were included to obtain data for a lower local Mach number since
it was not possible to run the facility at a lower free stream Mach number.
The axisymmetric model was tested at zero degrees angle of attack only.
In addition to the sharp nose runs on the axisymmetric model, three runs
were made with a blunt nose installed in order to obtain a lower local Mach
number,

1, TWO-DIMENSIONAL MODEL TEST

The details of the test conditions and run schedule for the two-dimensional
model are given in Table L. Data obtained were skin friction, heat transfer
rates, pressure and flow photographs. Tabulated skin friction, heat transfer
rates and pressure data are given in Tables 1I, III, and IV, respectively,

Skin friction, heat transfer rates and pressure plots are given in Figures 13,
14, and 15, respectively, Flow photographs, either schileren or shadowgraph,
for the two-dimensional model test comprise Figure 16, A reference length

is indicated in Figure 16(a) to aid in scaling from the photographs. The
testing was started using schlieren photography of the flow but a change to
shadowgraph was made when it became apparent that the over-sensitive
schlieren system showed little boundary layer detail,

Examination of the plotted heat transfer rates and skin friction data

shows the approximate location of transition ou the model, Although it was
desired to have transition completed at the start of the adverse pressure
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gradient which was five inches from the leading edge, this generally was not
possible since the short distance requires free stream Reynolds numbers
beyond the facility capability, However, for the Mach number 7 runs
transition was completed within about 10 inches of the model nose and for two
of the angle of attack runs transition was completed before the start of the
adverse pressure gradient, The higher Mach number testing required a foot
or more to achieve a fully turbulent boundary layer. Included on the heat
transfer rates plots (Figure 14}, are maximum and minimum readings of the
transitional heat transfer data. A sample of transitional heat transfer and
gkin friction data can be seen in Figure 12(c), Note that the heat transfer
and skin friction excursions due to turbulent bursts are not as large of a
percentage of the average reading for skin friction as they are for heat
transfer. This lesser sensitivity to turbulent burst is believed to be a result
of an averaging nature of the relatively large area of the skin friction gauge
diaphragm. The ratio of the area of the diaphragm to the area of the platinum
element on a surface temperature gauge is greater than 10. However, it is
still possible to see differences in the skin friction traces as well as the heat
transfer for transitional and laminar or turbulent traces as is illustrated in
Figure 12.

It should be noted that data from skin friction position 5 have been
excluded from this report since these data were always about one half the
expected value and examination of the gage after the test indicated some
irregularities in its construction. Also the skin friction data from the first
four positions on Runs 4 and 5 (see Figure 13(b)) were of poor quality and
therefore no significance should be given to the distributions indicated for
these points, It is clear that the values of skin friction were small indicating
laminar or transitional flow which is in agreement with the heat transfer
measurements shown in Figure 14(b).

The heat transfer and skin friction data distributions along the model
exhibit considerable waviness even in the turbulent boundary layer region.
This waviness is belicved to be real and not a fault of the instrumentation
since two rather different types of instrumentation operating on fundamentally
different principles both show waviness and pre- and post-test calibrations
of the skin friction gages showed excellent linearity and repeatability,
Admittedly, the argument would be stronger if the waviness shown by the two
types of instrumentation was always in phase but there rmay be reasons for
a phase shift. The waviness may result from the fact that for most runs
transition is occurring in an adverse pressure gradient or from nonisentropic
compression, Careful examination of the flow photographs of Figure 16
reveals what appear to be weak shock waves emanating from the surface in
some cases, The fact that the pressure distributions generally appear
smooth is not necessarily a contradiction in that it has been observed in the
past that sensitivity to flow irregularities is greatest for skin friction gages,
somewhat less for heat transfer and least for pressure, A good example of
these relative sensitivities will be shown later in the discussion of the blunt
nose data from the axisymmetric models.
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Edge effects, which could affect the levels of the data distributions on
the model do not appear to be significant judging from the pressure data.
Comparison of the overall pressure rise from the data with the predicted
inviscid pressure rise shows good agreement of the lower Mach number,
higher Reynolds number conditions; a decrease in the experimental pre3sare
rise compared to the inviscid pressure rise is observed at the higher l.iach
number, lower Reynolds number conditions. This behavior is qualitatively
correct for viscous effects since at the lower Mach number, higher Reynolds
number conditions the boundary layer is thinner and the pressure distribution
should be closer to the inviscid predictions. Conversely, edge effects should
be more important at the lower Mach numbers and would tend to make
agreement with the inviscid values poorer. Base effects at the rear of the
model appear to affect only the last pressure measurement on some runs as
can be seen in Figurel5(c) and (d).

The apparent double shock visible in the flow photographs of Figure 16
is believed to be caused by very small amounts of leading edge waviness
which produces a shock sheet of increasing thickness in the downstream
direction. The optical system photographs the cross-section projection of
this shock sheet, The work of References 2 and 6 using similar models
indicates the same shock behavior. Work performed at CAL and reported in
Reference 2 shows several flow photographs of a sharp leading edge model
with the leading edge in the field of view and the origination of the apparent
double shock at the leading edge is visible.

2. AXISYMMETRIC MODEL TEST

The details of the test conditions and run schedule for the axisymmetric
model are given in Table V. Data obtained were skin friction, heat transfer
rates, pressure and flow photographs. Tabulated skin friction, heat transfer
and pressure data are given in Tables V1, VII, and VIII, respectively. Skin
friction, heat transfer and pressure plots are given in Figures 17, 18, and
19, respectively. Flow photographs, either schlieren or shadowgraph,
for the axisymmetric model test comprise Figure 20. A reference length,
the distance normal to the side of the pitot probe to the model surface,
measured in the plane of the forward face of the probe, is included in Figure
20(a) to aid in scaling from the photographs. The testing was started using
shadowgraph based on what was learned from the two-dimensional model testing
and changed to schlieren when it was observed that more system sensitivity
was needed.

As a result of having about 23 inches of model length upstream of the
start of the adverse pressure gradient region for the sharp nose configuration,
transition was completed before the start of the gradient on all but two sharp
nose model test runs at a nominal Mach number of 10. Natural transition was
desired since data obtained from tripped boundary layers can be affected
by the tripping process as is evident in Reference 17 and as will be shown a
little later in this discussion. On the blunt nose configuration the effect of
bluntness delayed transition into the gradient region for the two lower Reynolds
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number runs. For the sharp nose model all the data distributions appear
reasonably smooth and rise to very high values at the rear of the model,

With the exception of the Mach number 11 runs, the pressure data agrees

quite well with the inviscid estimates as can be seen in Figure 19, At the
Mach number 11 condition the boundary layer apparently had more iriluence

in reducing the amount of compression of the flow over the model. 't should

be noted that due to the very rapid rise in the data at the rear of the model,
waviness in the distributions like that observed on the two-dimensional model
would be difficult to observe and hence it cannot necessarily be concluded that
the waviness isn't present. The only evidence of possible base effects appears
to be in the Mach number 11 data where the last pressure position appears to

be reading low compared to the experimental distribution suggested by the
pressures upstream of it, For the lower Mach number data the most rearward
pressures seem to be slightly above the inviscid estimates, suggesting that

a local shock may be present near the rear of the model. The flow photographs
of Figure 20 do show a rather abrupt compression near the - zar of the model
but it is difficult to conclude that a secondary shock is present,

In an attempt to see if the large increase in all the data levels toward the
rear of the model was reasonable, a comparison of heat transfer data from
the present tests with data from Reference 5 was made for a Mach number 8
test condition that was common to both sets of data. The results of this
comparison can be seen in Figure 18(c). The data of Reference 5 were
obtained with tripping devices on the forward portion of the model, As canbe
seen the tripped boundary layer data, which are shown for wall to total
temperature ratios of 0.36 and 0.44 as noted, fall considerably below the
natural transition results of the present tests which were conducted at a wall
temperature ratio of 0,34, The upstream data points from the tripped test
fell below the range of the plot but are included with appropriate notations.
Included on the plot is a flat plate theory line from the method of Reference
18. Other predicted heating rates from the work of Van Driest and Von Karman

were also examined and were found to range up to a value of about 3,4 Btu/ft2-
sec for the two foot station on the forward cylindrical section of the model,

It is clear that the present data obtained with natural boundary layer transition
is in better agreement with theory than the data resulting from boundary layer
tripping. The qualitative relationship of the natural transition data to the
tripped boundary layer data is in agreement with the results of Reference 17
which indicates that for a given distance aft of the natural transition point on

a model, tripped boundary layers give lower heating rates than boundary
layers which have experienced natural transition, Interestingly enough the
tripped boundary layer heat t:ansfer data indicate a ratio of increase from

the front to the rear of the model which is greater than the corresponding
ratio for the natural transition data but the maximum level reached is less,
Consequently, the large rise in heat transfer rate from the front to the rear

of the model observed in the present test does not appear unusual and from

the relationship between heat transfer and skin friction a large increase in
skin friction from the front to the rear of the model is also reasonable,

*Comparing flat plate estimates with data from axisymmetric bodies is valid
when the boundary layer thickness is small compared to the body radius as
is certainly the case for these high Reynolds number test conditions and
large model size, 16



The last three runs of the axisymmetric model test were conducted with
a blunt nose installed on the model to reduce the local flow Mach number.
Unfortunately this blunt configuration produced a bow shock which intersected
the nozzle wall and reflected back over the rear of the model nearly hitting
the rear corner as can be seen in Figures 20(m), 20(n), and 20(o). Since the
model length and the length of the test rhombus were nearly the same, it was
not possible to withdraw the model from the nozzle without affecting the flow
over the rear of the model and furthermore hardware did not exist to allow
this change in model position, Theoretically, since the reflected shock missed
the rear of the model, the flow over the model should be unaffected.
Examination of the pressure distributions (Figure 19(e))and comparison with
the inviscid estimates seems to bear this out and the heat transfer data
(Figure 19(e)) exhibit a smooth distribution from front to rear. However, the
skin friction data distributions are very erratic in the adverse pressure
gradient region as can be seen by examining Figure 17(e). In this Figure all
the skin friction data traces for the blunt nose runs are presented to
demonstrate the erratic nature of these data., An average reading from a
step output, typical of the other data presented in this report, would have
little meaning for most of these traces.

These blunt nose runs were made at the same free stream conditions
as Runs 28 and 29 which did not produce erratic data, The two primary
differences between the two groups of runs were first, nose geometry and
second, the bow shock reflection from the nozzle, Both the nose geometry
and the bow shock intersection with the nozzle could combine to give a system
of compression and expansion waves. The waves from the expansion around
the blunt nose reflecting from the bow shock and/or shocks from the nozzle
boundary layer separation ahead of the model bow shock intersection point
may very well interact to produce the observed skin friction gage behavior.
The lack of visible evidence of the hypothetical wave systems in the flow
photographs and the apparent smoothness in the pressure and heat transfer
distributions may not be contradictory but may be only the result of relative
sensitivities of the instrumentation. It is very possible that a secondary
weak wave system may not show in the flow photographs because of the basic
sensitivity of the schlieren system or the predominance of the basic flow
structure., It is also known to be true from previous work (Reference 6),
that skin friction gages are much more sensitive to flow disturbances than
heat transfer or pressure, Careful examination of the heat transfer raw
data does show more unsteadiness than usual but not enough, it is felt, to
invalidate the time averaged reading presented herein,

Admittedly, this explanation of the erratic skin friction data is very
hypothetical but the alternative of condemning the skin friction gage
performance does not seem to be justified since pre- and post-test
calibrations agreed within #3% in magnitude and #2% in linearity. The
absolute skin friction and pressures levels to which the skin friction gages
were subjected were actually considerably less on the blunt nose runs than
on the sharp nose runs 28 and 29 conducted at the same free stream
conditions, hence the blunt nose testing did not represent an extreme test
environment, The pressure data in fact indicate that the gross model flow
field was about as predicted as can be seen in Figure 19(e).
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SECTION VII

PRECISION OF DATA

Test Conditions
—2" vonditions

The data reduction program computes free-stream static pressure
from the following equation:

y :(P/’;,)(/*.ZMZ)'&!/@O (11)

where (P/F,) is the real gas correction for static to total pressure ratio
and is subject to negligible error in an individual program, Based on the
agreement of pressure transducers, the reservoir pressure measurements
are considered accurate to +3%,

The effect of Mach number on free-stream pressure may be determined
as follows: Each nozzle-throat combination employed is calibrated prior
to its use on a program by measuring the ratio of pitot to reservoir pressure,
The computed values of free-stream Mach number from a large number of
runs normalized to a given condition are used to calculate a standard deviation
in nominal Mach number at that condition and these deviations are as follows:

Nominal Mach Number Standard Deviation (9°)
11,2 . 1255
9.9 .0911
8.0 .0765
6.8 . 0709

If there is a normal error distribution in the calibration, then the mean
Mach number value may be taken to be the actual value of M, . The validity
of assuming a normal error distribution may be seen by an analysis of pitot
and reservoir pressure errors as they affect My . The ratio of pitot to
reservoir pressure can be expressed as:

N %—,—‘ & (12)
o/ < M35 7M. -7

but since the Mach numbers of interest are hypersonic, a reasonable
assumption is:

ML+ 5 = M2 and M2 -7 = M* (13)

«© 5
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therefore

L/ ems .

Applying the ''most probable er.or" analysis (Reference 19) to equation (14)

yields: P
2 -
Do o his (B« pos (25 09

Ma

Again based on the agreement of pressure transducers, pitot pressure
measurements ara considered accurate to +5%. Using accuracy figures of
£3% and £5% for reservoir and pitot pressure, respectively, in the above
equation it can be shown that the ''most probable error' for My, is 1, 2%,
Since 9/py£1,2% then, O~ can be seen to be within the accuracy of reservoir
and pitot pressures,

The precision within within which £y is known is affected by both the
accuracy within which £, is measured and the accuracy within which
is known,

Now by applying the ""most probable error' analysis to equation (1), it
can be shown that:

dA, . r.4m2 ¢ am, 2" a’ﬁ,)Z (16)
‘e 7 2Mg Mo A

Employing accuracies of +3% and £1.2% for reservoir pressure and
Mach number, respectively, it can be shown that the "most probable errors’
in A, to be expectled during this test program are:

Mo MPE/..

11,2 £8,7%
.9 8, 5%
.0 +8,3%

8 +8,2%

1.
9
8
6.

Model Attitude

The model attitude was set with an inclinometer at the desired angle of
attack which is estimated to be within 0,1°,

Skin Friction

The e rors involved in calibrating the skin friction gages are the
following:
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Calibrating weight errors £0, 4%
Metric diaphragm diameter £0.22%
Reduction of calibration data 2%

Taking the square root of the sum of the squares of these errors gives an
overall error for the calibrations of 2. 4%, The skin friction gage pre- and
post-test calibrations actually agreed to within 3% for all models., Linearity
of all skin friction gages is within #2% as determined from the calibrations.

To assess the accuracy of the test data it is necessary to consider
calibration accuracy, the Navcor recording equipment resolution, and
trace reading accuracy. The calibrations are known to within +3%, Navcor
resolution is 0, 05 volts which produces an error of 1% assuming a five
volt data output, Maximum error in the data reduction trace reading is £2%.
Combining these gives a ''most probable error” of £3, 8%,

Two other potentially important sources of error in skin friction
measurement are acceleration and pressure sensitivity of the gages, The
acceleration sensitivity of the gages utilized in this investigation is so low
that model acceleration does not affect the accuracy of the skin friction
data. The data have a maximum error due to pressure sensitivity of *7%
pressure sensitivity error is computed for those gages, gage locations and
test conditions giving the maximum error. The majority of the skin friction
data have a smaller pressure sensitivity error because the test conditions
and gage locations were such as to give a larger ratio of measured skin
friction to measure pressure, The resulting overall accuracy for most of
the skin friction data then becomes about %6%.

Heat Transfer

Calibrations to determine the heat gages' temperature-resistance
characteristics are conducted with an error potential of 1 percent, Far
more significant than this is the repeatability of the heat gage during test.

A series of shock tunnel tests designed to determine repeatability of the

heat transfer data has shown that the RMS deviation of the repeatability is

£3 percent. Combining these errors indicates that the relative RMS deviation
of the heat transfer data is about £3,.2 percent,

Pressure
The pressure transducers are accurate to %1% of their maximum

calibration pressure. " a the basis of consistency and repeatability of the
pressure data, it is estimated that these data are accurate to within 5%,
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SECTION VI

CONC LUSIONS

Hypersonic shock tunnel tests were conducted on a two-dimensional
and an axisymmetric compression body typical of hypersonic inlet compression
surfaces to obtain wall skin friction data for a turbulent boundary layer in an
adverse pressure gradient. Both models were instrumented in the continuous
compression regions with skin friction, heat transfer and pressure gages,
Each model was tested at a nominal Mach number of 11, 10, 8 and 7 with a
Reynolds number variation at each Mach number. Testing was conducted at
large Reynolds numbers to obtain natural boundary layer transition on the
models, Wall measurements were concentrated in the adverse pressure
gradient regions and included laminar, transitional and turbulent data,
depending upon the location of transition relative to the instrumentation,
Flow photographs, either schlieren or shadowgraph, were obtained for most
runs of the program.

As a result of the experimental hypersonic turbulent boundary layer
investigation reported herein the following conclusions are reached,

1. Turbulent boundary layers can negotiate much larger adverse
pressure gradients without separating compared to laminar
boundary layers. The validity of this conclusion is easily seen
by comparing the data herein with the data from Reference 6
which contains separated laminar boundary layer data taken in
an adverse pressure gradient, Comparison of the two-dimensional
model dzta indicates that the maximum adverse pressure gradient
for the turbulent tests was about two times the gradient for the
laminar tests and comparison of the axisymmetric model data
from the present tests with the axisymmetric data of Reference 6
indicate a ratio of about ten to one for the adverse pressure
gradient, No indications of separation were observed in the data
presented herein,

2, Nose bluntness delays transition as can be seen by comparing
the data from the blunt nose axisymmetric model with the sharp
nose results at the same freestream conditions.

3. The boundary layer does not appreciably change the model
pressure from the inviscid distribution if the boundary layer
thickness is srnall compared to the model thickness.

4, Skin friction gages appear to be sensitive to flow non-uniformities
that are undetected by heat transfer or pressure instrumentation,

5, At a given position downstream of the natural transition point
on a model, heat transfer and skin friction data from a tripped
boundary layer will be less than the corresponding data resulting
from natural transition,
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Table I (CONCLUDED)

RUN X O. 17

o 5, ANNE NA
¢ A

¢ AR

LA 4,017 AN
Po a, 751 1
"o 3,297 N7
T° §,M1IRC "1
Ny h,068C AN
Ve qQ, narr N1
Te €, 70C 2O
Peo 1.6708 AN
([P N, AT A
Pe I, VIR A
U HoNHVESNT
Re/FT 6,117 Ne
P n,tn0r N
T { ,EOTE A1
L R NKAENT

VC' Q 6 Tar-ny

2, %10c N4

”N

T, &,14"C A3
Y3

Pis 1,07%F
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Table II
TWO-DIMENSIONAL MODEL SKIN FRICTION DATA

RUN  GAGE Moo v

V,170F ™M 2, Y72F-N
1,174 MY 4, 169F. "
1,104E N1 & T7TIF-NT
M V', 175F=-1?
telNaQr N 2, 74T -ND
1,176 "M 4 SNF A0
la170F ™M g THNF=ND
"t 4 ,52F-0
Al 1,104 MY €, 7CH/F -1
T 1,07%F AL A 481F-AD
11,106 N T 1 4F =)
" 1,171 Ny 7,017
A 1,108 M 1, "AF =M
18 1,178 Ny 1, NREELNY

D 4IPS S —
—
-
2
r'S
n

-l l et A ot > o S = -
2
-y
.
—
2
™
n

2 11,1190 "1 R NaTF-Nngy
2 2 t,r1arc N 7,"V?7F-N13
? Tov,y1er Ay 1. 16877 =ND
2 Ao Y.118RE N 7, 3INNEND
k) 4 1,118F AY 4 kRQr_ND
2 T 1.1197 A &, 404F-0
2 3 t. 1180 My Ly HNATE =N
> T 1.118F M & 830F-N)
2 s 1,718 Q,"ALF N
? 1 1,118 Ay a SANFLN)
2 19 (,v1ar Ay a,247r )
2 13 1,118 N 1.147°€-M
e 14 1,'17aF "Ny VL AR F-MY
2 L] t.1100 N 1, aAFNY

1 1,177 A1t E_AQ2F_"N12
2 1,27 A1 0,499F -1
T 1,127 A 2, NIKF SN
A 1,127 A1 2, 2KQF-ND
4 1,127 Y £, 2T
T 1,127 A T 4AF N
MY R ARIF-ND
A" ,177E A e anncond
1A 1,127 N1 ), 118F =N
L L R e A R PR L )
12 1,127 M 1,17062)
17 1,127 A} G1RF-N)
14 Y 127F AY 2 ARKr_A)
18 1.,127€ M 1.7M17=")

MW N d NI NI NN NN
2
-
.
-
v
~
q



Table II (CONTINUED)

RUN  GAGE Moo T

4 1 0, A8H4E N LI | SR}
4 27 A, 4848 AN 1, 2193F ="
4 1 N 4R4E AN 77,1066
A 4 0,484 AN S, RFELF "3
[A A A, 484 "0 Ly NORF-N?
A T Q ABAC AA A, ARAF =ND
'A QA N, 484F AN 1,11 My
&4 2 N LR4F AR 1,0 =)
W 1N A ARAE AN | 11 RF oA
4 11 LA YA Sl 1, F="}
4 17 Q4847 AN ) 1247 2N}

&4 11 N AKLE AN V,abtfF =1
[ V4 N ARGE AN ) 478 =)
4 18 0,484F AN 16V 7F=-"
€ 1 N,844F A 0 14AF-"1
< 7 O,844F NN Y 1 RAC A
[3 1 A R4AE AN 4 NN
5 4 A RLLT AN T 40E-A
(3 f O 8440 NN I Y allad 2 v/
'3 > n,844E AN V., 218F -1
[ 2 0, 844 AN 1 4rOF 2V
[ N Q R44F NN ], 104F 2N
3 17 A 84nF AN 1.%24F =1

11 646407 AN ) CAR4E <Y

12 Q.864E AN ) 4776
A,844F AN D ApnELA)
16 Q R4Ar "N 9 a6 HF=NY
16 Q,844F AN 9 2497 -0

Aannnn
-
-

i} 7,8799F AN A V1KLYV
A 7,291 An 2,9N N
4 7,0Q9%C AA A, TIAF-ND
7T 7,977 AN [OrSal '3 Lot T4
f 7.,29%€ An fg KRGNF =YD
AN 7.,9Q7F AN 4 SAAF-ND
14 7.,29°1 An K, IKAF=-)
1 7,807 AN Ay ANAF =NT
12 7,877 AN € _QKIE-ND
1t 7,807 AN A VLEF =N)
Y4 7,Q207C AN a_Q21T=N?
'§  7,497C NA &, 87X =N?

PREAPPRAPRAPIPRIEPRPR2DP
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Table II (CONTINUED)

RUN  GAGE Mo oo

’ 1 7,201 AN ) L =02
b4 2 7.9 AN 1 "QafF 1D
7 T 7,89 AN A N49F =N
v i TLRVF AN I N4AF =N
7 A 7,202 AN 1, TTAF-N?
7 T 7,907 AN 4 Y T4E-ND
» ] T, AN 4 ARNFND
h ] a T.RAC AN 4 BGIAF =D
7 19 7.qn1ﬂ [a¥al €,17°F =N
7 " 7,892 AN £ ?IIF-N)
b4 12 7,092 AN L NENF - VI
7 12 7.8 AN A QRIF-ND
hd 16 7,80 AN a ANaF-N?
b/ 16 7,802 AN QR _ALOF-N)D

a 1 7,007 AN 1, 4AQF =D
Q 2 7.007C AN 4,1 RF =D
[} kY 7.00% AN 4, TTEF =N
[ A T, 0 AN 4 AIGE-ND
[} 'S 7. AN 4 47FND
a T 7,00%F AN A, T7Q1E-AD
a 3 7,000 A~ 7,80T7F-1?
a a 7,009%F AN T KRAF 1)
p 1™ 7,009 A~ A _IR1F-ND
0 1 7,00%C An ), Nnaar =Ny
-] 12 7.977€c NN 1,V72F=-MY
[} 11 7,7Q%F AN | 103F N
o V4 7,99%F AN | RGN
f 18 7,903F An 1, 51AF=N1
a 1 QN7 YA § ATAF-YD
[ 7 ],127F AN 7,798
a 1T ALIPTE AA A L ]OF=NT
n 4 R 12TF AN 7 _4QF oND
[a] !, R,1IPT7E AN 116K =NY
a T Q,177F An 1.7221F ="
o a a7 An 1, TLF-N)
a e} fRLYITE AN 1. 36AF =N
o 17 /1277 AN ATAF-NY)
o 1" Qa,127F AN ), 2380 N
a 12 a_127F An teR19F oY
] 'Y Q177 AN D VARF=NY
a 14 R, 127F AN 3 489F _A)
o 15 @ 127 AN 2 TR4F-NY
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1"
1Ka
"l
'f\
‘ﬂ
"
(K,
1N
ir
‘F
A Kal
‘O\

"
1
1"
1
"

1?
12
12
1?
V2
12
1»
12

12
12
12

12
11
12
"
12

11
‘2
12
12
12

12

Table II (CONTINUED)

A ANRT
A RNET
&4 ,_0RC
h ANEE
6, NEE
A.QNRC
A JANKRE
4, QNEr
A, RARE
A RNKE
A, Q"RF
A, QANFE
6, ANRE

K, AAQE
6.86aF
&, 040C
A, anar
A, RKAE

6,Q70€
K.9707
#,270€
&,370°
6, 870¢
&,a70€¢
A.870€F
4,970€
&,870r
6.q70c
&, 870€
6,279F

(1134
A ORRE
%, 988€
A, ORRE
A, ,QRECE
f,OKCF
A,OREE
~ N&&C
n,ARKE
A AREF
h,OKKF
A, QREF
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[aXal
laTal
~n
[aXal
an
AN

[aXa}
an
AN
AN
[aXal
AR
An

nn
lalal
an
lalal
an

AN

[aYa)
An
An
Aan
An
An
An
[ala]
[a]al
An

[a1a]
LX)
(a1l
AN
[ala)
laTa}
Yo
nn
[aXa]
An
AN
(ala)

g

1.453F=12
a,17ar -1
1, 162 -")
a,"N72qF="?
f,416F=N?
1. "%F-M
6, aRTE-N?
1.16646-71
1. 2kaF-N]
1,1 24F-N)
Ve 464F="1)
1.8 F-M
1, 84NF=A)

2, 88NF-1?
1,513 =N
1.498€-n]
1 300F ="
2, 7anF-N1

2, 408F=12
1.149F -1
1.314F="
1.167F-1
1, 589F =M
1.594F=-"1
1.220F -
1,90aF=91
2,291 )
7. 401€-71
2,311F-N
2, 101F-M

1. 0PAE=
1. 318621
1.42ar-"1
2, PRAF=1)
7, RRF=
2, TRIF="Y
1, 262F-"1
2, 381F-"
2, 12aF-N
4,2 2F=-MN
&, “1&4F ="
4,4083-41



14
14
14
14
14
14
14
14
V4
12
16
1¢
V4

| &
t R
1&
18

18
1%
18
15
L
te
1&
1=
1€

1+
1.
14
1#
14
V&
14
14
14
14
15
1%
1A

Table I1 (CONTINUED)

Moo

h,T00C
LYRALL
A, T00C
h,T00F
s, 7007
A,T70RFC
&, 70RC
A, T9RC
A, TOOQE
s, TOQRE
~,T700C
6, 793R€
A, TORE

& RAAE
[ TY 1
. Q6RE
6, 240€
A,Q%6ac
f,0K0F
6.080r
h,9480F
6 ,949F
& ,AKAC
& RARE
A,04R8C
O TY 14
4, 840r

hoARAF
£, QSKF
6.,964KF
6,Q8KE
T 1YY
A ORAE
6, ORAE
6, 08KE
A OSAT
K, OBAE
6 OGKE
A, QSHE
A, NGAE

il

[aYal
lalal
AN
AN
An
aXa}
An
An
[a]a}
AN
An
nn
LYo

nn
nn
An
AN
nn
AN
laZal
[a¥a]
[aXal
[ala]
laTal
AN
AN
AN

An
AR
An
An
An
A
An
nA
An
alal
An
An
An

T

1,220F -7
1,475F =N
1.819F-M
2,170F -
2. 112F="
2,%19F <"}
2,719F-N
2, Y4E="
7,471F=1)
2, 2A0F =N
2, 4KR0F =N}
7,3RTF-"1
7, 221F -

1,727 ="
2, 524F-"1
2,791F -
2.5 24F=-11
1, 46N0F =)
2, 7I8F="}
2,977F -1
1,aNIF=NY
L ,A2TE=NY
4,%80F=-")
4,196E-"
4,027 -1}
R, 04NF=N1
&, ARAF N

2, 743F =N}
2,800
1, T4RF -
2,817 -M
&, 162"
%, 611F =]
8, 001F =}
S, 494F -2
5, 240F =]
€, 97AF- 1
7,7MF -
7,716
a,213F =)



RUN

Table Il (CONCLUDED)

GAGE

Moo

hoRARAE
A AL QF
4, ,R4QC
h,RARE
A, RK0C
A,RAAE
A AKAC
A, ,RARF
A RAAT
h,RAQF
L, RARC
f,040F
A,aKQC
h,RARE

32

AN
[aXal
a1l
[a¥al
AN
An
ala!
AN
an
An
AN
nn
AN
[a¥a]

T

1,581 ="}
.M F-M
2, NGRE =N
1, 000F Ny
2. M2F=-M
7 T40ENY
?2,0%4F-N1
?L,UTE-N)
3, 573F-N)
AL, ANRF =Y
3.415F=")
6y VINF-MY
44 SONF <)
4y T10F-NY



Table III
TWO-DIMENSIONAL MODEL HEAT TRANSFER DATA

RUN  GAGE qev RUN GAGE iav RUN  GAGE qav
' 1 2,17RE AN s 120 M o 1 2.,317F N
1 2 2, TRAE NN [ 2 Y 464RE N o LA R R Aol |
' T {,?2kaF N} 5 3 K,A1E M) o 1 2,780F M)
Y PO LY L T | 3 4 1,147 N> 1) Ao 4,109 )
1 & 2,817 4] 5 & 1,484F N2 o & &,R47C ")
] 6 X _BRYIE M 3 [ 1.,?2A7 O o A ARJRATE MY
[ T a,4%0c A 3 7 ) ,014&E A2 a T 7.,nnaE M)
' a 2,07 N 3 ] 2,27%4€ N2 a 2 7,440F A)
1 a 12,0108 Ny 3 Q9 2 NIKE D o n 7,879 N
1 1Y 8,4684F At s 17 3,117 Ao a 1" 0 _a1S5F A)

I AGRF AN " 114 Ay
: ; 1::3hc An . v 2.44kF A7 (K l 3:q71c "y
- A ).0a4e Ay Iy 7 1,142 M) 1~ 1 A,1720E A1
2 noo7,061¢ Ny “ 1 .ranr :‘ (Kol 4 B, nTOr Ay
] [ 1,081F Ny i “ 1.730F ! | Kal [ 6,877 Ay
2 A G,A4IF N “ s |.nqn: :‘ \r 4 1,302 A7
] T R, MY : : ;.:::c ,“‘ () T 1,4NNE AD
2 I A118E M) " a 7.qu: ~ 1n a ) ,&R8F A2
2 ] A, ARAE :' A " 1:'\1.nr. " e " 1,144F N9
> 17 q a)&r Ay . 1 aiagne A)

" 1 1.,70&E N

k' 1 L ANIE AN - ' 2,158 An "N 2 1,17r N>
2 2 h RAYE AN ” " |.hf.|t n‘ Kl k] 1.,10F A>
? ©o7.8anE A b ] kY !.|nvr A " A 1 ,R2QF ND
R 4 4.MI0F M) : " & I,011F AD
a € §,§30E N ? Ao 1.56TF M " h I,RTSE A3
a 4 a_794E ) ’ 5 1,018 M) 0 . -».4-": n>
2 T a_ %17 M 7 4  .,67%8F M) ¢

. 1M a 12.a17c A
k] 7 o_789¢ M) ? @ 2.71E M 1 N2 ARTE A
2 Toa,579 M 7 0 2.734E N 1 1A 7.5qnc n
a 1A y,.2310E N> 7 N 3,401 N *

12 1 1,917F M

. PoranE : !, ‘;:::: :? 12 P 1.N1AF A9
4 2 1,250F M o 1 1.A17E A 12 3 1,AT6E A
& k] 3,4677F N a N 701“: n 12 " 1,481F A
A & 0, 3n2F Ny a < ﬂ.o7o= Ay 1 5 1.,R37F A>
4 s 1.2 N a " l;.’\ﬂl.c ~ 12 A 2.,861'F N>
4 L J,A24F N2 o N 1-q,nc . 12 T 7,702 A9
4 7 1.659F 2 a Q I.."l.": ol | 1?2 L ?.,4A%Qa€ A
4 8 1,83"F N a o a'ghﬂﬂ n 12 7 7,808 A
4 QA 1 ,401F Ad . . oo 12 1A 9.ak&E A
4 17 2, 66AT VO LI A L
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14
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16
14
‘e
14
te
14

GAGE

D &0 AP AY M I~

-

- —
D IR NPAS NN~ DO DNIPANAS NN DIDNPIPAS 9 w—

-

Table 111 (CONC LUDED)

qav
2,917F
1,104F
1,%19°F
2,078
2,8k C
2, 804F
1,917
a.s70°
1.Tﬂ7f

4,1an€

72,6445
1.14SF
1.718¢
1.60T
1.9460F
,.'11!
2 ,4"0F
1.074r
?,nKQr
2,447°C

2.n07E
1.“17(
2 ,NATE
2 h4nT
2,11F
4. 17F
4 Ner
4,1728¢
1,a78F
4 ,N24F
3, N2 C
2, a84F
2,034F
2, 7RSE
4, 488"
&, 449F
5,737
6,374F
s 117F
5 AASE

b}

nY
LY
n9
n?
"N
A9
no
nay

Al

M
Ny
nD
n9Y
n?Y
N
no
(2T )
"N
[ale]

nNo
la k]
no
ny
Ny
N
a4
[l
n?
NI

n?
n?
no
N
no>
[ale
n?
n?
no
no
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GAG:

-

D NIPNSD NN -

qav
T.117F
1.4213F
1.,580F
1,904F
3,§717€
1, 2kAar
a,n7RE
2, 140"
1, 747¢
1,474€E

AR

a4
na
ol
n
alvd
n?
Ak
N9
no
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NV N IV YW INVNNYNY NV - o b D o B D i o b o D s

N o NN NS N NN

GAGE

B I PIPRAE 49—

1,1N4F
1,104F
1.1N4F
1.104F
1.106F
1.104F
LI Al A
1, 1n4F
1.106F
t,104F
1.1n4F
[N HaT'% 2
1.106F
1.106F

1.118¢
rt.117€
1.118RF
1.118F
1,110F
1.11RF
1.118F
V.119F
1.1148F
1.119¢
1.,11RE
1.118¢
1.11AF

1.127F
1.127F
1.127F
1.127F
1.127€F
1,127F
1.127¢
1.127F
1,127
‘.|7Tﬂ

Table IV
TWO-DIMENSIONAL MODEL PRESSURE DATA

1
~
ny
M
s

~
"
~
alh}
~1
™M
|

"
"M
N
M
N
"
"

b
"
M
"y
M
M

b
N

M
M
M
"M
"
"M
n

35

P

3, AhKF =N )
2, A01F="1
2,927F =91
1,0Q7F=-1)
&,912F="1
A,3091F-"
1.777F An
1.,31720F AN
V. AREF NN
?2,21QF nn
2,1a1F Nn
2. 723F 1N
2,0r2F AN
31,164F N

1,901F-"
1, 824F -"Y
2, 76nc- N1
f,148F="1
7,6727°F-M
1.107F 30
1.,6126 An
1,299F A0
2,579F 90
2,427F AN
1, KLHF N
4, 261F NN
4, 5197 AN
4, 9QnE AN

b AR1F-I1
1,V21F An
1.52&F AN
P2.VR2F NE
7,567F N
a,3R8F AN
4,814F AN
S, NGKF NN
A, TIRF N
h R2TE AN

PIP o

?2.771F
? ,NARFE
7. 764F
3, MaF
4,87 1F
H,6NIF
A, 347F
1.N2F
I LEL
1.720F
1,848F
2. 11RF
2,17 7F
2.ANF

2 NENFE
1,94NF
1, 046AF
?,AG1F
4, NRAF
ﬁ'lhﬁc
Q,273F
1,N21F
1.2%4F
1.757F
1.272€
?.‘QTC
7., 13NnF
2,81NF

I, kN F
1,0R9F
5,089F
q,N5E
1.7ONF
1,1213F
1.7A%F
1.97VF
7,4 74F
?2.,592F

An
ne
An
nn
nn

nn
[alal
"N
[alal
M
"

M

M
"



RUN

ARA AR AAN AARRNNA P S N N I I N N )

PRAPRIPRARARARPIPIDR
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™
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Table IV (CONTINUED)

N, 484F
Q,454F
Q,484F
0 ,454F
0,484F
N0 AGLF
n,484F
0,H86F
0, 4847
0,454F
Q,454F
O, 484F
a,484F

A, 5447
a,R844F
Q,R4L4F
Q,5644F
a,564F%
Q,R44LF
Q,844F
0,864F
0,544F
0, 640F
N, 5447
a,844F
N, ,R44F

7,807F
7,8Q7F
7.R99°€
7.097F
7,a10¢
7,Q05c
7,807¢
7.,0071
7,8Q7€F
7.8007
7,RQ7EF
7,a07¢€

nn
AN
A
An
An
AN
An
an
[aXal
nn
ne
AN
nn

AN

AN

nA
An
[aXal

An
An
an
AR
[aTa)
[aYal
AN
An

aXal
LYa)
nn
An
[alal
AR
nnA
nn
~An
[a Yol
AN
an
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6, NNGF =N
faN1RE=N]
T,£78F=-"
1. 176F 0
1.564F an
1,9RAF AN
2,400F A
1,727F A0
1,C20F ap
4L, RYF NN
§,r14F AN
£ ,548F N0
&,79%F I

T H6F=N
7,820F=-"1
0,4Q9F =Y
1,433 N0
2,N82F N
?2,4461F A0
2,107F N0
6,N12F NN
&,228F AN
E,774F AN
6,h4VF N
7, 264F AN
7.547F N

L, NNTE-N)
6,224F )
R, ANNE=N]
1.720F AN
1. RF AN
1,707F AN
kalal 4 Sl
2. 419F QN
2, r29F A0
1, 20AF NN
4,77 AN
P 0 Lk
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1. 7V14F
1,201 7F
2,607
2,874€
4,0795°C
R YEY
T.ATQF
C,ATF
1.781F
1.195F
1.504F
1 .TATE
1 .R40F

1.67SF
1. R127
2,314F
1,660F
4.017F
6,261F
T, A4RF
9,4564F
1.759F
1,239F
1,599F
1.763°F

1.785F
2,MTF
2,81 7F
2,19RF
4,675€
®,591F
h B4RF
7.011F
a,9n4F
1.n7aE
1.3%6F
1.34K1F
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DB NIANAD N -

- - - -
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Table IV (CONTINUED)

7.9
7,80n1F
7,202¢
7, RO
7.0012fF
7.201F
7.801€
7,902
7.,997%F
7,891r¢
7.291F
7.,901¢
7,491
T7.807¢

7.997F
7,99°F
7,90%¢
7,907¢c
7.9Q0¢c
T,700F
7.797€
7,907
7,992¢
7.0Q%€
7.9005¢
7.00%¢c
7,195
7,00F

Q127
f_127c
a,127F
A, 127F
V1278
2,127¢
a,127r
2,127¢
R, 1727€
R, 127€
2,127¢
R, 127F
2,127F
f,127€

h ANSE
s, ANEE
A ,RNKC

An
AN
An
An
nn
An
nn
an
[aXal
nn
nn
2]l
alal

an

[a)al
nn
An
An
An
AN
nn
AN
An
An
nn
AR
An
nn
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An
An
An
an
An
An
an
[aXal
an
An
An
An
"l\

nn
an
nn

37

S, 796F =11
S.716F="
Aot NGE=N]
". l,ﬂ"\r_'\‘

1.7 n¢
1.327F
1.ASNF
1.910F
?.106F
2,90 F
2, na4F
1, 540F
2,9n6F
4 INTF

1.V73F
1.AnE
1. YAKF
1.410F
1, 308F
2.817F
2,174F
2, 688F
4,2XF
S.4A1F
6. a1 0F
&, 97aF
7.%64€
7,677

2, INKE
2.n81€E
7, 1N4F
2.5 T0F
2, 74 4F
4,987F
&, anaf
7. "24F
R, 15NF
1.N6NF
V. 1A1F
1.321F
1.459F
1. 584F

1.2naf
1,1V9F
1, 1RAF

An
An
nn
nA
nn
An
nAa
An
"
an

nn
nn
an
An
An
AN
nr
An
nn
an
an
an
nn
An

an
la Tl
An
an
An
nn
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an
M
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"
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1 ."RKF
1.9A1F
2 ,Mq5€
7, RTAF
2, 4KGF
4, 55AF
§ . AAGF
4 ASGF
?.AVAF
a,asqr
1.749F
1.710F
1, 2N4E

1.6nAF

1.0a5¢
1,075¢
1.971F
2, K74EF
2,8)9F
4 AGTE
& ,7RNF
6 TRIE
A, NI5F
1.010E
1.n0a¢
1.291F
1.3%0F
1,472°F

2.12%¢
1.971F
2.0N20€
P.471F
V. AMF
b, AA4GF
5 «AANF
Ay TALF
A, NP4E
1.n1aF
1.01ar
1.240¢
1,401F
1.49F

1.681¢
1.521F
1.597F
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Table IV (CONTINUED)

Mo
A, ANRE
A ANKE
# ARNKRE
A ANKF
A,ANRTE
A ANEF
A ANKFE
L
A ANKE
A RNEE
f,QNEF

b RAAE
s, 840F
AL RKAE
4, 0KaF
# AARE
h,R0F

4,870r
A, QT0F
K,A70€
4,870F
s, Q708
4,879F
A, a707
4, RTOE
s,a270€
s,979F
#,a70€
&,A7OF
4, R70r
6,070F

&, 0KKE
6,98K¢F
6,9R&F
~,98&F
f, OKEE
s,A8KF
4#,085F
A, ,QKKE
A,98&F
6, NSEF
ﬂoqq‘c
n, Q86T
6,Q8&€

Aan
nn
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an
LX)
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AN
AN
an
nn
nn
(aTal
AN
nn
AN
LY,)
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V,45%F
1.910F
2, SA1F
2, 784F
2, 4QRF
4,1399F
6 4SNF
AL 1R7E
f o 54SE
7.1728F
7.90SF

2.470F
3, YROE
R . AQ4F
Te hbTF
1.,4%°F
1,574F

?.574F
2, 38AF
2,872
2, Q48F
4, 185F
5, 574F
A, TI6F
7.4N7F
Q, 2KOF
1.120F
1.782¢
].Q‘OF
1.506F
1, S05F

a, A0F
A, AAEF
2, Q47F
4, 564F
A, 239F
R, AMSF
Q,a88F
1.147F
1, 299F
V., H96F
1, R42F
2, 79NF
2,%19F
2. 4N3F
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"
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1.997F
2, 64NF
1,817F
4, 46SF
&, n5aF
AoN1AF
7.454F
R, LA1F
R,081F
1.ANIE
a,A813E

1.597€
2.M4F
1, T14F
4,091F
9, 1R5F
1.727F

1.70a€
1.871F
1.,717F
1,049F

LIS TE
2,699F
Y YL
5. NASF
fe144F
7,42N0F
A, 214F
Q,412F
9,99nF
1. n8ar

1,737F
1 «AHAKF
1.754F
2."76F
2,049F
3, 795€
4 ,%N2E
%,.730F
6,1 KF
7.400€
f,4713€
a,887F
1.003F
1.naar

an
nn
nn
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"M
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L)
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16
14
14
14
14
164
14
14
14
164
14
14
14
14

14
14
14
14
1A
1A
14
1A

15
1~
14
1&

Table IV (CONTINUED)

6.708r
A,TORF
4,798€
5,700F
A.TQQF
A,TARF
h,TORE
A, T0RF
6,79QF
4,798¢
4, TORF
&, TORF
&,7080r
4, TQ80€

A, RAHRF
4,94RF
A,9KAEF
h,RKAE
[N TY 1
A ARAF
4.R4aF
A ARRE
A RKRF
6.868C
4 ,RKAE
h RARE
£, 84 8F
A, AKRC

LYY
6, ARAT
A, A8KF
6,984AF
h,OGAF
h AR KE
LYY
h,ORKE
5,054F
h,QK6&C
6, O8KE
6, 95AF
6.954€

an
nn
nn
[aXa}
~n
AN
AN
(aXal
aXal
an
[a¥a]
nn
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AN

An
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An
an
[aXa)
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AR
An
nA
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An
An
nn
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nn
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[aTa)
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4

4,757¢
1, 749F
1,941F
4,510F
5, 7SNF
7.434F
], 471E
a,10nf
1. 104F
1.2R1F
1.181F
1.4R2F
1,.52n€
1.502¢

Q,/Q)F
R, IRSF
a,5anfF
9, 3qa9F
1, 154F
1,440F
1. Ner
1.834F
2. 1466F
24400
7. 1AF
7. 0CKF
1, "CRE
A,300F

1.278F
1, 78NE
1,411F
1. 7AYF
2.217F
2. 1 7F
’o 7"F
1, M04F
2,91 8F
4, "13F
4,530F
4,542F
4, 0NF

nn
an
an
An
bl
An
a1al
An
"
M
Al |

M
"M

an
an
An
An
al|
"M
M
N
"M
N
M
M
Al
sl

PIP o

€ ,9NqF
S.116F
5, 4 NQF
& IKTF
7,84 7F
1.N16F
1., 154F
1, 247F
1.5N7F
‘.71‘F
1, Q6AF
GRS
2.N7T4F
2,1 71F

fh,2INF
%, 21&F
S, hGKF
ho178E
7.5820F
Q,877F
1.120¢
1.207E
1.61VF
1.547F
t.70a¢F
1.07NF
2.MNF
2.171¢

5, R52F
5, 747¢
b.679F
A, AASE
1.n14F
1,199F
1. 24AF
1.8NQF
1.759F
1.R7NE
7.”‘0:
2, 117F
?.244F

nn
nn
nn
(aXal
ny
~
~y
"M
n
M
jal |
ny
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Table IV (CONCLUDED)

A, AKAE
A RAAE
I TY 14
A ARRT
A RARF
A,anAQr
f,9KQF
hoAKAF
6,A0RE
6.QKAF
A, 0K0C
A, 080
f,9&AE
b,0K0QF

an
LY.
An
nn
an
An
an
AN
An
AN
nn
AN
AN
An
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4

4. BV YF
4, SR
4, 963
R, 474F
7, SRAF
A, QRAF
1,YNF
1.101F
11,4277
1, A07F
1,921
2, 117F
2.331F
T IRYYY,

An
An
Aan
nn

AN
M
"
Al
M
AL
M
M
M

P/P

1,781F
1,081F
1,7%4F
1, K29F
5, NALE
&, 080F
4, Q8¢
7.984F
a,s2aFf
1.127¢
’.7'6‘
1.614F
1.588F
l.5ane

[ala)
AN
An
nn
[ala}
nn
ner
[aXa]
[o]a]
[ak}
a3
M
M
N
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Table VI
AXISYMMETRIC .MODEL SKIN FRICTION DATA

RUN  GAGE Mo e
10 Vo112 MY A, TT4F -1
1o YA 1,112F PY 0, 4R5F-"D
e TO1LNIF MY 4R SND
10 o 1,1128 AT L IRIF-TD
10 SO 1.113F MY 2,2 )r -0
1e A 1.113F M 210977
10 7 1.113F "y 2 7RAF=-N)
10 T 1,11 Ny 4 ,079F.0D
10 71,1137 MY T RRIF-TD
10 12 1113 ") 1,827 -1
Ky 17 1.113F ") 9, 983%ar-1)
mn 1 L1127 21 7,176F=")
o VA 1,119F % c,411F=">
i 2. 112F %Y 1,473
n 4 1,112 Y 1,72 -7>
n 8 1,112F A1 92,744F =N
nr A T.112F MY 3. 214F-2
n T O1.012F M) a7
n Q@ 1,112F N1 4,Qa1F-0"
?n 7 1.112F "t 7,944F -7
nr 1T 1.112F M1 117977
" 12 1.112F M1 1,477
o 1T 1.112F A1 2,529F-
o 18 1.112F "1 6, CeRF-"~]
21 1 0,782F "N 4, k48T
' 2 tA O,T782F AN 9, 227F -
21 T Q,78%F "N A, 116F-9D
2 4 A, TROF AN 4, 0e1F2))
2 5§ Q.78 AA g 4AAF-N)
2 7T Q. TEOF AN 7,.409F-90
21 TOA,TEIE AN L 1RF-M
1 e} Q,789F A 1.90raF 2
Ea | 11 Q,76%F An  RcTF-)
2 12 Q,789F AN D, TQ4F-]
1 12 Q,789F A~ & _JRIF-~)
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“ MY

RUN

27
22
22
2?7
b e )
29
27
2?7
22
2?
25
?2?

27
21
27
21
21
21
27
213
23
21
23
21
23

24
24
24
24
24
24
24
24
24

Table VI (CONTINUED)

GAGE

Q,8APRC
q,RhKAC
Q,54RF
Q,Rh0F
a,540F
a,RAAF
Q,5hQF
Q,5hKQF
Q,RAQF
q,68A0C
a,548F
Q,R4ACFC

1.127F
1.,1?7F
11277
1.127¢
].")7!’
1.127¢
1.127F
1.127F
1.127¢
1.127F
1,127¢
1,127F
1.127F

1.1237%
1,127F
1,127¢
t.137¢
1,1377
1.,127F
1,127¢
1.,127°
1,127F

44

~n
AR
An
nn
[aYa]
AN
[aTal
An
An
AR
AN
nn

)
1
1
"
"M
AR
~
~

1
"M
M
"

A
~1
~
M
~
~
"
M

1

54

2, 704F -2
1.47337 -7
?2.103F N2
RIS A b
4, "19F="7
Q,41F -V
€, 37&F -2
7,42RF =12
1.710E-N1
1.797F=-")
2, %R0F="1
58.742F-M

7.796F "1
V,232F-0
) J4KNE-ND
2.,174F-92
2,217F=12
4,8)N"F=N)
f,N15F-17
T,M70F-12
Tel12F=-N1
1ea13F-1
7, 128F <)
2, 948F=-1
1.120F 1f

1.426F=-"2
1. 961F ="
1, S04F=-"D
?2.4170=-92
4,V RAE=YD
A CCIF ="
b NKEFND
],837F=-1?
1,€9F =11



RUN

PA
28
78
P13
A
2K
7R
3
L3
P
75
78
X3

2¢
26
26
24
2
24
24
24
26
2%
24
2+
k4
D¢

27
27
27
27
27
27
27
27
27
27
i3]
27
27
27

Table VI (CONTINUED)

GAGE

D ANI NS NI -

p—
—

- -
S 0N

—
o n -

D D N»HS

1. 177F
7.777F
7,777F
7.,7717€
r.7717€
1. 777F
71,7777
7,777°
7.,777¢€
7.717F
7,771€
7,777
1,777F

7.,987¢
7.,297F
7,827F
7.,987¢
7,827F
7,097F
?,0a7€
7.297°
7.QR7F
7.227F
7.,Q07¢
7,a5 7€
7,987F
7,8R7F

7,200
7,0ane
7.24nr
7,0Qrc
7.0°h¢
7,0an"
T.Qﬂﬂt
7.nenf
-1
7,000
7,00nrC

‘7,9anc

7,0anF
7,9anc

45

~An
An
[alal
Ap
)
An
[akal
An
[ala)
An
An
LY

an

~n
nn
~n
laXal
AN
An
nn
[aal
jalal
~Nn
AN
an
AN

[aXal

An
LYa)
~
“n
~rn
ala}
AN
N
halal
lalal
An
A
AN
)

7,

DA AD NV YU— —-—- 0>
.

AN e - g -
-

B
> o o

-~ —=00Dn»
.

1,
1.
%,
%
2,
4.
S
2,
1.
1.
LI
2,
?,
3,

T

£y N1
AERAE LA
779F -1
rITE AT
ICAF =)
anafr =32
74 N
A24LF=N)D
1172812
Ll Y L
TAHAF 21D
n4ar -n>
4NYF=™MY

~LEF-"?
IEAF I
174F ")
XYY
rFELEoND
LCIEN)
1R4F -")
JraFr-no
FAGE-)
FETE-AD
YR LT)
C4TF-"Y
MIF AN
LCcaQE AN

LRAF ="
E4F -1
1B kel R}
€D
§34F=-"?
AENF =D
@AC ")
(IR Yol b )
IRTIFE-NY
ALK =)
acafr-11
LRGF =-NY
ATRF AN
ryafp AN



Table VI (CONCLUDED)

RUN  GAQE

20
28
20
29
1]
20
2a
re.
F1
20
2R
28

20
%29
20
20
29
20
20
20
29
20
20
20
20
20

3N
an
LY,
n
an
an
an
an
3N
1"\
3n
1“
an

-
B2 I BN AS -

- — -

-
DD NADPAS AP~

- - -
N N -

B I A DI~

"..

A, T40F
A, T49€E
A, T40€
4, T4OF
h.T4OF
A T47F
hoTHOF
&, T747€
6o T047€E
A, T47€
hoT4OF
hoT4F

6.79%F
6,797
A, 797€
6,797F
6,797¢
A, 1021
heTO2E
fhe 1G7F
A, 797€
6,T192¢
A, TNIE
&, 192F
A TOPF
f,797F

7,212€
7.,917F
7.917F
7,817F
7,917¢
7,R112€
7.912F
7,R11E
7.913F
7.813F
7,A13F
7.,013F
7.911F

AN
an
aAn
AN
an
lala}
an
a1}
AN
(]
an
Aan

AN
LL)
re
N
AN
An
AN
AR
"N
n"
An
AN
)
an

AN
An
[aNal
an
~r
an
AN
An
[a)al
nA
AN
a1a)
nn

17

1,505F =19
1, FrSF-T)
2,473F-"2
2 AINF=1)
2,6CHF="7
4,96NF=N?
&, 10 7F=17
&, 9)1F=-"?
R,Q10F=-1?
1.236F=7
1417 =N
2,477 =N

2,274F-1?
1.770F=]
2, §4AF=N2
2, kE3F =N
4o \RGF=N?
ho414F =7
7.676F-
q,11"F=N?
1, %49F =™
2,2746-M1
2,97 =11
4, INKF="Y
2,0¢0F AN
1,149F N

o l14F=NT
2, 788F=12
f,430F=-"1
9,27 =N3
1.,2MRF =97
1,275F=-17
1.929F =12
?."08€=12
A, NWOF=)
64,423 =92
4,E17F=)2
LY Rl |
A, CLI2€E=D))

——



vssn i

Table VII

AXISYMMETRIC MODEL HEAT TRANSFER DATA

i e i st

ja
10
10
12
19
10
1a

"N
kdal
"
mn
n
b Ll
kdal
kda
"
"

2

21
71
21
2

2
21
21

22
29
22
22
2
27
?2
')
2?
29

GAGE

N -

~>r A0S

o g

-
DB ~N>r N>

) -

—
D IBII NS

Ny -

2D NI

v
3,Q99¢r
N, 181F
1147
?2,191€
1,A81F
A,7RQF
1,721

4,10a4"
9,801r
1.220€F
2, 5rAF
4,100r
h,727F
1. NANTF
1.A0Qr
2.,2aNF
2,771r

4,1 RAF
2,477F
4,710F
Q,a84F
1.5%0¢
2.4%47
3,R815F
£,NAQF
a,617F
LT

1,47%F
A, 144F
2,RQ4F
6.55AF
1.114F
1.687¢
2 ,87RF
6,378F
hoRGNE
a,575¢

47

~N
»

23
21
2%
23
21
22
21
21
2

24
24
24
24
24
24
24
24
24
24

2%
25
kA3
2%
26
25
25
25
2%
25

26
24
24
4
26
24
26
26
24
26

GAGE

DD AN N9

—~

o 9 -

DD IDINI N>

-

DDA AP NV

DI D NI AN -

-

hv
8,197
1.150€
1.831¢
2,647
4,474F
1.740F
1.180¢c
2.151F
2, 14%¢
2,440°F

T.ATkE
1.T47F
?2,0210¢
4,919cC
9,2RAF
1,497F
?,%1nrrc
2,511
4, 201cC
4,3IN0F

2.4146"
§.181€
5,710€
1,708r
1.A4%7F
2, 4145
a,21E
4,9%4F
h,a00¢c
R, 730"

2,11nr
hob01E
a, 170¢
1.61%F
I,N)RF
AL,NATF
4,1120¢
A VIRF
Q N20r
1,rMNe

(alal
M
M
~
M
o
o
o
~>
o

~N
M
M
M
k!
o
A
n?
~a
N

AN
“an
An
"N

~
~
"N
M
N2




27
27
27
27
27
27
27
27
27
27

29
In
28
20
2n
Y
2R
2R
bd ]
>a

20
’2q
20
724a
20
’a
20
’2a
20
FL)

ar
an
n
n
3n
n
Lis
n
10
n

-

-

QI BAIAD V- 2D NIPIAS Y- DIBNDI A N g—-

PIADNIPAD gy =

Table VII (CONCLUDED)

ilv
S.N 77
1,28&r
1.427F
?.QA2F
4, 840€F
ASA4F
A,T727¢
1,7276F
1. ARNE
2., NARF

1.7A2F
2,930F
1,2n9€
S, THYE
T ANTE
1.790€
?./93F
3, L8AF
4,R41\F

2. 7TMF
4,70AFE
5.871F
Q,8nF
1.414F
2,145
1,1A00¢
S.8N1F
T.341F

1.762F
1,437
4,15a0fF
T.ANTE
1 .,N2&F
1.A0O&E
2.412F
1,447F
4.6]0F
A N1RE

48

2O B NPIAD NV

-

2O D NDIPAS ANV

-

o ) -

208 9T

[ala}
nn
el
"M
"M
Nt
"M
N

N



v
10
1n
Lo
10
10

2~
n
n
2
n
ik Xal
n
n
"
Zf‘
n
b 2o
"
rdal

B AP NS AN

22

"

o
[ IR

—
S NN =IO DAIPAD DN -

- b s

1.112F
lel13F
1,V112¢
tettar
1,117

1.112F
T.112e
1.112F
1.112F
Yo112¢€
1.112¢
1.112¢
1.110f¢
1.112F
1.112F
1., 112F
1.112F
1.1127
1.112F

Q,757¢
q,782F
Q,757¢
Q,755F
q9,789r
Q,755¢
9,757F
q9,785¢
a,718>5€
9,752¢
Q,78%¢
Q,789¢
9,755¢
q,787¢

Table VIII
AXISYMMETRIC MODEL PRESSURE DATA

4

1, 499F=A]
2,76PF AR
2. SR4F -
1L, 511F=-M
1,170 1N
2,107 ™M

1.523F ="
2,°RF ACr
2484 1F="1
1, 864F=
e FIAF M)
Ko 22Fon)
R, 72&nfF_n
1.777F ~¢
1.SRIF Ar
1LAICE AN
7. 267 9r
1.188F 7
2.°73F M
2,703F M

2.A07F="]
1,629 A
4, 962F=-1
hoERSF oy
q,r"RIF-N
1.C08F Ar
1.437°F 7
1.518¢ ar
a, 1€9¢F Ar
. 600F 7N
1. 166F )
2.041F M
EPE YAl I B |
4,27 My

49

PP g

1.275F
1.750¢
2.1849r
2,Q0QF
S,11312F
1,R81F

1.207¢
1,75n€
2.181F
3,11 7F
4.72KF
§,277F
6,391F
a,119F
1.A77F
1,2311F
£ 181F
1.704F
1,788F
1,280€

1.149F
1.53QF
2.118F
2,79
3,853¢F
4. h4RF
LI LI
A 124F
1.387F
?,R42F
4,949F
R,6K1F
1e4412F
1,R1AE

e
o
re
[a Kol
AN
rm

na
~

n"nA
an
an
[adal
[alal
re
)

"
~

"o
"
ny

lals ]
M
Ap
na
re
An



2
?? 1
?2?
7?2
27
29
2?2
2?
22
2
??
??
2"
??

QDBDNIPAD> A N-—-

3
23 1
23
72
2
293
22
22
23
23
”
2?
21
21

I p P AP NN

- - gy -t
S AV~ )

Table VIII (CONTINUED)

9,540F
Q,RA0r
9, R60F
Q,56AF
Q,R4AF
Q,54RF
9,84RF
€, SARF
Q,SART
Q,840F
C,5ARF
Q,868F
S, 5h68F
9,56RF

1.127F
1.127¢
1.127¢
1,127F
1,127¢
1.127F
1,127F
1.127F
1.127F
1.127€
1,127F
1.127F
1.127F
1.127¢

4

2.144F =M
2.929F nn
4, 40F =)
5,459F =N
T, 489F =N}
9,200
1.197F 9n
1.507F AN
?,496F N
£,793F 1N
R, 973RF AN
1.454F 71
2.#05F N
1, 428F M)

1.910F=n1
L 114F 00
3, 456F =11
4,447 =01
£, GCEF=N]
R.124F =)
1.19%F Ae
1.557F 0o
7,783 10
5.G9¢F AN
G, 704F NN
1.653F 1)
2. T16F M
?.805F 0]

50

Mo

1,785€
1.432F
?,M44F
7. T84F
1,R83F
b AST1F
A N20E
T h1AF
1.3463F
2,874¢
4, 6AHTF
7,341F
1,017F
1.733F

1.0 %F
1. 784F
1.947€
?,595¢
1,8491F
4, 015¢
A TILF
R.TT7F
1.568F
1,278F
5.45QF
Q,214F
1,53F
1.625¢

re
il |
ne
(oAl
an
~rn
[aXa
nn
~

1
nt
"o
r?

on
~

ne
o
re
re
e
~n
AN

"
oh
n2
3

T e ot e



RUN

24
24
24
2%
24
2¢
24
24
2
%2¢
%24
24
24
24

28
?&
28
78
28
b L3
2%
?&
78

26
2&
5

26
24
26
2%
26
2
2h
26
26
724
26
2~
26
2%

e - -
SN ™ DIDNIAD AN

— —
2O D APAP NN

— - -
[ BN R

Table VIII (CONTINUED)

1.127¢
1.127F
1.137¢
1,137F
1.,127¢
1.127%F
1.137F
1.737F
1.1377
1,177
1.137F
1.137F
1.137F

7.7771F
7.777¢
T.777E
7.777"
7.777¢
T.TT7F
7.777F
7.777¢
7,7177¢
T.7771F
7.777F
T.777F
T.777€

T.8R7F
T.%87F
7,RA7F
7.8R7F
7,997F
T.9R7F
7,887¢F
7.287¢€
T.8ATF
T.997F
T.RR7F
T.207c
T.8R7F
T.AR7F

2. ERIF-"
be4bNE YA
4 EINF=)
ﬂ.QQ?F-j)
9, 91F-")
1. 218F 0
1.512F
2. 188F 10
1, 90RF AN
R, 164F NN
1, 179F "y
2,161F M
3,777r M
1,500 0)

1.5£9F AN
2. 172AF )
3, 634F -1
4, 971F=N
5.55CF=71
A, 982F-N]
R, 7137F=1]
1,764 Ar
2.212F AN
A, kCIF Ar
5.617F ~0
9,486F 10
1.54%F N

2. GREF-1|
2.52%F 0
4,411F-"
5,519F-"}
7. 764F=1]
R, QR2F_ ")
1.125F An
1,278 or
2.214F 90
1, 4RRF AP
A FR4F AN
a,214F 20
1.568F )
2,573F 91

51

Mg

1.,774F
1.981F
1.619¢
?,497F
2,749F
§,r43F
&L, ANNE
G, PARFE
1.541F
1,447F
5, 778F
a,q%4¢
1.551F
l.619F

2,917F
1. 11F
?,294F
2,074¢
2, 516F
4,2a1F
5. 7h4F
R, ANGE
1.460F
2.331F
3,49]1F
6.M97F
1.137¢

1.220F¢
1."3F
1.80F
LY
L113F
1 ATF
4 ,59F
S.618F
9,n80¢
1.507F
7+ FA8F
2, T4AF
f,4%qF
1.082F

M




Run

27
27
27

27
27
27
27
27
27
27
27
27
27

%
R
b L)
20
2R
7R
v
20
op
20
rd.]
o0
2R
b L]

2Q
29
20
29
29
29
20
20
29
29
20
20
20
J0

DDA A DN

- —t —
S -

DB NPA AN

DB NI A NN~

-
-

- -
L VR |

Table VIII (CONTINUED)

1.08rE
T.080c
7.9R0F
T.98NF
7.9an¢
7.98n0F
r.08r"
7.740¢F
7.9are
7.980F
7.980F
7.2A80F
7.9R0F
7.9°0F

4, T47F
£, T6OF
heT4OF
f.742F
ho742F
&, T4DF
A T42E
hoT40F
hyT4IF
heaT747F
h,T47F
4,747€
b.747¢F
£, 747¢

h,790F
6,792¢
h,T7Q%c
h.792F
&, 7G72c
A,T792F
h,795C
A, T97F
6,792F
6,792F
5, T797F
h,.T792¢
6, 792F
h,TQ7F

an
[ala}
nn
"an
An
nn
AN
[aXal
nn
nn
nn
Aan
"N
0n

4

LI
5, 267F AP
R, &4OF =]
1.798F AN
1.874F 0
2,907 np
2, %64F AN
1, 779F An
4,8RQF nO
R, AVPE NP
1.479F 11
2.121F 0t
1, 869F Ay
S,G4TF N}

2,993F-n
2,939 90
5,270F -]
T, 13%F =)
9, 620F.n]
1.raafF 9n
1.271F n¢
1,64AF NN
2,799F 9n
4,S4RE NP
7,90a€ An
1,CS1F M
1.931F M
1,250 11

7.516F ="
5.770F 10
L 116F 0P
1.280F An
1.910¢ 9n
2.191F nn
2.66TF AN
3,768F Ar
S,413F 0
A &1CE 9°
1. 2%4F 0]
2.70f3F M
1, 824F N
&, 169F 9]

52

PP o

1.198F nn
1. 140F Ny
1.710F nA
2,164 ~n
1 I1SF e
1,059F An
S, NAAE PP
A PARE NA
G, AA2E AA
1.712F
2,847F £
4,193 0y
AL LG
1.174F N>

1.0489F £n
7.915F ar
1.581F rn
1., A9RF rr
2.558F rn
?2.9%4F Nr
3.R45F P
4,397 A
T.44%F N°
1.218F M
2.077F
2,902F ¢}
b.,2INF M
A, A42F N}

A,656F =)
T.612F rA
1.433F An
1,744 Ay
2.336F N9
P ALARE rA
1,426F N~
4,186F rn
6 O84F N
1.104€ n
1.739F
2.573F m
4.82T7F €}
T.411F My




"

14

Table VIII (CONTINUED)

T.212¢
7.A17F
7.812€
7.813F
7.213¢
7.213¢€
7.913¢
7.912€¢
7,R12€
7.8112F
7,811€
7,213¢€
7,211F
7.811F

LYY,
6,758F
6,184 F
6, 7547
h o TSAF
6,75AF
6, T54F
6,154F
LT
6,754
A TRAF
f,T8AC
6, T54F
A, TRAF

A, T08F
A TRE&EF
A, 788EF
&, TRSF
6,795F
A, TR&EF
4 ,TR6F
h,T86¢€
5, TRSE
h,T8EF
4, TRSE
A, TARF
A,795€
&, TREF

1n
an
an
nn
an
AN
nn
an
als]
an
an
An
~n
an

~n
~n
~A
n~n
nn
rn
An
~n
nn
AR
nn
nn
jals]
~n

~n
An
ne
nn
An
fakal
nn
nn
(s Xa)
nn
re
~r
An
~e

’

1e624F =11
1. 226F A
7. INRF-N
1. P 14F =N
1, Q924F -1
4. 581F -]
5. 555F<11
by GFRF=-1]
1,128 1r
1.2286F Nn
A,rCAF
4,387F 10
7.390F nn
1.278F N

4. 727F-9)
1.221F 2r
4,A17F-)
8, CRIF -]
I LY
f,701F-N)
7.€29%F -9
R, GRAF-N1
1. 204F AN
1, 9%QF An
2, E54F nF
1,418F 20
5, 426F AP
A, 488¢ AN

b4, 279F =1
1.240€ 90
4, 199F=n]
4, k4aF "]
S, 2RIF =)
S.814F=N]
£,613F=n1
R, )28F-N]
1.1R5F ne
1.491F NN
2.478F np
3.’@”[ AR
4.S19F AN
7,709F An

53

PP o

1.1713F
A, RARE
1.AARF
2.,101rF
7. 039fF
1, 10AF
AN GLS
4,0QAF
R,1460F
1.,328r
7.1 78F
2,191F
f.247F
0,250F

1,2CAF
3.271F
1.229¢F
1.204F
1.567F
1.,A21F
2,124
2.292F
1,657¢
4,7642E
6.514F
f,711F
1,434aF
? . 1ASF

1.2r8F
3,451F
1.1A/8F
1,294F
1.497F
1.4106F
1.924¢
2.72h7F
3, 29aF
4,T0IF
AeBIAF
a,ANOE
1,2/0F
2.171F



a1
11
11
32

12
1')
11
31
31
11
1
1
1

Table VIII (CONCLUDED)

A, TAAE
&y TRAF
A, TRAF
&, 7T9AF
&, TR&F
Ay TAAF
A, TRAF
6, TRAF
6o TAAF
6, T]AF
h, TRAF
A, TAAFR
6, TBAT
o TARE

nn
nn
~n
an
nn
nn
an
nn
An
An
an
an
(ala]
nn

’

9, M CE-M

2,%0¢F

nn

e, %18F-11

1.CC4F
1.7274F
1.7267F
1.%47F
1.4958F
2, 169F
1, HTRF
S, 517F
AL 41rF
1.AR7E
1, 550F

54

nn
an
an
nn
ne
aly
ae
ne
ar
N

~M

I

1. 1487
3.248F
1191F
1.254F
1.8%\F
1.58&F
1., 968¢
2,121F
A, 4A4F
& ,ANF
A ,QANGF
A,"21F
1.261F
1.9680NF

AA
nn
nn
ny

ra
cn
nn
re
[a]a)
rn
(ala]
b |
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206y

55
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Figure 11 DRAWING OF SKIN FRICTION GAGE 25-38 AC
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Figure 12 TYPICAL SKIN FRICTION AND HEAT TRANSFER GAGE RESPONSES
(a) TUNNEL FLOW BREAKDOWN - RUN 2
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Figure 12 (CONTINUED) (b) LAMINAR BOUNDARY LAYER - RUN 1
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Figure 16 TWO-D IMENS |ONAL MODEL FLOW PHOTOGRAPHS
(a) MODEL E-2 SCHLIEREN, RUN 1



Figure 16 (CONTINUED) (b) MODEL E-2 SCHLIEREN, RUN 2



Figure 16  (CONTINUED) (c) MODEL E-2 SCHLIEREN, RUN 3



Figure 16  (CONTINUED) (d) MODEL E-2 SHADOWGRAPH, RUN 5



Figure 16 (CONTINUED) (e) MODEL E-2 SHADOWGRAPH, RUN 6

89



Figure 16  (CONTINUED) (f) MODEL E-2 SHADOWGRAPH, RUN 7
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Figure 16  (CONTINUED) (g) MODEL E-2 SHADOWGRAPH, RUN 8



Figure 16 (CONTINUED) (h) MODEL E-2 SHADOWGRAPH, RUN 9
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(CONTINUED) (i) MODEL E-2 SHADOWGRAPH, RUN 12

Figure 1|



Figure 16 (CONTINUED) (j) MODEL E-2 SHADOWGRAPH, RUN 13
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Figure 16 (CONTINUED) (k) MODEL E-2 SHADOWGRAPH, RUN 14



Figure 16  (CONTINUED) (£) MODEL E-2 SHADOWGRAPH, RUN 15
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Figure 16 (CONTINUED) m) MODEL E-2 SHADOWGRAPH, RUN 16



Figure 16  (CONCLUDED) (n) MODEL E-2 SHADOWGRAPH, RUN 17
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AXISYMMETRIC MODEL SHADOWGRAPH, RUN 21

(c)

(CONTINUED)

Figure 20
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(f) AXISYMMETRIC MODEL SHADOWGRAPH, RUN 24

(CONTINUED)

Figure 20
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AX1SYMMETRIC MODEL SCHLIEREN, RUN 33

(o)

(CONTINUED)

Figure 20
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