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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 boundary 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 I

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 ( >150K}
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. FIreestream 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 characteristics.



SECTION II

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 helium 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 b milliseconds, which allowed ample time tc 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 pitot pressure survey rakes, over the range of
operating conditions used in the subject program,

The test air expands through 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 16-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. SHCCK 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 shock 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, so 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 "reservoir' or ''supply' temperature
in conventional wind tunnel terminoclogy) 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.



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, 77 , is -0. 5 reflecting the viscous
induced weak favorable pressure gradient. Aft of this 5 inch station /] 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. FEarly attempts in this current program to use existing
skin friction gages which had been previously used at lower Reynolds number
conditions (Reference 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 11
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 normal 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 to make a stronger crystal-diaphragm structure. The crystals
are coated 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
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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 ke 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 cof 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 relies
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.
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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 preciudes 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 schiieren 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 III

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 friction 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.



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,) (1)

and

7,=7,(T,/7,) (2)

where 4, /H and 7, /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 betweén 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

A -/ g
o = 22 (/f"*:; Cree mfo) 3)

EroAv

where ');o is a function of C/’ao cfgo and 6'/, 4 include vibrational heat
capacity and are functions of Tw, requlrlng an 1terat10n between 7, and Cf
Free-stream pressure is calculated using

ea=—'?-f;(/*——~ )7/’ (4)

A
(/’/P‘;) real
(ﬁ/,% ) 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 A is the measured pressure behind the
reflected shock. The source data used in this technique are References 12
and 14,

where

Z -
%



Free-stream velocity, density and dynamic pressure are respectively
calculated from

o = Moo 7o R T (5)
/ooo = /ooc/ﬁroo (6)
Zoo =7 oo Yo ™

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,
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SECTION V

DATA REDUCTION

L. 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 TRANSFER

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 bodyis 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

o eT
()& =57 [K(7) 57 (8)

where /2 ¢, and A 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 solution is obtained
for the heat transfer rate,

. k \/z ; ptak .
50 4% ot WL )

For evaluating the integral numerically, the equation is recast in the
following form:

sl Ipl/z
— /
) = e o (L s TR ) £ Taeei) e | o
77 “2ftae V%7 Y pro  (7-P)V2

where ¢ time interval between tabulated data points (typically,

50 microseconds)
. = time index of the point

/° = running time index
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subscript 7 = value of parameters at? th time increment
th
subscript © = value of parameters at/# time increment

When the gage temperature rise is greater than 100°R the temperature
dependence of (pck )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
that 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
account 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 I, 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 II, 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 on 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
skin 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 believed 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 may 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 pressure
rise compared to the inviscid pressure rise is observed at the higher Mach
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 CAIL 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 VI, VII, and VIII, respectively. 5kin
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 influence

in reducing the amount of compression of the flow over the model. It 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 1l 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 rear 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 nurmber 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 can be
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 transfer 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

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

P =(/a)(1+.21%)" e (11)

where (P/Pp) 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 (")
11.2 . 1255
9.9 .0911
8.0 L0765
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 Mo . The ratio of pitot to
reservoir pressure can be expressed as:

A3 %/ /2
2o - = T (12)
"/"' s G )

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

M? 2 5 = MR arnd 7/1/: -7 = JME | (13)

oo a@s >
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therefore

£ )5 = oms -

Applying the "'most probable error' analysis (Reference 19) to equation (14}

yields: 2
2 -~
W/’“/z:; (ig@) + %e;(—‘;,ﬁ (15)

Again based on the agreement of pressure transducers, pitot pressure
measurements are 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 Mg, is £1,2%.
Since O/M_‘El. 2% then, ¢ can be seen to be within the accuracy of reservoir
and pitot pressures,.

The precision within within which #,, is known.is affected by both the
accuracy within which A 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:

a/P 7.#4m2 . a’Mwi a z % (16)
fZMZ Mo, £

Employing accuracies of *+3% and £1,2% for reservoir pressure and
Mach number, respectively, it can be shown that the '"most probable errors"
in 2, to be expected during this test program are:

11.2 +8.7%
9.9 :|:8- 5070
8.0 +8.3%
6.8 +8.2%

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 errors 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 pgages 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. On the basis of consistency and repeatability of the
pressure data, it is estimated that these data are accurate to within £5%,

20



SECTION VIII

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 data 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 small 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)

26

17
A4 ,NN0E AN
AL

nLn

4,011 7 NN
a,763F 11
1,A720 AT
5,M1R" A7
£,289EC AN
qQ,N021 A7
£,7T0C N9

1,400 AN

ALOARNT AT
2,1 7RE -4
Ao K1E-NT
4,1270 Nk
a,309%€ A
1.32(]7“: alr ]
A _Npac_n7
a _nTor-n
3, 7108 ng
5,340C N
1, 924F~N8



Table II
TWO-DIMENSIONAL MODEL SKIN FRICTION DATA

RUN GAGE Moo x
1 1.1n4F ™M 2L,ATIF-NT
7 1,1M4F NY) 4, 958F- N1
ATV, 1N4E MY & TTIE-NY
4 1,17aF N1 1, 1T75F-02
A 1.104F N 2 T2RF-ND
7T O1,104F M 4, 5N]F =N
9 1,174 F MY A TANF=-ND
N1 AKE MY 4, 51F-ND

A 1. 104F N =, 7C5F -7
1 1.174F N1 A 4R1F=N?
21,1047 N1 T, 149F -0
13 1,1040 A1 T,301F=-"D
V4 11047 M 1., "AF -y
15 71,1046 N1 1, NRAE_ A}

o ok ol e e b omh il e ot

? 1 T.118% 11 E,¥TF-N73
2 ? 1.118F Ny T.NITF-N7
? EINE BV I B LSl 1. 16807 =N?
? 4 1,118 M 2,INAEN D
? 01,1197 N1 4 ARAF_ND
? 7T o 1.118F N B L,ARAT =12
? 3 T.1187 N9 A, ANAE ~ND
? 7 1.118F A1 A, 83FF.N7
2 11 T, 118ac A Q,NEAF =172
2 11 1,118 M a,54"F=ND
) 12 11080 N a,147C 1)
? 13 1,11RE N 1.142F -7
2 14 1,118 M YLoALYTF=-
2 15 11908 My 1, 30R0-)

1 1,127k A1 B _AOIF N2
2 1.127F 0y 9, /”INF =117
E 1,127 M) 2,267 "2
A 1.127F ™M A, TRAFE =D
A 1,127 M A, 12IE_N7
TO1.127c ™M 7,A%IF=ND
1.1270 M R, HBIF=ND
a 1,127 N Q, aArAE N2
1N 1.17277 N 1, 128F -
11 1,127 A1 1,33 F-M
12 1,127 M 1.178FE-1
1T 1.1278 M 1.518F-")
14 1,.127F N) PAREALE S o
15 1.1278 71 1,92173F=0]

¥ RS TR C RN S R SN NI T T Y R S
o]

27



Table II (CONTINUED)

RUN  GAGE Moo T

4 1 Q 454F N 1, 7T N
4 79, 4R4F NN 2, 383F -7
4 3 N,484F AN 72,1988 _"12
4 4 N, 4854 NN Ry REARF =71
A A A ASLE AN 4 NORE_ND
A T QU ARAC NN R, ARAF-ND
4 ] N 4H4F NN LIPS I BT R
4 7 N, A4R4F A0 1.734F=-1]
4 1IN A ARAR NN ) VIR -
4 11 D.4R4F N 1,231
0 17 Q, 4547 NN T.1240 =7
A 13 N ARAE AN 1,44684F -
& 14 0,484 A0 1, 949F =)
4 15 A, 484F AN 1.,917F-M
= 1 N_R44AF N RO ILAF-NT
[ 2 a,844L7 NN 1,194 =17
5 I 9 R4AE AN g 17NNy
5 A N _BALF NN T, 410F.NT
< 4 O RALF AN TL,ANTE Y
g T 9 B44F NN 1, 21RF -1
s Q L R/4LNAFE AN 1, 409F =1
5 a  a_ RAAF NN 1, 104F—A)
e 1" D ReA0 AN 14 "7RF -1
S 11 g, RaeaT A0 1, ARAF -
s 1?2 Q,844F NN 1. 47T7F=-M
A 13 0,844F NN 2,020 F ="
5 14 Q5440 AN T, RLAF=A]
5 15 qQ,h44F NN N KA e B |
S R r,ano2e AN AL, LIRF -
s 47,2977 AN 7 _QAIF =D
[ A 7., RQ2E NN A TN S, b
A T 7,297 AN PRI VAL B = b
A 2] 7,392 An L, ALNE LD
I 4 7.292F NN 4, SARF ="
A 17 7,397 nan S, A60F-N7
'3 11 7,RO02C AN A, ANAF =NT
[ 12 7,872 AN R, ALADIE-"12D
A 172 7,807 NN Ao 1A4RE =D
. 14 7,907 AN A _ajr2|fr-n?
A 15 7,807 AN £ _RIA0-_AP

28



Table II (CONTINUED)

RUN  GAGE M__ T

7 1 7,293 AN 240600
v 7 7T,R93IE NN A NAAF =D
7 3 7,893%F NN A N49F =N
7 A 7,893 F An ? . F4F -7
7 s T.9Q2F AN 2 TTAE-1D
7 T OTLA0E AN 4 Y TAF-ND
h a  T7,R91F NN A, AANF-1D
7 9 7,RIXE AN 4, 85PARF-ND
7 1" 7,010 AN & _3INF-AD
7 11 7.891c AN A _722F-07
7 12 T7.80973C AN 4 NRAQFE-1?
7 17 7,992 AN A/ _Q/2F-N7
7 14 T.,R07F NAn 9 3n0rE-_n3
7 15 7,A02F AN R _GLHOF-ND
a 1 7,992F AN 2, KARF-_ND
Q 77,9970 A0 4 818F=N2
o T 7,907 AN 4 TTRE-D
o /4 T, A02E NN L, RP4FE=ND
n s T7.907F AN 4 43PF-N72
o 7T 7,902 AN A _TO1E-1N2
L] 3 7,007 NN T _RATF-172
f Q9 7,902F AN 7 KR .ID
o 1IN 7.09% AN O_J3R1F-"2
n 1 T,00%6 AN 1, NRAF -1
e 17 7.,992F NN 1.772F6=-71
f 13 T ,ra2E AN 1.103F ="
fa 47,9975 nn 1, f43F-N1
n 15 7,907%F AN 1,816F-"1
a 1 127 AN § ATAOF-ND
o r g,127F [alal ‘I.T?Qﬁ_’)’:
Q 3T R,I2TF NN A_110F-N7
a 4 A 12TF AN T 4TRE-AD
n 4 RIPTE AN}, 14AF-T
AL 7 8,127F NN 1,231F=-1]
a a A,127F A0 Y ATIF-NY
0 T RLIZ2TFE AN ] L 2K6F-NT
o 17 a 127TF AN 1, ATIF-"Y
o n *_127F AN, R39E-N]
a} 12 4,127 nn 1, 2198 -1
o 11 4,127 AN 2,1AG5F-N1
] 14 R, 127& AN 7L AR =M
o 15 8,127F NN 2 FR4F-NY
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RUN
ir’\
1N
1m
‘ﬂ
lﬁ
n
LA
1n
1
1r
1(\
}l"‘

|

11
"
11
].1
L)

17
12
12
12
12
17
12
1?2
12
17
1?
12

12
12
13
12
12
12
13
12
172
11
12

17

Table II (CONTINUED)

GAGE

- L

o JRU SR . S

11
11
12
13
14
18

Moo

h,RNST
H,ANKLC
6.q(\qt
A RNARE
6, ANEE
A ANEE
(,.QF\RE
A RNRT
AL ANRE
A,ANKT
f#,Q0RC
A, BNKFE
f,RNRE

5, 8K0C
6 .ARAF
£, RAAF
AL RARE
A, Q4K AC

A, 70C
A, BTQF
q,RT7OF
h,379F
h,370F
f,R7OFE
5,879F
£, R79C
A,RTOF
f.RTAF
£ .RTOC
A,2TQF

6. O5RC
hHL,O86F
A ,ORRC
A,O6RE
A,98EC
f,TR8F
A NRRE
h,OSST
A,OREF
hLABRFE
A ,OSSF
b ,O088F

30

AR
an
[alal
AN
ala
~n

AN
AN
ala)
nn
nn
nn
nn

nn
nn
nn
An
an

An
nn
AN
an
an

AN
alal
nn
nn
nn
nr

AN
N
ne
AN
nn
AN
[akal
nn
nn
nn
nn
nn

T

1.453F =12
9, 173F -N1
1, ARIF-N2
2, 2qF =-"?
R, 415F=N?
1.032F-11
0,857F N2
1, 164F-"
1.,3RRF=NY
1, 12/F=-
1. 44AF =1
1,981 F -7
1, 894NN

2, GENF-12
1.533F ="}
1.498€-11
1.309F -"
2, 1RAF-N}

2, 496F="2
1.163F -1
1.314F =N
1.147F=71
1, SA2F -9
1.5Q4F=N1
1.9739F -
1.909F-11
2, 201F =N}
2, 891F -
7,3 TE-N1
1, 1918=-M)

1. WPOE=1
1.320F-n1
1.429F ="
2. MRAF-N]
7 ARIF-M
2, TRIE-N)
1,242F-N)
2,3R1F-N]
3, 128F =)
4,7172F="1
5.1 AF=N1
4,5952-71



RUN

14
14
14
14
14
14
14
14
14
14
14
14
1 4

1S
1R
rs
15
15
R
1=
1%
15
1R
te
1:
1%
1 e

1A
14
1%
15
14
1A
14
1A
14
14
1.
1¢
16

Table II (CONTINUED)

GAGE

DD NP NI~

11
12
'3

14
15

Moo

6. TORE
6, TQAF
s, TO0E
h,TORE
s, TORF
Ah.T798F
A, TOAF
Ao, TaARE
6f.T98F
5, 708EF
A,TORE
5,7918r
A, TORE

A, RAAF
A, RKAF
f.R&RF
h, BKAF
&.95RF
A RARF
b, RAAT
b9
AL ,RAAC
£, AKAF
f,BAAF
A, RAAC
b AKAE
A RARSE

h,956F
£.954F
6.ORKF
f.OBAE
A, NRAE
£, OKAT
H,ORAK
b, ORAE
AL OSAKT
A OBKE
H L OSAF
&.956E
b, OGLE

31

nn
AM
nn
nn
nn
An
AN
ala)
AR
an
nn
[alal
La Yl

nn
[aXal
nn
e1s
nn
nn
nn
nn
an
nn
nn
"N
[ada)
N

a]a)
nn
nH
ne
AN
nn
nn
nn
AN
an
an
nn
an

T

1,223 =12
1, 475F =)
1.8309F-11
2. 170F ="M
2. 112F-M
?.2%2F-"M
2.719€-71
LRI Rl
2, 401F=1
2. 2A0F =N}
? . ARIF =N
2, ARTE-N
7, a21F-"]

1,727F N
2. 524F-M1
2.791F -
T, 48NF =]
2,725F =N
3,977F =1
2,8N2F=N)
4,32TF="1
4, A5QE -]
4., 194€-01
4, RAIF =]
R. !44”!‘:"01
5. AROF =)

P e T4AF =1
LIS EARA SR ) |
3, T4AF -1
2,517 -1
S 142 F-11
SA13F=11
Re9R3F-NY
S 494F-"1
A, 24NF -M
5. A7TRF-11
T, TOPE -
7,0971¢-71
A, 213AE-"1



RUN

17
17
17
17
17
17
17
17
17
17
17
17
17
17

Table II (CONCLUDED)

GAGE

Moo

&, RKAC
AL REAE
4,RAAF
h,RERE
fL.960F
A sRAARE
A RARE
AL,RARE
A AKAT
6,8k RF
£,RKAC
hoRAAE
£, AAAE
b RARE

32

nnN
"nn
A
AN
lalal
AN
Aan
an
nn
nn
alal
nn
nn
ala!

T

1.5882F =N
172137 -1
? L ARRE =N
1.7990F-")
2,7M2F-M
2, 740F=N)
2 ,.947F =11
2, 573F-1
1, ANEF-N1
3, 415F-N1
4,11NnF=N
4, GONF =)
4.719F=N



Table III
TWO-DIMENSIONAL MODEL HEAT TRANSFER DATA

RUN  GAGE .  qav RUN  GAGE dav RUN  GAGE qav
1 1 2,178 N s 1 t.120F M Q 1 2,377 N
1 T 2,TRAF AN 5 7 1.44RF M o ER A B AR
| 1 1,26RF Y 5 1 §,A22F N a T 2,%80F M)
1 A 1 ,020F N R 4  1,147F N2 o & 4L 102F N
) 5 2,817F 0] 5 5 1,454F N2 o 5 &,847C NY
1 A R_BRIE A & A 1,3226F N0 o A BLRATF MY
1 T  a,470F N} s 7T 1.91AF n9? a 7T T.NNaE N
1 2 RL,RAIF M) 5 A 2,276F N7 ) a  7,R69F N
1 a 1,979F Ny 3 9 2,01KE N2 o n 7,878 M
1 17 §,4K4F M 5 1" 3,7172F N Q 1" a_al1s5F ny
? 1 ?2.64KF NN LAA Tol.trar ny
? 2 2A_RTNE NN A 1 ?'!"46’2 :n L ) 2 1_R27 N
> 11,094 Ay . 7o TelarE il 1" 1 A,170F N
7 4 ?,047F Ny . 3 1.:40r ﬁl s 4 R ATOAr N
> 52,9517 A hooo s temane o 1" 8 a,570F my
> 5 5.647F N 5 51,9998 01 ir 4 1.,202E A>
, 7 et aa1F M A A 2,744T O
. ’ A T 2,793 N ' T TL4NNE ND
? 1T A,11RE M) 1n a 1,563F N2
) q QkE A A ®  2,951F M .
> a :'daqr n; A LA PRAL AL LA e 7 1.3R4E A7
‘ P38 £ 18 3,940 Ay
L ! HPRALE SR
: l :.:ﬂ?z :: - ) 3,158 nn "M 2 1.,1nrarm N
a x o :l n 7 2 1.N81F M " T 1 133IF A
? »587F N1 7 3 1,17 M 11 A 1.83ac AD
3 4 4.027F M 1 8 3,011F A2
7 AV, R6TE M ! 01
3 5 §,63/% A} + . ) &F N2
- . orEE A 1 6 2.AT
3 A a, 744 M1 ? [ Al ' > c 2
7 b/ anE N N 4 A N2
a T 9,217 M A 2.5 1 1 q 2.a17E A
7 ? 2.THIE N e
] T a,TR9F N} . > ST ND
7 A 27345 Ny 11 3 2.5
2 79,878 M OO 11 1" 2,agar A9
2 1A 1,230E A3 r 1™ 3,401F 0} )
12 1,911 M
4 1 1.21F M f 1 R,IKTE NN 12 2 1.A1AF N9
] ] 1,831F Ny - .M
4 7 1.,2872F M a 2 1.517= " 12 3 1, NTLE N
4 T 3,427F N1 o 4 3.a5tE 51‘ 12 A 1.451F A2
&4 4 0,3n2F N o 5 o aoF " 12 5 1.,R37F N2
4 5 1.161F N2 a 6 honnaE 0 12 A P,541F N2
4 A 1.R24F N2 ' 12 T 2.,702c A9
-] T 3,82nc N1 - .
4 7T 1,658 N2 é a ,',4,= " 12 a 7,418C nD
4 9 1,R830F N a o ;.gbné 1 12 3 7,85a8c Ao
4 9 1,A91F 92 n * oA 12 17 ?2,9K8F N2
41N ?,44KF D BRI S.ARIE 2]

33



RUN
11
12
17
12
13
12
13
12
17

17

14
14
14
14
14
14
14
14
14
14

15
1=
1%
15
| ot
1%
1R
15
LB
1%

16
15
16
14
14
146
16
14
14
1+

-

at

—

GAGE

1

D W R NI Np NI

) e

2 @&, NP D

DO D NN PNy -

> TR IS R I R L R

Table III (CONCLUDED)

dav

2,932F
1,104F
1,5209F
?.NT3F
7,66 PE
1,594F
2,919
1,670
1,TRTC

4,18NF

P, L44F
1.14KF
1.73158F
1.603F
1., 0K/NE
?,1133¢
2, 400F
1,074F
2?2 ,NERE
2.467F

2.N97F
2.,017F
3 NETE
2 R4NE
2.331F
4,1722F
4,100
4, APREC
3.RTRF
4 ,N24F
3,1N%4€C
2, BR4F
?.93AF
3, TRSF
4, 4581
5e449F
5.231F
5.3¥74F
S.11723F
f8,ARKE

Ny
"o
np
no
n2
no
nD
no
n?

N2

M
no
A
no
no
A9
lale)
a3
A2
nn

N2
no
no
n»
A2
no»
Ny
no
no
no

"2
n?
no
n?
an
[a e ]
no
no
no
no

34

RUN

17
17
17
17
17
17
17
17
17
17

GAGE

o B - SRR RS - R R R

et
e

qav
7T.112%¢

1.423F
1.55N0F
1.994F
2,577
3, 26AT
2,n78¢E
1, 1477
2, 247¢
A, 46740

AR

N
"o
AD
no
no
no
N
N
(el



RUN

e ol vt pgd = ik et b ] i) il el s
N . A TEUTEEN B
A IERS IS BN BV " BT IR B |

SV RN RS Y RIS RIS N ]

GAGE

DR NP NI

Mo

1.104F
1.1N4F
1.1N4F
t.104F
1.104F
1. 1N4&F
1.1n4F
1.104F
1.104F
1.104F
1.1N4F
1.104F
1.104F

1.11RF
t,118€
1.118F
1.118F
1.112F
1.118F
f.118%
1.118F
1,118%
1.119F
1,11A8F
1.11RF
T.118F

1.127F
1.1?27F
1.127F
1.127F
1.127F
T.127F
1.127F
1.127F
1.127F
1.127F

Table IV
TWO-DIMENSIONAL MODEL PRESSURE DATA

M
™"
o
"
"M
AR
AR
"M
AR
"
~1
"
"~
"

™
!
AR
M
"
M
n1
™
s
"M
"
1
AN |
™

n
Ny
"M
"
1
Y
N
Al |
Y
n

35

P

2, IRHFE =N
2.322F-N1
I ,RQTIF=N1
5.,912E-11
R,IAIF -
1.077F 9N
1,.320F 2N
1. 456F NN
2.7219F An
2.3 F An
2., T23F AN
CIPRARA 1 S L
3.A56F AN

1, 993F-N)
2L ED4F -1
3, 760F- N}
S.148F=N1
7.,622F=-M
1.197F 30
1.612F n
1.988F A0
?.579F 9N
2. 422F 9D
3. HGHF AN
4, 361F NN
4,539€ NN
4, 99NE AN

hoOBETE-N1
1,721F AN
1.526F N0
2.NE2E N0
?.562F 1N
2,388F NN
4.514F 10
5, N46F NN
A, 3TRF AN
L. AATE NN

PIP o

2.221F
?,NASE
2. 764F
3,NMaF
4, 581F
65,5N2F
R,342F
1.N23E
1.282F
1.729F%
1 A48 F
?.11RF
2.327F
Z.6N]F

2., N5NE
1.960F
1.94AF
2.643F
4 ,NR/AF
A, 147F
a,273c
1.N21F
1.3224¢F
1,757E
1.8T2E
2.127F
2. X30F
2.,51NF

2, ATF
3,989¢
5,959F
8, N513E
1.000F
1.2723F
1.7473F
1.971F
? . L T4E
2.592F

(aXal
(alal
nn
nn
[alal
nn
ne
mM
A
AR |
ny
™
~1

ny

nn
nn
nn
nn
nn
nn
nN
AR
AR
n3
n
M
nt
m

nn
nAn
nn
alal
AR |
A
n
"y
2k}
M



I N N N O N R -

o

AR AN AAN M A N AN

ol B T LB T LT s e (s I

o T « BEEE IS L | L N s

g el s
oD

Table IV (CONTINUED)

Mo

a,454F
Q,484F
9, 454F
D ,404F
a, 4547
D ARLF
N, 4B4E
Q,4R84F
a, 4847
O, 4R4F
Q,454F
A 484F
0, 464F

a,844T
09,544 F
9,844F
9, RG4LF
a,8544F

O, 844F
9, 544F
0,RE4F
0, 544F
0, R44F
3, 544F
9, 844F
N, RG4LF

7.R90¢F
7.R07F
7.807¢F
7.997F
7.997¢
7,8087F
7. ROPF
7.897¢
7,RQ9C
77,8971
7.R97¢
7,R00¢c

nn
nn
nr
oY
Bl
N
lalal
nn
AN
nn
nn
AN
nA

AN
nN
nn
an
aXal
laTa)
Y]
an
nn
nn
ne
nn
an

nn
alal
an
[adal
[aXal
iaTal
nmn
[aRal
nn
An
[aNal
AN

Fa ANKF =N
AL NTAFE=N Y
7.£79F-"]
1.176F AN
1.544F N
1,388 AN
2, 4N9F NN
a,n27F AN
1, 229F 0
4L,3R1F NN
5, 14F NN
€, 545F NN
5,782 90

7, CLAF=T]
7, 52NF =1
9. AT9F="]
1,433 "0
7., 082F 2N
2,641F N
A,1R7F AN
4,M10F 12N
R,?78F NN
&,774F AN
6.HG1F AN
7. 244F 0
7,847 N0

h.NNTE=N]
fa 2P2HF =11
a,MN0F-21
1.03%0F AN
1.76RF NN
1, 707F AN
P, ON2F AN
2. 419F NN
2,028F N0
2, 29KF NN
4,747 AN
4,1F1F NN
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PIP &

1.,914F
1.917F
2 hhTE
2, 524F
4,029F
F_\.,"/,'!':
T 6TGF
G LTIF
1.7582F
1.294F
1 -anF
1.767F
1.8413F

1,A35F
1.R127
2.3340F
T 44 RF
4,927F
6-1';1!:
T.~ARF
9, 464F
1.7258F
1.2309F
1.598F
1.743F
1.81¢&F

1,765F
P,NATE
2.517F
3,.198/F
4 4T5F
5,RRAF
FoR4RF
T.913F
a,a9nN4F
1.NT78F
1.324F
1.73A/1E
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Table IV (CONTINUED)

Mo

7.R91F
7.8aQ13F
7.8071¢€
7,893F
7,R01F
7.291F
7,801¢
7.991F
7.3912F
7.R92F
7.R01F
7,901
7.8091F

7.801¢

7.997F
7.997E
7,.997F
7,002F
7.997€
7.097F
7.997%€
7,907
7.992F
7.Q97F
7.907€
7.997¢€
7.%90F
7,997F

R,127F
R,127%
R,127F
8.127F
R,127F
@ 127F
R, 127F
A 127F
R,127F
A V2TF
R,1?27F
R 127F
g,127€

b.ANSE
.8N5&E
f.805¢F
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S. 788F=-11

S, TV4F—
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Ao 1NGFE—NY

T ARNF -

1.710F
1,327F
1. 680F
1.,939F
?.206F
?.ANF
2, NO4E
1, 540F
2, ANgF

4, IN1F

1.773F
1. NAng
1. Y5F
1.419F
1. 998F
2.8517F
1, 124F
1, 655F
4 ,X2T7F
R.4h1YE
5,.910F
f,979F
7. 244F
T.ATAF

?e ?NAE
?2,081F
2. 104F
? .5 T0F
2, THAE
4 ,352?2F
5, anar
7."73AF
f,I5NF
1. N6NE
1. 1A1F
1. 321F
1. 4590F
1.8584F

1.200F
1,112F
1. LARF
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1. ORAF
1.9A1F
2 ,NQRF
2 AIAF
3, 4A5F
4, 55hHF
5.AKGE
b BEEF
T.914F
9,a5qGF
1.n62F
1.219¢
1.2N6F

1,4N8F

1.0a5¢
1.95€
1.971F
2.674F
2,817F
4 RSTFE
S . TRAF
6,76 2F
8,n25F
1.010F
1,N93F
1.291F
1,34NF
1., 42NF

2.121F
1,971 F
2.020F
?.4T1E
3.6NF
4 AKR4F
5.680F
AR, TAF
A, NPRF
1."19F
1.114F
1.7260F
1.403F
1.494F

1.653F
1.521F
1.597F
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Table IV (CONTINUED)

Mo
f,ANGE
hLANGE
ALANSE
A LANGRE
h,BNRT
A,RNRE
A,ANKFE
h,8NEF
f,RAN=E
A.ANRE
L, ANRF

f.RAAF
f . BARE
fL.RARE
A BAAE
6 .BAHRE
6.958F

AL,RTOF
A,ATIE
h,8379F
A, ,R70F
6,708
A, 879F
H,0T01
£ ,RTOC
£.870E
A,RTOF
&, R70C
A ATOE
£ ,RTQF
£,070C

&, OEEF
6,98RF
f,Q86T
A,O56F
-LLT
h.ARKE
6,955F
Ao ORRE
£, QRSE
A ,9G6F
£ OBEE
6, Q85E
6. ABEF
h,QREE
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nn
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nN
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AR
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nnN
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[akal
[alal

p

1.45%€
1.979F
2, RA1f
2, 284F
2, KARF
4.399€
5., 45NF
Ao 1RTE
64 S45E
7.178F
7.705F

2. 422F
3, 1R9E
5, AQ4F
7. 647F
1.43RF
1.574F

2, ST4F
?,3IKAF
>, §72F
2, GARF
4, 155F
R.97AF
A, T25F
7.ADF
Q, 260F
1.120F
1.752%F
1. 419F
1.50AF
1. GORF

3, 302F
1, A4L6F
2, A4 TF
4, S44F
A, ?32F
a,3nrsg
o, ’55F
1.147F
1, 292F
1.408F
1.847F
?,N9NE
2, 239F
2, 4N3F
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PIP o

1,987F
?,64NF
1,5812F
4, 4H5F
6, NG AE
AoN1AF
T 454F
AL4R1F
8,051F
1.0N2¢
9., A83F

1.5R7F
2.MAKF
A, T14F
4,0Q1F
9, 385F
1.727F

1.778F
1.5T1F
YLINTF
1,957F
2.157F
2 ,609F
4.467F
5N45F
A, 144F
T ANE
B,314F
Q.4YPF
9,99NF
1.N8RE

1.737F
] «HH6FE
1.758F
2,N76E
?DQQQF
3,795F
4 ,5NF
5.2%9F
6.31AF
7.400F
n,473F
9,852F
1.723F
1.naar
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nn
an
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M
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14
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14
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14
14
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14
YA
14
14
14

L
1%
1%
1::
18
15
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1%
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18
15

1A
1A
14
1A
14
16
16
th
t6
15
1%
1A
14

GAGE
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Table IV (CONTINUED)

Mo

6. 79AF
A, TARF
A, TOAF
A,.T798F
6.798F
A, T99F
6. TARE
A,T00F
6.700F
f.T9RF
6.TORF
k.798F
A T00F
A, TARFE

AL HARF
A L.RARFE
A, RARF
A .BLAE
C.T%.14
hRARFE
ﬁ.qlﬁQF
h,RAAF
AL, RAAT
6H,RAAC
A, RAAF
fLRARE
&, 9&8F
A, ALRC

£.9546F
b.054E
£.054F
£,056F
6, OK4F
foORAE
LY
h,O54KF
H.98AF
6.954E
6.956F
f.95AF
6. 95AF

nn
nn
alal
fallal
AN
nn
alal
aBa]
lalal
An
[aXal
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no
an
"nn
nn
AN

nn
nn
nn
NN
An
nn
nn
ne
an
nn
nn
nn
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P

4,257F
1, 749f
2, FA3F
4,519F
5, TGOF
7. 634F
R.f,?]l:
a,1N"E
1. 104F
1.261F
1.383€F
Y.4R2F
1,520F
1.992F

a,h91F
R, NRSF
a,519rF
9, 399F
1. 1854F
1.449F
1.719F
1. R34F
2. 146F
2, 490F
2. TR
7+ 99hF
1, "GSE
2,300F

1. ?78F
1.750F
1.411F
1. TE1F
2.217F
2. £12F
2. 714€
3, PR4F
2, 815F
4,013
&,51NF
b, 542F
&, aong

nn
an
0
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nn
An
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11
M
"1
n
M
11

nn
A0
aTal
nn
2}
M
M
2|
M
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N
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M
M
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3!
M
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11
M
m
n
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71
M
M
71

PIP

&, ANaF
S.114F
f.HNOF
6 IKTF
T.R&TE
1.N15F
1.156F
1.7247F
1.597F
1.721F
1.24AF
2.N73F
2.NT4F
2.1 73F

£.37NF
S.315F
BB BAF
6.178F
7.590F
9,577€
1.120F
1.207¢
l.4117
1.643F
1.799F
1.9TNF
7 NULF
2L1TLE

S .R83F
R, T42F
HL,4TAE
B.NA_SE
1.019F
1.199F
1. 246KF
1.50N9F
1,752F
1. RTNE
2.,NAanE
7« 1%72F
?«?4AE

nn
nn
nnN
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0
N
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n
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Table IV (CONCLUDED)

Mo

A, RARAF
h.RRRF
6, QKR
6, BARE
hL,RAHAT
A 83AAT
h,RRAF
6. R6AF
hL.BRAF
H,RAAF
A, RKAC
h, BAQF
6. BRARE
A RAAE

nn
nn
nnN
nnN
nn
nn
AN
nn
adal
nn
an
an
0
nnN
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P

4,617F
4 ,5R7F
4, 963F
&, 474F
T .5R4F
R, GAAF
1.91F
1.101F
1.427F
1.AR?F
1,922F
2.117F
2.331F
? W IKAF

An
aAn
AN
nn
nn
11a
ny
™
M
M
M
ny
Ny
a3

PIP o

3,N83F
3,934F
1, A27F
5,N64F
5.989F
5, 995F
7.954F
Q,52RF
1.12723F
1 2R4F
1.414F

1.559F
1.580F
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Table VI
AXISYMMETRIC MODEL SKIN FRICTION DATA

RUN  GAGE Moo v

10 bo1.T17F N1 6, T74F-013
19 16 1.113F N1 9,485F=N7
10 T 1L113F N1 L 4RTIF=AD
10 Ao1.112F MY 1, 7A7E-130
10 5 1.113F A1 2,341F=12
10 A 1.113F A1 3,129F-72
10 71,1135 N1 2,78AF-07
10 T 1.113F N1 4,R78E-rD
10 O 1.117F A1 7,6R1F-1D
10 12 1.113F A1 1,5231 -1
1e 131 1.113F N1 2,879F-1)
2N 1 1.1175 A1 7,135F=n3
P00 16 1,117 M1 6,411F=70
2n 3 O1.112F M1 1,473F=-10
2n 4 11128 N1 1,733F-702

2n 5 1.112F 71 2,744F=N7
20 A 1.112F N1 3,21AF-1T2
2n T O1.112F 21 2,8]12F-92
2n 21,1127 N1 4,921F-12
2n 7 1L112F Y T 944F N7
20 1Y 1,112 DY 1, 179F-2)
an 12 1.112F N1 1,4C2F =7
a0 12 1,112 N1 2,573F~1]
20 16 1.112F 71 G, CRRE-"1

21 1 o TR2E N 4L, R4RT N Y
21 1A A,7R2F NN 2, 027F=-11
21 Q.T782F "N T, 11602
21 Q,7R2- N 4  7ClF-12
21 QA,TE2E AN 6, ARRF-ND

2
4
t-;
21 T S.T7R2E 0N T 4RDPF =00
21 2 Q,TR?F AN 1,118F-71
21 2 9,7%2F "1 ] ,209F =01
2 T R,7%2F "1 1 ,ACTF-N
21 2 Q,7T8?2F NN 2,794F-"])
21 3 9,TRPF AN AL TRIF-N)

i

43



RUN

22
22
22
2?2
2
29
22
22
22
22
27
272

el
273
212
21
?_'l
21
23
273
?3
22
23
21
23

24
24
24
24
24
24
24
24
24

Table VI (CONTINUED)

GAGE

P

BT EEN s e - IR s R )

T

D NP

— s
NN - D

18

oI - IR I e |

Moo

9,5A/RF
9,548
9,54/A8F
q9,56R8F
Q,.546RF
qQ,548F
CQ.GhRAF
G,568F
q,549F
q,RKAC
a,5K8F
G,540F

1.127F
1.1?27F
1.127F
1.127F
1.,127F
1,127F
1.127F
1.127%
1.,1727F
1.127F
1.127F
1.127F
1.127F

1.127r%
1,137F
1.137€C
1.137F
1.137E
TL.137F
1,137F
1,127¢
1.127F

44

nn
nn
nn
nn
an
N0
AN
1N
nn
als
nA
o

o
n
b
2}
M
2}
ny
|
N
2l
ol
N

"1

m
™
"
11
1
™
™1

™

"1

g

2,I04F -2
1.423r -1
7,192 -1
2, N4E -7
heN12F=N72
Q"jq‘lg':_‘))
£, 836F-17
T 4285F=1D
1,21rE-01
1. 797F=-"1
24 ?RAF=N]
Se TAHZF-N

T.7R8FE =117
1,282
1.AENF=N)
2.174F =12
A, 217F=92
4,820F=n)
5, 135F =17
7.070F =17
1.118F-01
1. 413F =)
7. 13RF =11
3, 945F=1
1.120F 9

1.475F =12
1. 341F=-"1
). SR4F ="
2.4176-72
4, 1FKF=-12
A CCYIF="2
AeTERFE=N2
8,8537F-17
1.768F =11



RUN

7?5
25
25
75
25
25
25
2R
7K
25
7%
25
13

T3
2h
26
24
2¢
26
24
P13
26
2K
26
2&
26
26

27
27
27
27
>7
27
27
27
27
27
27
27
27
27

Table VI (CONTINUED)

GAGE

o

Fo - TR U I | B e

i~ R ™A

s
FYIRR]

bl
S

vt ik pank —
A AN oD ~NPA P R -

7.777F
T.TT7E
T.7TIF
T.TT7E
T.TTTF
7,777E
7.777F
7.777F
7.777F
7.777F
T.717F
7.777"
T.TT7F

7,287
T.R87F
7,887F
T.RATE
7.ARTF
7.287C
T.RAF7F
7.2R7E
T.8R7F
T.837F
T.eRTE
7.R8R7F
7. RATFE
T.aR87F

7.98Nnc
7,908n"c
7,980
7,98MC
7.00rF
T.9anc
T.ARNE
7.08nF
7.98NF
7.98n7¢
7,08nC
7,.900¢
7,08n1F
7.QRMNE

45

nn
~n
nn
An
nn
A
AN
alal
iala]
N
an
ada!
ala

a0
aly
ala
an
AN
~n
an
an
ol
k)
[alal
A
no
no

An
nM
nA
an
nn
nn
"'\f\
an
nn
"N
nn
[aFa]
"N
an

-

7,£1F =113
4, FEAF-ND
1.027F=12
1,2C3F=n?
1.904F =2
2, 243F =17
2 AILF-ND
4, 112F =1
S."N7RF=-02
5,7TARF =12
Q,0409F -2
4, 4VF-"1

1,745F =02
7,?83F-17
1,324F="2
1,579F=N7
?2.RAF-ND
2. REIEND
3.3R4F-17
4,103F "2
£L,ONRF-N?
R,NETE=N2
Q.,‘:D‘-\F-—’)?
1.567F="1
1.7 N0
1, ACRF 1N

1,£60F=07
1. 543F=7)
2,118F-12
2,16 =I2
2, 524F =7
4y HENF=D2
£, ARLGE="D
R, 13NF =12
1.2876-11
1.426F="1
1.°269F-01
2, 4R4F =)
2,076F NN
3, £1RF NN



RUN

2R
2R
2R
2R
28
28
29
2R
28
rds
’R
2A

20
29
20
20
29
20
29
20
20
29
20
20
20
20

1n
.‘Af‘\
an
3N
an
an
3!"\
an
3N
3n
AN
1‘!"\
3N

Table VI (CONCLUDED)

GAGE

FUNEY B e T B IRN B | I

—

F-IEEN TN NG | I~ RN e

e N
B N

Moo

K TADF
A, THIE
b.T42F
hJ.T4OF
f.747F
6,T4IF
boTHIF
b, TLE
beT4IE
£.747F
hoT40F
A, T&4DF

b, TG?F
h,TQ2F
5,7G0C
A,TO2F
h,T7Q2F
AR.TO2F
fa. TOPF
he TGPF
he TOQ2F
H,TO2F
A, T1072E
6,7TQ2F
hH,TOPF
A,T7TG72F

T.213F
7,912
T.212F
T.R13F
T.89173F
T,812F
T.913F
7.R]1E
T.8213F
T.R13F
T.R13F
T.R13F%
T7.812F

46

AN
an
nn
N
nn
ol
no
an
nn
nA
akal
T4l

nn
als)
nn
an
aly
nn
NN
AN
nn
nn
nn
alpl
nn
N

an
nn
nn
An
e
an
als
nn
nn
nn
An
An
an

~

1,688F =N2
1, T08F =1
?.473F=""
2, BPAF=12
?.GCEF=12
4, R6NF=N2
5,107F =17
S.A11F =10
8,919 F =17
1.335F =]
1.413F =0
?.629F =0

ENEE T Y
1.710F—r‘1
2, 948F-N7
2, AEAF=N2
4y LS4F=n2
Fot14F =02
T.314F=-07
2.110c-97
1.%49E -
?e776E-1)
?.719F =11
4, INAF-M
2, RERE NN
1,1£9F 1N

£.1146F =03
1, 785F-02
R.4310F-"7
9,273F-13
1.,208F =12
1.2755-17
1.829F-n7
?,795€-12
2, P40F =12
4.423F =02
4,517?F-77
4, 482F-71
A CLDE=7]




Table VII

AXISYMMETRIC MODEL HEAT TRANSFER DATA

RUN

19
19
19
19
19
10

1o

20
i
e Ta}
n
I n
an
N
20
an
20

21
M
21
21
21
21
1
21
21
21

27
22
22
27
22
22
22
20
29
22

GAGE

P e

~N > N &,

)

-

o T s Qe RN I L

NN e

-
LY R - I - RS A

3O n NN

qav
3,990r
2,151F
1.147F
7,381F
3,8513F

AL TRQF
1,122E

4,394T
Q,5073rF
1.7278cE
P.H0FE
4,108F
hT2ANF
1.06NF
t.pNAar
2.,7anE
?2.773F

4, 186F
3L 4TTF
4,730%
R REAF
1.5%9¢
2 404"
3,815F
5,NA9F
8,417F
1.0neF

3.474F
3, 1644F
3, 594F
6.556F
1.114F
1.657F
?,578F
4,375F
f,H4NF
8,577F

47

RUN

72
23
272
23
23
E
22
213
273
21

24
24
74
24
24
24
24
?4
24
24

25
25
»s
25
25
25
725
25
1
2?5

pa
2 A
A
26
7?6
26
26
26
26
26

GAGE

I s B+ B e I e I

—l
N [0 T T S R T S | B0 S N DI 0 NI NS g =

b IR R s B S LN ) R

dm
R,10n7
1.150F
1.531F
2,47217
bk bF
1.,049F
]‘1¢§Oﬁ
?.151F
2, Y4FRF
A, 44L7F

Y. ARTRE
1.747F
2,101
4,977
9,2?88F
1.487F
2,720
2,B11F
4fo2872C
4 ,3N0F

Z.81R%
S.151F
l:,.?]O.C
1.0N28%
1.647C
?.614%
2,221F
4,874F
£,0072C0
R, 7207

2,120F
ho4ATE
R,)70F
1.412F
2,1 &F
3, NATE
4,1anc
L ORE
o, n20r
1.r71E

A
A

"

"t
M

"o
D
n3
>
D

~n
"

M

1

"
no
12
r?
">
n?

i Bal
lalal
aral
2R
~1
M

"

"
!
M

AR
~A
an
"
A
"
"
"M
~
N2



Table VII (CONCLUDED)

RUN  GAGE qav RUN  GAGE qav

27 1 5,917F N0 31 1 3,5896F 7N
27 21,7288 M 31 2 ALIARE NN
27 T 1,6ATF N 1] 3 1.365F M
27 4 2,9A7F N 31 A 2,234F N1
27 5  4,540F N} 31 5  2.965F N1
27 A4 AJHAGFE N ER s 4 ,541F N
27 7 A,7A7F M) 31 T R, T4AE N1
27 8 1,?75F 02 a1 a T,7T11F N1
27 A 1.680F 02 ER! 9 9,547F 7]
27 17 2.0%KF 0D 11 17 1,470 N2
28 1 1.7/3F M 32 1 A,NBEC NN
2a [ AL 32 2 A,414F 00
28 1 R,2NE M 37 1 1,NNIF M
8 4 5.7A1F N1 32 4 1,892F N1
28 5 T.ANTE N a2 82,9947 N
28R A 1,735F AD 37 6 4, 214F N
2 A T 1,790F 92 32 7 4,947F 0}
2R 9 ?2.6593C N2 12 q &,5R8" N
bl O 3 45AKAF NP 19 o 8,870F N1
X 1N 4, RATF ND 22 1N 1,38RE 7O
20 1 2,771 F ™M 32 1 2.17M1F M
20 P 4,7PRE N 33 7 2,434F ")
20 T 8,871 M 31 T 2,2172F M
24a 4 Q_85N2F Ny 31 4 4, 4600F ")
20 5 1.416F NP2 32 5 A,2I858F "
29 A 2,114F N2 33 A 1,197F n2
20 T 2,NP0F N 31 T 1. Y4EE N2
el ] 4,337F 1 32 A 2,n17F N2
7?0 g R.871F N> 32 N 2,000 N2
20 117 7,343F 9D 13 10 4,191F n?
Eia 1 1.762F NN

N 2 2,437 NN

an T 4,18%0F N

3N A T .ROTT AN

3N 5  1.ARGE N

an A 1.A05%8 M

3r T 2.412F 01

3N 2 3,442F N

a0 7 4,K10F N

n 1Y A NLIEE N

48



RUN

1w
1o
17
1
10
10

7"\
s
2N
an
on
21
n
20
0
vis
30
20
"
2

2

21
21

21
1
21
21
21
21
21
21
3
21
1

GAGE

— —
P - U ) BP

oD ~NITAPS DN -

[I R R e
N Y= DD

r— bl
DD D NN NN -

[e—
k.

[ -

Mo

1.112F
1.17172F
1.1173F
1.1172F
1,112F
1.117F

1.117F
1.112F
1.1127F
1.,1172¢
1.112F
1.1102F
1.110F
1.112¢
1.117F
1.112F
1.112F
1.112F
1.112%
1.117F

qQ,752F
q,¥T52F
qQ,7872F
a9,752F
9,7872C
9,752F
9.,757F
qQ,7R2E
a,T52F
9,.T852F
G, T782F
a,T782F
9,T7R2E
q,782%F

Table VIII
AXISYMMETRIC MODEL PRESSURE DATA

"1
M1
~1
n1
N
M

2}
1N
"1
a3
"
"
"
01
N
N
)
2}
o} |
1

nn
An
nn
nnN
~e
nn
an
"N
[]
non
"N
An
0
nn

P

1, 493F-11
2,0K0FE N0
P SR4FE=N]
1.511F-"
1.770F 20
2167 M

1.533F-1]
2,060 N0
2.841F-"1
2, 564F-91
5, FAIE-NY
fo22UF-(1
A, 280F-N1
1.777F NC
1.5R1F NN
2,A70F 1N
7.267F Ar
1.188F M
2.073F M
2,708 7

2.6087TF=-N]
AL E2TF °C
4,3A2F~1
£, RASF -
Q,7a1F=-N1
1.08RE an
1.43°%F o0
1.518F O
2,1€9F 2f
6. 6ORE DN
1.166F 21
?.C41F T
3.ACTIF N1
4,778F (1

49

PIP o

1.7715F
1,750F
?.189F
»,94Q9€
S,133F
1.851F

1.297%
1,7HNFE
2.181F
3,.717F
4 ,?R3F
5,277F
6 .390F
q9,]118F
1.A77F
2,73%F
A.1E1F
1.M04F
1.755F
1,8A0F

1.140F
1.539F
2. 1056F
?,794F
1,R53F
4L, HHRF
H.174F
8,174F
1.357F
7 R4IF
4 ,940F
R,661F
1. 443F
1.R1AF

ne
~
re
nn
nan
ra

An
AN |
rn
~
a¥s!
nn
AN
ofr
ry
m]
™
n2
Ao
A9

nn
Ml
[alFal
nA
re
an
nn
nn
r
"
n
AR |
az
na



RUN

2?
29
22
27
2?7
2?
22
27
27
272
27
27
29
22

23
23
27
272
21
23
21
23
213
23
23
21
22
27

GAGE

2o~ IN N

[EF RS S )
BV Rt e |

—
-

[
W 3 NPT AP

14

Table VIII (CONTINUED)

9,5A4AF
Q,8ARFC
G, RAHRE
G,5ARF
G,56RF
Q,.5ARF
J.RA8F
C.5AR8F
q,5hKRF
Q,5K08F
S,5hAAF
Q,548F
9,5ARE
q,5KRF

1.127F
1.127¢
1.127%
1.127F
1.1727€
1.,127F
1.127F
1.127F
1.127F
1,1727F
1.127F
1,127¢
1.127F
1.127F

on
nn
nn
falal
nn
an
AN
an
AN
0
nn
an
AN
10

n1
m
"1
™M
M
21
"
M
M1
M
m
Nl
m
71

P

7. 932F Nn
4, THRE -1
S5.4R2F=-11
T.ARPF =11
Q9,702F-M
1.1972 nn
1,507F AN
2.A96F N
S.,793F 1N
8, 328F In
1. 458F N1
2. 6N8F M
2, 428F M

1.930F=N1
3, 114F N0
3,45%6F=-11
4,4847F-01
be SCEE-T]
ReT124F-71
1,195F 10
1,5857F A0
2.7TR3 20
5.5G&6F NN
S,1raF NN
1.683F 71
2. T16F M
?.8REF 1

50

PIP o

T432F
2. THETF
2« T8AF
1,893F
4 ,A81F
g.nnqﬁ
TeFR1AF
1.363F
2.074F
4,446TF
TL,3A1F
1.3 7F
1,733E

1.NF
1.754F
1.947¢
2.505F
3.8G1€F
4,915F
A.T31F
8,771 F
1.568F
1,278F
5.458F
Q,314F
1.53nF
1.6725F

re
~1
an
nn
nn
~n
nn
nn
A1
ri
N
m
no
r?

0N
~
ro
nn
s
nn
en
[alal
rl
o
2!
'al

-

nz
nJ




RUN

24
24
24
24
24
24
24
24
24
24
24
24
24

24

25
L
25
2
28
y 1o
2K
LAY
25
2!:
25
25
7%

26
24
24
2k
26
25
2K
26
26
27
26
26
76
23

JESRH

0 0 ™ N4 0 A wa

e — b .t
Moo~ D

Table VIII (CONTINUED)

M e

1.137F
T.137F
1,137F
1,137F
1.,137F
1,127F
1.137F
1.137F
1.137F
1.,137F
1.127F
1.137F
1.137F
1.137F

7.TTTF
7.777F
7.777¢
7,777%
7.777F
7.777F
T.TTIE
T.TT7TF
7.777F
7.777°F
T.TTTF
7.777F
T.777F

7.287F
7.R87F
7,.887F
7.R_7F
7,887F
7.8R7F
7.887F
7.887F
7.8A7F
T.8RTF
7.827F
7.887F
7.8R7F
7,987F

AR
1
M
AR
N1
M
™"
M
ah!
M
m
m
M
m

nn
nn
an
an
nn
AN
nn
N
AN
nn
nn
an
nn

an
a0
nn
nn
nn
nn
an
an
10
rn
nn
nn
nn
nn

P

4. 46NF NN
4, K21F=-N
5.992F-91
9, 081F-1}
1. 215F N
1,A12F N0
7« 1B5F A0
3, A0RE AN
R, 384F CN
e 379F M
?2.391E M
3,737F 11
1,600 01

1,5A3F 1N
2. 776F-01
3.634F-11
4,271E-01
5.55CF-131
f.9RAF-D]
A, 137F-N1
1.764F 71
2, 1172F NN
2,£G1F N0
5.512F nC
9.65%6F 1N
1.542F 7

2. CREF~NY
7« 52727F N0
4.,411F-11
5. 519F-11
T.164F=11
Q_‘QF?F_!}]
1.125F 1N
1.378F 1
2. 214F NN
3, 4AR3F N
by ?RHQF ON
Q,214F 00
1. 5ARF I
2.,873F 0]

51

P/P o

1.774F
1,951F
1.618F
2 4RTF
2, T59F
5.M43F
& ,60NFE
G.MKAF
1.591F
3,4ATF
5., 7?5F
O,924F
1.881F
1.619F

Q,an7F
1,721F
2, P94F
2, NTAF
3, 8N5F
4,201k
S.2h4F
R, AN4E
1.4A0NF
?.321F
3,4R1F
6,M97F
1,737F

1.272NF
1.M3YF
1.803F
? . P56F
3,173F
2, ATLF
4 ,59AF
R.,hH18F
9,180F
1.507F
2.5A8F
A, THAF
h,4C9F
1.052F

ro
r1
no
ner
AN
rn
nn
[a¥al
~
"M
r1
M
no
n»

na
e
an
falal
ne
nn
an
no
™M
Al ]
~1
"l
n2

0n
S

nn
nn
nn
an
[alal
nn
nn
N
r1
N
n

ro>



RUN

27
27
27
27
27
27
27
27
27
27
27
27
27
27

2q
2p
20
e X
28
el
29
7R
2p
2n
28
20
29
on

20
20
20
29
24
29
an
20
29
20
s0
29
20
20

GAGE

DW= NN

— —

4 M

FURESIE T I RS S

v pod o
MM~ 305

vl
PN NS RN

2

M
12
13
14

Table VIII (CONTINUED)

Mo

71.98CF
7.080€
7.980F
7.980F
7,98NF
7.98NF
7.980F
7.9R0F
7.980r
7.980F
7.980F
7.980F
7,9R0F
7.980F

A, T4PF
f.T42F
heTHOF
h.TG2F
6.T47F
A, T4DF
hoT4IF
b,T4OF
hoT4?F
A T4H2F
haT42F
A, T4H2F
b TLIF
A, T47E

6,Ta70F
6.792F
6£,792C
£.792F
f.797F
A,TOPF
AaTA2E
foTO2F
6,792¢
6,792F
£.792F
h.T92F
6.,792F
A TO2E

oy
an
nn
an
nA
AN
AN
no
nn
~o
nn
"n
Ao
nNn

Qﬂ
AN
no
a9
nn
an
A
AN
Xy
an
nn
"N
nn
an

an
nn
nn
"N
an
nn
aFal
an
an
nn
an
AN
nn
an

o C4SE-11
5.867E A0
R, 66TF =11
1.795F 00
1.8T4F 10
3,900F 00
2. B64F AN
1,779F N
4,8R9F A0
R,AICE Ar
1.428F 71
2.121F 91
3,857F N1
5,547F N

2,993F-11
2,939 NN
5,020F =11
7. 138F=n1
a,£20F="1
1.79GFE AN
1.271F ¢
1.648F N0
2.799F An
4,56RE N0
7,909F an
1.CS81F 21
1.931E 7))
1,280F N

7,816F="}
5, 770F N0
1.116F 00
1.359F AN
1,919 9N
2.191F NN
2.,Hh57F NN
3, 2RAF N0
S.412F NN
A,£10F 90
1.254F 11
2.003F N
1, 624F N
R, 7£0F 01

52

PIP o

1.195F 01
1.140F 0
1_71nc [alal
2.164F 71
1, 11586 rr
3,0%2F An
R.ﬁﬁRF ne
AG,NRAE 0N
G RAZE NN
1702 MY
2.842F
A 193F N
7.M30F MY
1.176F N>

1.NA2F AN
7,158 Nn
1.551F rn
1.R9RF 10
?,558F N
2.974F N0
3,645F N
4,387% NN
T.Q&WF 0"
1.216F M
7.07T7F N1
2.,802F €1
4.270F M
R,A42F N

O ABRF=-Y
TL,L12F NN
1,4%3F N
1.7445F N
P.33KF 0N
2. ERK/F 7
R A4PKRF DN
4,1RKF NN
b OB4F NN
1.1706F M
1.739F 1
2573 M
4,827 0}
TL411F N1



RUN

3n
3N
an
3In
3n
‘gﬂ
in
n
3n
an
EYa
30
n
an

1
31
31
31
1
31
kX!
11
ER
N
ER
M
LR
11

17
37
12
17
17
37
37
37
£V
32
17
1?2
3>
1>

[~
b
[ 2]
m

—

PR N R | B SV | S

[
NN o= T D

14

Table VIII (CONTINUED)

M e

T.91*
T.211F
7.,R13F
7.813¢%
T.R13F
7.913F
T.R8112F
7.812F
T.8173F
7.813F
7,R13F
T.Q13F
7.813F

Ae THAT
h,T5AF
A, TRAE
f, THAF
H,TRAT
6.T54F
b.THEF
6. THAF
A,T8AE
h,ThAE
h.TBAE
&, TRAC
H, TRAT
A, TSAF

h, TARF
AL,TREF
h,TR5F
5 ,7REF
6. TRRF
. TARF
h.TRASFE
A,79RE
H,TRRF
f,TA5F
b, TASE
A, TASE
h.T785E
6. TREE
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Figure 16  TWO-DIMENSIONAL MODEL FLOW PHOTOGRAPHS
(a) MODEL E-2 SCHLIEREN, RUN 1
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Figure 16  (CONTINUED) (b) MODEL E-2 SCHLIEREN, RUN 2
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Figure 16  (CONTINUED) (c) MODEL E-2 SCHLIEREN, RUN 3
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Figure 16  (CONTINUED) (d) MODEL E-2 SHADOWGRAPH, RUN 5
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Figure 16  (CONTINUED) (e) MODEL E-2 SHADOWGRAPH, RUN 6
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Figure 16  (CONTINUED) (f) MODEL E-2 SHADOWGRAPH, RUN 7
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Figure 16  (CONTINUED) (g) MODEL E-2 SHADOWGRAPH, RUN 8
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Figure 16  (CONTINUED) (h) MODEL E-2 SHADOWGRAPH, RUN 9
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Figure 16  (CONTINUED) (i) MODEL E-2 SHADOWGRAPH, RUN 12
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Figure 16  (CONTINUED) (j) MODEL E-2 SHADOWGRAPH, RUN 13
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Figure 16  (CONTINUED) (k) MODEL E-2 SHADOWGRAPH, RUN 14
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Figure 16  (CONTINUED) (£) MODEL E-2 SHADOWGRAPH, RUN 15
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Figure 16  (CONTINUED) (m) MODEL E-2 SHADOWGRAPH, RUN 16
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(d) MACH NUMBER 7, SHARP NOSE
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AXISYMMETRIC MODEL FLOW PHOTOGRAPHS
(a) AXISYMMETRIC MODEL SHADOWGRAPH, RUN 19

Figure 20
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(d) AXISYMMETRIC MODEL SHADOWGRAPH, RUN 22

(CONTINUED)

Figure 20
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(f) AXISYMMETRIC MODEL SHADOWGRAPH, RUN 24

(CONTINUED)

Figure 20
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