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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 
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dynamics Group.    The final report was submitted in April 1968. 

This technical report has been reviewed and is approved. 

Philip P.  Antonatos 
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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-lnch Leg of the 
Hypersonic Shock Tunnel on a two-dimensional and an axlsymmetrlc 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 lO? 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 axlsymmetrlc 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 Invlscid 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 deoendent 
Öresfi1™0/Th kn0wled8<: °f the boundary layer flow on The var^us com- 
pression surface comprising the inlet configuration.    Boundary layer growth 

bo?h a Vhe l«^^/ '^ of ^ inlet V*** - ^«-ent shoc'k 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     to addi 
turn,  boundary layer separation from the inlet compression surfaces may 
occur creating additional shock waves with further losses in tota! pre^suL 
Boundary layer transition will occur,  except at very high altitudes (VISOK» 
and Mach numbers (>12). with a resultant increased ferodynamic hea S 
and skin friction drag.    Despite the increased heating and drag, T mrbuS 
boundary layer may be an asset because of its ability to negotfate larger 

ratTn.86 ^eTan si1"^j6^8 than/arTinar bOUnda^ l^rB «n without Lpa- rating.    The wall skin friction of turbulent boundary layers in adverse 
pressure gradients comprises the subject matter of this report 

ottinJSV'l0? "P0^ herein i8 concerned with the experimental invest!- 
gation of turbulent boundary layers on continuous compression surfaces at 
hypersonic Mach numbers under the influence of large^dverse pressure 

werfavaüab^r^r ^T ^ 8u«iciently high Reynolds'numbers 
modeMenSi »nHtl       K   hira.1J

b0Undary layer tran"tion within reasonable model lengths and thereby avoid introducing boundary layer trios as an 
influence in the experiments.    Direct local skin frictLn measurements    in 
com™     P"""" and heat tr"^" "tes.  were made on contt^uous 
!n^   K K*0n 8

r
urface8 t0 P"^^ data which can be used to evaluate the 

applicability of existing turbulent boundary layer theories     fa addition th« 
data can be used to improve existing, or develop new    m^h^r^- 
turbulent boundary layer characteristics P '  methodB of P'^icting 



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 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 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. 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. 



The down-tream end of the -ho. k tube i. t"mlnV i^Bhock tube 
divereent nozzle.    The ratio of the nozzle throat area to the »»»ock tube 
cross-secUonal «ea is small, however,  so that the primary shock wave 1. 
nearly completely reflected upstream from the throat,  leaving > regx^ of 

almost stagnant,  compressed,  and heated air at the end of  Je low.pre..Ure 
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 dr^" 
sections^ thePgas interface becomes transparent to the shock wave «^ted 
upstream from the throat,  i.e.. no gasdynamic waves «»^'"™ *" 
"nterface-shock interaction that can subsequently dl8t
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air-suoolv conditions.    Since the states of the gases on both sides of tue 
interface must be carefully matched,  this method is ""^.^^^^^ines 
interface" technique (Reference 1).    The limiting wave, which then determines 
he maximum avaTlable testing times for the tailored-inter ace t-toique    is 

the UadhTg expansion wave reflected from the driver end of the tube      The 
test Urnes available are approximately eight times those achieved with the 
same Ungth tube operating as a conventional nonreflected shock tunnel. 

sectio^rra^Ä 
Hb-SrÄrft^Ä^i^^Ifl^Ä ^pera- 
tu ru'o bl'dupUcated It a giv/n flight Mach number, the ^k velocity or 
shock Mach number is then uniquely determined.    The shock Mach number 
f«    in turn    a function of the pressure ratio across the diaphragm for given 
dAvergls'mUture'^and initial temperatures of the driver »nd driven g.s^ 
In order to tailor at various shock strengths,  provision "™^*t°™y*ls 
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 Jsymmetric (Phase II tests) and are typical °^he,t^o

8
ck

of
lo

C
8

0
8^

raet 
surfaces which might be used in hypersonic inlets.    High »hocklosses at 
h^ersonic speeds dictate that initial angles of inlet surfaces be small. 
C^nseouentlv the two-dimensional model has a sharp leading edge and an 
fnXl wedle angirof 3 degrees and the axisymmetric nose is a sharp hollow 
cvUndeTwhlch was vented downstream of the model,  allowing flow through 
the Lteri« of the body.    The aft regions of both models are designed for 
lsentrop7c 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)-! 1747. 
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, ^  ,  is -0. 5 reflecting the viscous 
induced weak favorable pressure gradient.    Aft of this  5 inch station 7?   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 
3?   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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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 (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 coaled 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 



eliminate error, due to acceleration from the average ™W *£***? ** 
time,  it was discovered that the gages were being phy-icaUydarn'ged by 
acce erations of the model during tunnel flow breakdown «J ^ *2<* >• 
These model accelerations were measured and were found to be man, times 
greater than the accelerations experienced daring the te8t

aXthe natur" 
frequencies on the order of 10 to 12 kc which is aPP""1"»^ *« ^"U 
freauencv of the gages.    The resulting resonance of the gages was felt to be 
arSely re.ponBib8legfor the damage experienced.    To isolate the -^menta- 

tion from the model excitation, a shock mount was designed and bench checked 
for the skin friction gage.    This mount provided for 'u^r 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 
he back of the gage Lousing which lowered the natural frequency of the gage- 

mass system.    T^ical skin friction gage outputs during testing are indicated 
in Figure  12. 

The aew 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 t'*™™***:.. 
Calibration of the gage outside the model was not only possible but desirable 
«ince'for concaveMlrvatures.  such as existed on these models, it is not 
possible to apply a purely tangential force to the p8e diaPhra8m.s-1 ™* 
Calibration consUts'of applying known forces to ^e 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 ^/». 

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 I /4-tach.   These same diaphragms were then hand-contoured to   he local 
model Süs for the axisymmetric model and again the surface contour over 
a length of I/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 
eUment"! a thin platinum strip painted on a Pyrex substrate which conforms 
to the local model'contour.    The gage is then fired at c°ntr

k
0"ed

5
c°"ft0 

resulting in a thin film of metal,  typically 0. 1 micron thick by 5 I™ ^ 
0   5 mm;  and fused to the Pyrex insert.    Since the heat capacity of the gage 
U ne^Ugible. the film temperature is equal to the instantaneous surface 
empera'ture and is related to the heat transfer rate to the mode   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 passTve analog network which produced a step output that was proportional 
to'he heat transfer rate to the model.    An IBM 360 computer pro     am then 
uses the analog network output voltages to compute heat transfer rates. 
The computer automatically makes small corrections for the variation with 
temperTture of the heat transfer gage substrate (Pyrex) properties and the 
nonlinear resistance-temperature characteristics of the platinum strip. 



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 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 condition, of P«"««'„^0^ te^rom^To^ition. 
computed by "Burning -entrop.cexpans on f^^J^ nwlhet which 
behind the reflected shock in t^ »ube t0 1J^e8

alibratlon8.    The calculation 
has been previously ^"^^j'^^'iSe* the effect of molecular 
e^o^^V^/h^^cVscillator model for the diatom. 

constituents of air. 

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

(1) 

and (2) 

where ^ A   ^W    V,^" ^^Ä ^ ^^b^S 
(Referen/eVlD. uf ™ ^^^^L^ .hock tubV   *.   is taken from 
releVe^Vz^ri-e"^ X ^ ^h run.    /ree-stream static 
temperature is obtained from 

,   /< /*       -.«J   "C^ include vibrational heat 
^it^n^«^^ ofe. f^-g aeration between U  and C, . 
Free-stream pressure is calculated using     _ ^ 

^A)   real where P    _    \  / *l 
Pf {P/Po)    Perfect 

i8 the real gas correction ^th^i^s^^o^l^essu^^as ^^ 

described in Reference '^^'^X^Bured pressure behind the 
^eae^rk^Th^o^celata us^n this tecW are References U 

and 14. 



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

^ "Af^    JVoofireo (5) 

/So   -   Go/XT^ (6) 

Values for absolute viscosity (/*■) used to compute Reynolds numbers 
were obtained from Reference 15 for temperatures below SOO'R and from 
Reference 16 for temperatures above SOO'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 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 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 Isotropie.    The 
general heat conduction equation is 

(8) 

where a ,  C , 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 solutior, is obtained 
for the heat transfer rate, 

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

W \ ^A)>| 
'**f.oWF?*\'?•' Z*("*)'* 

n* £<>    (/t-rtV* 

where       i    -   time interval between tabulated data points (typically, 
50 microseconds) 

H   =   time index of the point 

Z0  =   running time index 

11 

(10) 



subscript 1 -   value of parameters axn       time increment 
th 

subscript/>=   value of parameters at/"      time increment 

When the gage temperature rise is greater than lOO'R the temperature 
dependence of (/»M)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 q-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 
l-al 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 q-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 schiieren 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 readinßs 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 pr?^Ojre 
rise compared to the inviscid pressure rise is observed at the higher ..lach 
number,  lower Reynolds number conditions.    This behavior is qualitativtiy 
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 Figurel 5(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 VI,  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 1 1 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 ir.iluence 
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     sar 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 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/ft^- 
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 mot'el 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. j^ 



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 

, Jhe
f
d^ta reduction program computes free-stream static pressure 

irom the following equation: 

^ =(',/''r)("-**'z)     f0 (ID 

where (P/fp) 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%. 

aa ^IM116 efpCtu0f Mafh n
1
umber 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 

11.2 . 1255 
9.9 .0911 
8.0 .0765 
6.8 .0709 

Ma.l, K ,* normal error distribution in the calibration,  then the mean 
Mach number value may be taken to be the actual value of Mm .    The validity 
of assuming a normal error distribution may be seen by an analysis of pitot 
and reservoir pressure errors as they affect Mm.    The ratio of pitot to 
reservoir pressure can be expressed as: 

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

M I + * * "Z, a.** ZVj -/ * /Af* (i3) 
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therefore 

^7^ -- c/vZ (14) 

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

^-VMW^TW ""flf _ ,    ,s     .     I      \*i ~   \ //..(«»».       i /ICl 

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  M^ is ±1.2%, 
Since O/M i 1. 2% then,   0" can be seen to be within the accuracy of reservoir 
and pitot pressures. 

The precision within within which Z^, is known is affected by both the 
accuracy within which PB   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: 

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

11.2 ±8.7% 
9,9 ±8.5% 
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, I*, 

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 
da'-a.    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,    ^n 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 VITI 

CONCLUSIONS 

Hypersonic shock tunnel tests were conducted on a two-dimensional 
and an axisymmetric compression body typical of hypersonic inlet comprussion 
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 dc.ta 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) 

RUN NO. 1 ■» 

« /t    ^ ^ O c ^^ 
^ • 
« o.o 

Mi ^.ll1r rt r» 

to a,->S1<- TT 

n 7 

«,.<"• «"^ ^ ^ 
u. q f no?«" ^T 

T«, R,-»TOC 1 7 

P« 1.41"= r\r\ 

"1 

XJ« '.."'>' c• _ n7 

Re/FT /..mr ot 

;> 
" 1 

«• B, '»«.Of. .'« 7 

VF p ,>, ""ir -^1 

P.. 

■». "»i017 

1.OTÄf 

"A 
rt 7 
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Table II 

TWO-DIMENSIONAL MODEL SKIN FRICTION DATA 

RUN       GAGE H_ 

1 1         1 . 1 "/.c ^1 7 177F_17 

1 ■>        1 . t^AC n 1 4 ( TSOF.-M 

\ 1        1 . 1 "«c fy | e T77r.ni 

1 4        1 , ' ',4C ^1 1 . 1 ■"iF-'P 
1 «>        1 1 i/vr n } 7 ,   T7«>r-'>7 

t ■p        1 . 1 ^A«- fS } 4 S"]r-17 

1 "»        I , 1 "«r n t /, .T/,|F-17 

1 n      ^ .1 n'.c "1 /, S7qp_-<? 

1 1 -i      1 . t"'.P n i c (7CSF-17 

1 11       1 .1 ^«^ o i *, '.01F_-17 

1 ' ■>      1 . t^^*" 11 7, ) /.IF -IT 

1 1 ■«      1 . 1 ',4'- ^ 1 7 qoir_-> 7 

1 )',      1 . 1?4<" n t t , '"7/,F.'«1 

1 i <;     i 1 «^c o i 1 irtc.Ti 

9 1     1 .n«"- 11 R 707F-1^ 
-7 7         ] ,1 1 ar r\ i 7 ->77F-T1 
-» 1          1 ] 1 or n i 1 , ) e«r-T 
? '.         1 .noc n ] 7 , -^^^d 7 
•» ^          1 } \t>r ^ 1 ^ «.cor-"7 
*) 7         | .1 1 or o t C j «)o«,r-,>7 

■> ^          1. n»'" i f «,. /, 0/,C_19 

■> 
1          I 1 1 <"■ ^ 1 «, , ^-^OF-^I 

■> 1 ^          < 1 1 or 1 1 a ^»,<.r-i7 

■7 '1           1 ! t or n | 0, S«.',r_'<7 

-> 17          1 , » t or ^ 1 o. 7«,-»r-^7 

■> n    i t 1 OC n i 1. lA-'c.-., 
T »'.    i 1 1 OC 11 I , /,MF-->1 
9 '*    i. 1 1 or n i 1 , TQ^r.-»! 

1 t    i 1   7TC ^ i c <.o?r ."M 

T 7         I 1 ?T n ^ o. S^IF--1! 
1 7          ^ 1 77r o i 7 '>7«(r-'<7 

T '»         1  . 1 'TC « T 7 Tm«F--)7 

I ^          1 . I->"'C ^ 1 & l^TC-IT 

1 T          1 t?"^ ^ 1 7 -■.■»ir.n 

1 9         1 .' ■»■"■ 
i ^ P '. f, 1F - ^ ? 

■< 1          ) 1 ■>"'c n i P 0 7 /. c _ 'V 7 
1 1 0          1 .' 'T,■ 11 1 (7HF-T1 
T n    » 1 ■>^r ^ 1 1 TMF-'M 
t i»    i .I'-'c i 1 1 t IOC.-*) 
1 i ^    i , » ^T ^l 1 •il«iF.-«I 
•» ".    i 17T n i 7 i r ^ r « ^ i 
■> is    i .1 '•"= O) 1 ^i^r-^i 
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Table II (CONTINUED) 

RUN QAflE M„ TT 

u 1 n,/,ry/,c -*^ 1. 7 7 tr-n 
u ■> r>, tS/.c ^^ 7# -jaiF-n 

'* < o.4K/.e ■>n 7,10SC_17 

u «. o.',S/,c TO s. s^r-n 
c <, T./.SAC ^o '..',1SF-'>7 
u T Q    /, c /»r ^^ !>. TP«,f:_17 
4 ^ 1. 4 S«. c «n 1. ll-'r-^ 
I. T o.A^r ^n i , n/.r-ii 

'. 1" o.-vs«.r ii I.Msr-n 
4 11 o.^S'.r ir\ 1  .  71   7F--*1 
/, 1 ■> 0.'«S',r ii 1 , 1 7/.r_ii 
I. 1 ■* ".'»S/.r ii 1 , <,/,4F- "1' 
1. }', n.-V^.c ii 1 ^ATF-^I 
1, IS o.^S/.r in 1 ,StfF-ll 

r. 1 O.S4'.C ii o. >«,AF-17 
S ? O.S^'.r n 1 # ) (»«.r_l-> 
S T 1 . S /. /■, t 11 '. . inf-i 1 
S '. 1,S44r ii 7, '„TOC-I^ 
e *, o,SAir ii i, <,iir-i7 
K 7 o.s^/.c ii i # 7isr-ii 
«; <> o , S4/.C in ' .'♦'•OF-->l 
c 0 Q, S /. /, c m J,   lO/SF-TI 
K I'« n.SA/.r ii 1.TTAF-II 

c 1 1 o.«;/,/.r ii 1  ,  1S/.C -11 
<; 1 ■> Q.SC/.c ii 1 . '.77F-11 
«; t ^ o.S4'.r ii 7.1?1F-11 
c 11 Q. ■; 4 A r ** i 7, AA/.P-I) 
S 1 S Q.SA'.r ii 7,740r-11 

A I r, q->-)r ■\f\ 7. M«;r_77 
«, '♦ 7,<»0->r ii ■>,on7r-i7 
fr «. T.aoie ii 7.77^F-17 
A 7 7, QT»C ii /. . ->4 1F-17 
^ n 7.qQ7C ii '4.A41F-17 
>. n 7.<»07r ii «.S^PF.I? 

«. 1 1 7.qO->r OO K. 7r,oF_17 
<. n 7,noic ii A, 7riAF_l7 
«. «j 7,q07c ii e, <>«>7C_17 
«. (T 7.qo-)r ii /,. it^r-^? 
«. ' '. 7,q'>->r in O,q7ir_17 
A 1 s 7.qi^c in »., s^-^r.i^ 
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Table II (CONTINUED) 

RUN      GAQE tr 

7 1 7 p«nc T> 1 7t7f_07 

7 7 7, «T*r 10 7, opqr_07 

7 1 7 pq" ^ ^ 7 0«9F-O7 

7 'f 7. pmp OP 7 O^qp _07 

7 «. 7 PQ-JC -<r< 7, 77ISF-')' 
7 7 7, qmc nn '. 1 74F-'>' 
7 q 7 PITC ^r, 4, «S^.OF.O? 

7 o 7 POTC IP IV SPfcr-O'J 

7 1 ■> 7 pmr PP c 170r-'>7 

7 1 1 7 poic TP & 777F_07 

7 !■> 7, noir ^n f. o^rJF_ 7 7 

7 1 1 7 P07r nr* *, 0B7F-07 

7 14 7 POT ryn p TOOF-07 

7 1 S 7 P07C nry B /,/,OF_o7 

A 1 7, CI07C TO 7, «.^PF-O? 

a 1 7 ,0'>7r ■\r\ 6 q| «;r-l7 

n 7 7 , 0O7C on 4 , 77Cir-07 

o ', 7 r)07C o « A t i,7^C_07 

a <> 7 ,017C -1« f S77F-07 

a 7 7 007r n,^ <. ^Q^c-O? 

a ^ 7 , OT'r r* r\ 7 c^PTF-l? 

p 0 7 O07r OO 7 .SRor-i? 

P 1" 7 ,007C O« O 7P ir-o? 

0 n 7 .OO'r OC 1 OPPF-01 

0 i ■> 7 QQTC no 1 077F_o, 

Q 1 T 7 .no?"- rt A 1 107F-01 
a 1'. 7 QO 7r ori 1 etlF-O) 

a 1 ^ 7 ,oo7r TO 1 S1^F-->1 

o 1 0 .1 ?7C ■> O S A7<JF-"(7 

o 7 P 1?7r on 7 770C_T7 

o 7 fl l^'C nr> P , | ,0F-07 

ft «. <» 1 ?7P on t 479F_07 

f> /, 0 ,177c on 1. i4».r-'<i 
o 7 9 177F OA 1 77,F-0, 

o Q P 1  ■»T'- or» 1 , 17,F-'>1 
o T 0 , 1 ^■'c on 1 T^J.F-tl 

o 1  ■> 0 , 1?7r oo 1 , «.TPF-O, 

o 1 1 Q ,77C oo 1 H7qr_o, 

o i y Q , t7 7r OO 1, ^IOF-0» 

o \ i P ,77c OO ?. Kssr-^i 
n 14 0 , ?77r OO 7 /,c;7F-Oj 

o 1 1 P, 1 '•"= OO 7, 7c;4F-01 
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Table II (CONTINUED) 

RUN        0A6E 

1° •> ^.q^sr ^ A 1.4Sir-T7 

1 n 1 »..««^sr in n, i7qr-'n 

«  A 6 «..q-^sc A n ■K, isip-n? 

1   rt «. >,,OABr •> r\ B,n70F-n7 

1   " 7 f,.«"«': ■> A P.MSF-^' 

'   ^ 0 ^.O^KC An 1 .n-,7F-ni 

»   ^ 0 «..««sc Al n,qS7F-07 

1   " 1   "1 «..qocr A<> ). »«^-"I 

i r n «..«OSC ■> A 1 .•»«."F-^l 

1 ^ \-> A.Q^KC on , . »1«.E-'»| 

1 n 1 T »..q'sc TA 1.«ÄAF-Tl 
i A 14 «,.qorc OA ? .-isir-Ti 
■ n IS ^.o^r on 1 . SA^F--«! 

1 *..fl«,OP no 7# SsnF-l? 

«> ft.q«.«'" nn , .^-MF-nj 

-F ^.«soc nn \ .«.qaF-nj 

O ^."»Sflf nn j , (^oor-ni 

I 7 *..«*« = nn 7# 7qnF-^t 

1 ^ t m.qfoc nn ».'«OSF-O? 

I? ■) ^.qfor nn l.l«.qF-Tl 

1 7 1 f,.«70C nn l.lltF-'M 

1? 4 A.ITOr nn 1.lA^F-Tl 

1 7 «> ft.qTOc nn 1. ««'F-OI 

] •> 7 f.^TOC nn 1.«.O«F-'M 

1 •> 9 A.^'OF nn 1 . qiqF-ni 

1? T »..PTOC nn 1 .QoqF-'»! 

| -> ("< C.qTnr nn ?.7air-nf 

1 7 11 (s.qT"«1 nn '.«lOI^-^l 

1 ? 1 7 fr.qToc nn ■».HIF-^» 
( •> 1«i »..qTqc nn ■<. ("IF-'ll 

y i I m.ossr nn ,.nonF--»l 

( T > ^.ossc nn ^,qinc-ni 

I % '. «..oqsc nn l.«.?qr-'«i 
i ■> s fc.nsKe nn 7.T^fcF-^l 

J 1 9 A.qsec nn '.«.«IF-TI 
t ■> 1 ^.OSKF nn •>, TS^F-'»! 

1 1 1 1 »..''SSr nn ^id^F-«! 

I 1 n ^.nssr nn ^.q«.1F-'»l 

1 •» i' »k.oqqe nn ■». i7qF-11 

f 1 i ^ ^.oq«F nn <.. -»l^F-TI 

\ i i'. «..«SSP nn K.A^c.ni 

^ •> is *,.oqsF nn A.'.OSS-II 
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Table II (CONTINUED) 

RUN fl*0E M«,                       f 

14 ■» ft.TqqP ^n I.47SF-T1 

14 S ^.70<»c n* 1, 1 TnF-^l 

14             y ^.70«»'" '<n ?. 1 I^P-^t 
14 q A,70Br -«o T.nPF--») 

14 n f,.70«c oo •>tTiqp_-n 

1 '. 1 "> ».,7<»0C ^n i.-U^C-^l 
1/. 11 ft.7O0c «>« 7,4^ir-T1 
1 /, 1-> f^.TOPC no ^.j^riF-^i 

14 l> ^.70PC «n 7>«,Q0F-r<1 

14 14 f,,7q«c O" 7,qP7F-^1 

14 IS ft.7<»«P I" '.^IF-'M 

1e            l A.q^pc ^n (.T^TF-^t 

1«            "» ^.fl4PC nn 7.S74F-11 
1«;         ■« (s,qf,qc ^o 7.7PIF-11 
I«!            4 ^.<«4Pc -»n 7#«,74F_->1 
JR           «, ^.««.pc o's i#«,«;r>p_-«i 

1«;           7 (S.P^PP o« -».T^qF-^l 
15 q ft.q/spr or. >,Q77F-11 

1 «; O A.q«,or 00 ^.qr^F-oi 

IS 1 o *,,qf.<»c 00 4.T97C-'" 
I« 11 <,.q«,qe on ^/«KOF-OI 

ic 17 A.q^nc on 4#io4C_ni 

je i ■« m.q^pr -in 4,PP->F-'M 

1R 14 ^.qf.q'" ',n S.440F-'»! 
1« IS ^..q'.q'" "^ R.pROF-nj 

1*. 1 ^.IR^r in 7,74TF_ni 

1*. 7 ^#qs».F on -i.q^nr-ni 

]/. 1 ^^cj^c nn 1,74f,r--M 
\t 4 f..0S4C nn i,c;i7c_-»1 
Ifr S «..IS^e nn Rti4i(:_ni 

|4 7 it.'ismc nn S,411F-ni 

1», o (k.oSAC nn c^qp^F-ll 
1(k o ^.os»>c nn s,4P4F-ni 

1* 11 ^.nS*.^ '>', 4.74'>F-'>1 
l^ 17 »,.OS4C nn e;.q7qF-"M 
1» M 6.0S4F nn 7,7n7F-ni 

1*. 14 f..QS(SC nn 7.171^-01 

1f> IS ^.ns>.r nn q,->nf:_ni 
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Table II (CONCLUDED) 

RUH OAOE Moo f 

1 ■» t «,,P«,BC on -^i^qcoi 
IT /, «,iB*)or on (#TQnr_>>J 

» "» 7 <,,B«.BC -»n ^,7/,rtC_1l 
!7 q »..BABr nn 7,05«F_01 
17 1 «,,BABF no !» # TUTF-n) 
17 1 o A.B^Br no q.s?!!:-'!) 
17 tl A.BABC ™ -».is^ftF-ni 

17 i"« A.«ABC no /..iior-m 
17 )4 ^^q^oc oo /,,*00F-ni 
<T »S ft.qABC oo 4.T10F-11 
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Table III 

TWO-DIMENSIONAL MODEL HEAT TRANSFER DATA 

RUN      QAOE qtv RUN       6A6E 

1 7.17RC T> 
■> •».TAtC oo 
1 I.imOF "1 
'. 1 .Q'<"- 1» 

■; 7.Sl'>c M 
*, ■».IMC -«1 
7 ■>, /, i oc -"1 
9 ■>. 0<C»C "1 
r> ■», OlOC "1 

S.4«i4r    -M 

5 •>.ft4>.>: 01 

•> T .«^Tnc on 
-) 1 .<"»'.c ^l 

■> ^.oi-«^ ^1 
■> ■».o«;»«- 01 

7 ^.«.«^c 01 
•> •;.i«ic 01 

•> f..!!«": 01 
•> f.. «»,■»= ol 
■> 1 "< <».<»l«;c oi 

-> •».'♦'»?'■ Of 

i ^.«M"- in 

T i.sa^P oi 
"> 4.m->c "1 
^ s.s-<« = 01 
T P. 7««,C 01 
T o.-MTc 11 

-« O.TSqe 01 

1 0,«i7"C 01 
■» 1 « l.^l^c 17 

4 1 1.1?1C oi 

'. ■) 1 .7«!'^ 01 

& 1 ■».'.'••c "l 
4 <. o.^o?r "I 
4 s 1 .-«Mr 1? 

4 ^ 1 .^'fcP 07 

6 7 1  .ft^T 17 

«. 9 1 .«T^p 17 

'. Q 1 .'."IP 17 

/, n 7.44*r ■»7 

«; 
«; 
c 

S 

«. 
«. 
«. 
'• 
«, 

7 

7 

7 

7 

7 

7 

7 

7 

1 

7 

«. 
7 

P 

O 

11 

1 
7 

7 

<> 
r> 

1 i 

qiv 

1.17oc    il 

l.'^oc "l 
^>A17C 11 
1.1A7P 17 
1 .A'itC 17 
1.77^r 

1  .»I'.P 
7. 77t,c 

7.our 
•». 1 77C 

RUN      0»QE qiv 

i -> 
17 
1 7 

17 

7,l,t,f.r    ii 
1.147C 

1.1 A"«" 
1 .7-^r 
1.ooor 
7,74<,C 
7.7q-*c 

7.QS1C 
•».nor 
•j> jj^nr 

"1 
11 

11 

«1 
"1 

7.1S«C    01 
l.o^te il 

l.lO'r 11 

1.Sh7F il 

1.0,K<: "1 
7.SOQC ^1 
7.711c oi 
7.71/.<- Of 

1.4«>lr oi 

0.7Ä7C 10 

1 .Mir 11 

1.M7C "1 
7,1^1C il 

?.<J70C -M 
4 ,004C "1 
>.<«7nr 11 

'.. 747C "1 
4.66nr 01 
S.oqir "1 

0 1 7.-<77C oi 
0 7 7.inr oi 
0 1 7,o«17C oi 
0 \ 4.107C 01 
0 s S.«;47C 11 

0 «, »..«MP 11 

0 7 7, HOC 11 

0 9 7.4'." 01 

0 1 7.^7flC «I 
0 11 O.Q1SF 01 

11 I l.lltr "1 
11 7 1.P7TC 01 

1 rt 1 «..1'OC 01 

1 n '. P./.7or 01 
11 ■; O. "iHC "1 
1r *. 1.loic 17 

1 1 7 1.401c O 7 

11 0 1.^s^r n 

11 1 1,144C 1 •> 

1 1.70*.c 1 1 
7 1 .1 ',4r n 

1 1. m«- 1 7 
/t 1  .«i70C 07 

s 7.01 1C 07 

». 7^7SC 17 

7 7.471C 17 

1 7,017C 17 

1 7 ,«1«!7C 17 

1 O 7. aoor 1 7 

1 1  ."PC 11 

■> 1 .014r 17 

1 1.OTftC 07 

'. 1.4S1C 07 

s 1.«17C 1 7 

«. 7.S41C 07 

7 ?,?Q-*c 11 

D 7.«,-»0C 17 

T 7.S0SC 1 7 

11 7.Q«,«:c 1 7 
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Table III (CONCLUDED) 

RUN QAOE qtv 

n 1 ».OTir «1 

f ■> i ,r*i.c ^7 

M ^ i .S^or t? 

n 4 9.071c 07 

n S •».*.«. 7C "? 

i1 >. ••.«;q4C ^7 

i * 7 ■». 0 1 "»c ^ 7 

n a ■«.^Tn'- "7 

i •» T i,7a7r <> 7 

I-» t"> 4. 1<»«c ^7 

t'- 1 7.444C ^1 

14 1 1 .I'.SC ^7 

I* T l.'^sr "7 

|4 4 1 .«S^c n7 

!* S 1 .«»»."C «7 

14 «. ■>, 1 f»C ^7 

< 4 T ■>,t,nnp 17 

14 « 1 .074'- T> 

14 O 7,iiKqr 17 

14 n ^^A^r «■» 

l«! i 7.n07C 1 7 

1« 7 ■..«17C 1-» 

1* 1 7.n*.TC n 

l« 4 y.^™- «7 

1" «; ?.T«1C 17 

1K <. 4.1 "P 17 

1e 7 4,"■«'"■ 17 

IS n «.-»^sc 17 

1 K o I.^TPF 17 

is n 4.174C 17 

T- i •<.'>74C •v 
l* 7 »,flS4r 1? 

1^ 1 7.01A«: 17 

l* 4 l,7«"!r 17 

l* S 4.4«'«r 17 

I*« «. «s./^ic 17 

1^ 7 S.'iir 17 

1* t S.-<74C 17 

1«- 1 •5. in«1 17 

l*. 1^ S.iSS'ic 17 

RUN Q*Ot qiv 

17 1 7.11"= 11 

17 7 l.A'"- 17 

l-» 1 1 .SSiF 1 7 

1 7 4 l.9<»«,r 17 

l7 s 7,S77C 17 

17 ty l^h«"- 17 

1 7 7 7.17KC I? 

I7 1 ^.^4'r 17 

1 7 1 7.747c 1 7 

17 r 7,4 74C 17 
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Table IV 

TWO-DIMENSIONAL MODEL PRESSURE DATA 

RUN     6AQE M on P/P, 

1 i.i^'p 
f\ i ■>. ^«.F-M ?.7'1F n« 

•> 1.104F A 1 ^.'.OIF-Ol ?.n«KF oo 

■< 1 .11*P 01 9.'»7?F-01 ?.?64F OO 

u Kl«««1 o i 1t «QTF-II 1.01OF OO 

1 1.1 ^r n 1 •;,<!,7F-01 4.SfIF oo 

«. 1. I^P "1 p#1Q)F_ni ft.^O'F oo 

7 t.104C rt 1 1,077F    I" B.14'r oo 

H 1.1o<,r O ^ ^ ^I'JOF    0 0 1 .o^ir Ol 

1 l.to^c n i l.^feF   on l.^O'F "1 
1" '.1'>*C n1 7#7lOF   oo 1.770F "1 

11 l.l^e /> » •j.^qiF    o^ 1 .«H^F 01 

1 ' ,    ^^r r\\ ?,7^1F    10 7.1 1 «F 01 

n l.in^c ly i 7#/'riF     0" 7.17 7F "1 
i<. H«4C ^l I.TSfrf-   oo 7.»>oiF O 1 

i i .n^ ^ 1 i#q01F_01 7.o<ior oo 

•> i.noc 1 I 7.«.'>4F-',1 1 .»<SOC oo 

i i. noc ^ 1 7, 7«;or_^l 1 .O'.^F "0 

'♦ i.nop ^l 1.1A«F-01 ■>.^4-*F oo 

s i. ii0^ « | 7tC97F-01 4.o«,*.F oo 

<, i .n«^ ^l H07F    OO *.. 14'F OO 

7 i.n«,r n i J.M7C    OP a.77^c oo 

q 1 .11 OP 
oi l.oo^F   on I.O'IC oi 

0 1.1 IOF r\ y 7.S70F     OO 1.T4F Ol 

1 ^ i .ii««1 r\ i •».47'F   OO I.7S7F nl 

11 1.11»«- "•\ ^.«.t^F    OO l.B7?E oi 

1  7 i .nop n i 4.>61F   on ? . 1 » "»F "1 

1 7 i .no'- ni 4>S^<5r   OO 7.-'10F oi 

H i.iiflp 0 1 ltt poop    oo 7.SI OF oi 

'< 1.I'TC 01 ^.'.'«IF-Ol 7. ».01 F oo 

«; LI'^c o 1 1 . O 7 1 F    0 O ^.oqqF oo 

«i 1.I'7? r\\ 1.S7*.F    00 s.osqr oo 

7 i,i?-»f= f\ \ ?.0f9F    OO q."STF OO 

n 1.1".: o 1 ■J.SiS^F   OO 1 .OOCF -M 
T 1.1 ?T 0 1 7,TqBF    oo 1 .T»^F oi 

n \.\->1* n 1 4.S14F   oo 1.7MF oi 

ii \,\->y^ O 1 S.o^ftF    TO I.^TIF 01 

n l.l'Tr o 1 >,. "«-F   oo •>.474F oi 

14 1.1 ^P n ) ^#«,77F    OO ?.Sq7F "I 
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Table IV (CONTINUED) 

IUN 0A6E  1 Ma 
P P/P« 

* •> 0.4S4C on ft.lOftF- -M 1.114F r" 
4 T. Q.4S4F in ft.llftF- tl I.^ITF ii 

4 4 q,4S4r nn 7.ft7*F- "1 7.447F 11 

4 S n.4S4F i>n 1.1',^F in 7.S74F in 

4 ft o.4«>4r in l.^4 4F in C.oijr ii 

4 7 0./.«i4i: «o 1.q^OF ii ft. 74'>F iT 

4 q 1,4*4C nn T./.^IF ir 7.ft7qF m 

4 o o,/,<;4c nn ■<,i->7F ii c,f>T>t ii 

4 n 'J.4,5 4r ir\ T.r-x^p m 1.7S1F "t 

4 11 o.<v>;4c no 4. '«IF in I .-"»ftf ^1 

4 1? 0,4,i4C nn S.^F ii T.SOXF ^1 

4 i ■« o,4*4P in ';.'i4^r m 1.7ft7C "1 

4 »4 o,^S4r n n ^.70'F -,i 1 .«<41F "I 

«i •> o.ci«/,r n 7, r/,*F- •'«I l.ftlSF ii 

«; 1 0,ft44P rjn 7.flOF- •"M i.«»l»r m 

s 4 0,<i44tr "i ^.«.qOF- • ii ?.n4F ii 

«; S 0,S44C in 1.4T^F ir ^.44<1F nn 

«; ft 0.«i44«: m ?,ns-»F ii 4.i^7F ii 

«; 7 0.S44C in '.ft41F 10 ft.'SIc 11 

<> a q,S44C 11 7.107F in 7.ftft«F m 

«; o o,S44F in 4."1?F TO 1.'-«i4F n" 

R 1" o,S44C in R.77«F 01 l.^F ii 

«i 1 1 O.S44F in ':,7 7/',F ii l.T^QF ii 

«; 1 ? O.SAftr 1i ft.ft4 1F 1« l.^OOF 11 

•i 1 1 O.S44F in 7.744F -n l.-'41f 01 

K 14 o,«;44P in ■'.S4-'F ii l.«UF 'M 

t. 7 7,qo7C in ft.117?. -m »."ftSF pi 

<. T 7,S07C ni ft.7?ftF -->! 7.n^7F nn 

f 4 7.l«07r in q#nr>nF. -11 ?.ft1-»F m 

^ ■; 7.HQ?F ii t.niof in 1.11HF nn 

^ ft 7.qir>c in t.lftBF in 4 . 4 7«i F ni 

* 7 7,'»19C ii 1.7r7r ii ^.S<nF ii 

ft <* 7.qo7e ii ?.in7F m ft.">4<»F m 

ft o 7.qo7r 11 ?.410F in 7.01-XF m 

ft n 7.BP7C i n rtr->*F in 0.<11/,F ni 

ft 11 7.q'>7r in •<.'«ftF in l.n7«F 11 

ft n 7.SQ7C in 4.n4 7C 11 1.T4F n\ 
ft »4 7.P0">c in 4.1ft IF ii l.-'ftlF *\ 
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Table IV (CONTINUED) 

RUH     (SAGE Mo f flf, 

1 I 7. «<<T«c in S 7<««SF -11 1  .Ofl*,F nn 
7 -> 7.qo-ir no «i.7TAF. -11 1 .OMF nn 
7 y 7.qTic nn '..I'^AP- -n, 7.nqsF nn 

7 4 7. fl<HP n« 7.«,flnr -ll ">.*.-><,F nn 

7 s 7.oo'>r nn 1 ."1 "IC nn •«.4f,SF nn 
7 <. 7.P''1C nn 1.1?7F nn A.^SftF pn 

7 7 7.qmc nn i.«.«;^ nn S.^SF nn 
7 a 7.<»o-»c r\f> t.TlOF nn «,.. ^«ISF nn 

7 0 7.9P1C nn ?.^0(SF nn T.O\f>t nn 

7 1 o 7.«0-«r nn 7.0rtir nn O.QSOF nn 
t 1 1 7.nqiP nn 1,nQ4C nn 1 .n^F "1 
7 17 7.<?Q" nn ■«,S4QF nn 1 .•■'1«F "l 
T 1 1 T.'IOT nn ■'.9',6F T> ».^n^c "1 
7 14 7,«o-«c nn «..niF nn 1 .4nqF "l 

R 1 7.007F nn 1.171F in I.OOSC PO 

P 0 7.0q7C nn 1 .l-»"? "0 1.onsc nn 
P •» 7,<J07C nn l.-'^'iF nn 1 .<'7,F no 

P '♦ 7,0O?c nn 1.'»l or nn ■>. ^•"♦F no 
p «; 7.00?c nn l.POBF nn •».''l'F nn 

P «. 7,117F nn 7.S1 7F nn 4.*';7F nn 

o 7 7.TQ 7C nn ■>. 1 74F nr «;.7RnF no 

p 9 7,OT>r nn ■».Ö^SF nn (S.7>,7C nn 

p O 7.O07F On «,n7F nn «.n?SF nn 

p 1 T 7.0Q7C nn ^.«MF nn l.oioe "1 
p 1 1 7.Q07C nn ^.^inp nn 1 .""IF "1 
n 1 7 7.007C nn i«..'?7qF nn 1.?01F "1 
n 1 y 7,107r nn 7.764F m 1.^4nF "1 
n I'. 7.O07r nn 7.«,7ir nn 1.47nF "1 

o 1 0.1?7F nn '. '"<SF nn 7.17»C nn 

o ? 0,\77C nn 7.neic nn 1.'»71F nn 

n > «».1»7C nn '.l^AF nn ?.077F oo 

o '♦ «.1'7F nn 7.S70F nn 7.471C nn 

o S <».|77C nn •». 7«<,C nn ^.^"IF no 

o <, " . 1 ? 7C nn «."•»^F nn 4^*,4F nn 
n 7 «.1 77r nn «; .nnor nn S.'.PIF nn 
a P ".1?7C in 7."-»*.r nn ^.7(mF nn 
o O ".fTc nn P.iS^F no fl.076F nn 
o 1^ 0.177C nn 1.^ft^F 11 i.nnF "1 
o 1 1 B.» 77C nn I.IMF -«1 i .n«.c ni 

o 1 ? <».1'7C nn 1.^?IF 11 1.7*,0F n? 

o n •.l?7e nn 1.4«; OF 01 1.40^F "1 
o 14 «.1 »7C 1« 1.S«4F "1 1.404F 01 

!" 1 ft.fl^F nn l.jnoF nn 1 .ftl^F nn 
1" ■> ^.««0•il: nn i. n »F nn I.^JF on 
1« \ *,.««r»«;c nn l.l'.flF nn 1 .sq7F nn 
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Table IV (CONTINUED) 

Hf. RUN OME Ms                          p 

»n 7 ft.«n«;F nn •».■JA^F nn <^,4^«iC nn 
I r> q ^..qn^r nn ■J.fQRF lO «i.^SHF "'' 
^n o f.RO^F nn 4,^qe)F no 6.01#.F ** 
in jn f#qosF nn "i.^snc 00 T.A'i^P ^^ 
in ii h.qncc on f,.l«7F ^n «.4MF r"1 

l« i? ^#pn«:c nn ^,S4SF '>ri fl.oc>l,: "^ 
jn M f.^nec nn 7.17«;F I" I.OOTC ni 
in l« ^.qncc nn 7.-",SF t^ O.BSie On 

II ■> f..qftflc o« ?.41'r i" l.^^'P ''^ 
H ^ »,.q««OF no 1,n«<)c nn ?.ni«1F nn 
11 <, m.P*<Bc in S.«.04F on ^.71^F nn 
xx n »..q^BF nn 7.*,47r 0" 4.O0lF nn 
11 17 fr.fl^BF on 1.4-*«F 01 O.iqSF on 
11 14 (S.«*."P on 1.S74F 01 1.n77F ni 

nn 
nn 

1, 1 «..qTOr   nn ?.';74F   on l,7nqe 
1? •> C.qTOC   nn p.l^qF   on I#I;7IF 

l? i ^.qroc   m 7.«7'»F   on l.7n7F   nn 
17 ', «,.q70F   nn -».Qfqr   on I,O«,OF   nn 
j7 ^ ^#n-roc   nn 4>IK^F   nn ,7S7r   nn 
1? «. ^.q7<^c   nn S.S7ftF   on •».A<V»F   nn 
17 T ^#q7Qr   nn f,.77SF   on 4,4A'C   no 
,? q «.^BTOC   On 7,*,01F   on «;.o/V5F   on 
I? O »,.«700   nn q,7».nF   or ^.144^   on 
1? in A.q7QF   on 1 . 1 ^op   oi 7./HOC   rm 
1? II c.«70c   no l.?S>c   oi fl#ii«,r  oo 
1? 17 A.flTOF   nn 1.410F    01 <).417F    on 
17 n Ä.«70r    nn l.SO^F    01 q.QQOF    on 
17 14 »,.070=   nn 1. SOSF   01 I.OSOC   oi 

11 i ^.O^BC   nn l.q07F    00 i,717F   nn 

li 7 (S.q«?"   on 7.f/.ftF   on t.f.ftM1   «o 
17 7 ^.OKT   no i#q«7F    on i,7«>qF   on 
I ■> 4 '«.OS^F nn 4. S44F On 7.n7^c nn 
,, s f,.q«;" nn A.717F OO 7.B4qF nn 
p «, A.O«;«SF nn q.^OSF "P l^PSC no 
17 7 A.OSFC nn o.qn^F on ^.^nie nn 
p Q A.O'i«'- nn 1.147F 01 S.'^QF nn 
17 O A.O«iSC   nn 1.»q7F    01 h.71AF   on 
II in A.q«?«;r nn 1 . «.«SF 01 7.»,O0e on 
11 11 ft.OS«r nn 1.q4^F 01 «.4-»1c no 
li 1» (S.»»«^e on 7,oonF oi O.SS7F on 
17 17 f*,'**** on 7.77qF 01 l.ni^F OI 
\y 14 ft.O'S'iF    nn 7,«07F    01 l.nqqF    OI 
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Table IV (CONTINUED) 

RUN      6A6E Ma p Hr. 

1<> 1 A .7<)«>r no «,ISTC on S.PITF no 
1 A t ft .7QBC no 1,740F On S.lIftF no 

14 -* ft ,T9»C no ■«.OftIF TO S.410F OO 

1 l> '. ft .70PC oo 4. St OF no ft.1ft7F OO 

14 s ft TOpr «O S, 7SOF 10 7.P47F oo 

!* *, ft 70«P no 7.4^4F no 1.11SF n 
1 '. 7 ft TOPC no «.'•■'IF On 1 .ISftF ii 
1* a ft 7O0C no O.l^F no 1.747F ni 

1 '. o ft 70<»P no 1.104F 11 I.SI-'F "1 
1 <. 1 t «, 7<»flr no l.'ft'F It l.-"1F oi 
1 'i i 1 ft 70pr no l.'SIF 11 1 .,»4ftF il 
1 A 1 ? ft 70flC oo t.4«?F '»I ?.1'»^F "1 
1 /. i ■« ft 7opr no 1.S71F Tl ?.r|7«F 11 

1 '< 1 4 ft 700C no 1.SO?F 11 7.1 7-<F " i 

} •; 1 ft RftPP lo o.ftQlF 00 ft.'<7or oo 
1 e 7 <, qftBC no R.IPSF no S.-»1SF on 

1 K 1 ft HftOC oo P.SPOF oo S.ft^ftF OO 
1 c '. ft •»ftflc nn Q.^OQF on ft.l7PF oo 
J ^ s ft «ftar no I.ISftF -M 7.S'>OF oo 
1 «; ft «. OftPC no 1 .440C -»1 <>.S77F no 

IS T «. .«ftPF on 1.71 or 11 1.170C ^1 
1 s <« ft PftRF TO l.o^ftF '•I 1.7n7c "1 
1 «i O ft aftor no '.146F ^1 l.AIIF "1 
] e 1 " ft PftPF OO 7,«or, 11 l.ft4^F 11 
I r 1 1 «. «ftPF no 7. 7-»ftF 11 I.-'IOF 11 
IS l' ft flftPF no 7.0OftP 11 1.070F "1 
1 s 1 1 ft Rftac no ■».""SF 11 ?.i^4F ni 
1 s '4 ft qftpc no 1.1C7F 11 7.17ie "i 

t ^ 7 ft. <»SftC OO l.'7SF 11 S.PSTF oo 

1 *• ■« ft ISftC no l.^snc 11 S.7«7F on 
1 * «. ft QSftC no 1.4I!F 11 ft.470F oo 

1 A s ft. OS*>P no 1.7ft1F 11 P.iRSF no 

» ^ «. '«. OSftF no ?. ?17F 11 1 ."MF "1 
1* T ft. QSftC OO 7.ftl?F 11 1 . 1 <»<>F n 
I«« 1 ft. OSftr no ?.7»4F 11 l.'4ftF 11 

1* o ft. OSftC no I.^PAC 11 l.siqp 11 

\f< I'» *>. osftr no '.«ISF 11 1.757F 11 

l* 11 ft. 0S6C oo 4.',71F 11 l.n70F 11 

1* 1' ft. OSftF OO 4.SinF 11 7."PIE 11 

I* n ft. qsftr OO 4.ft4?F 11 '.n"»F ni 
1 * !«► ft. OSftC no t.«oor 11 ?.''4ftF "I 
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Table IV (CONCLUDED) 

RUN OAOE M •                         f flf a> 

(7 •> f,.«»>9c OA A.SfltF on -».n^F   "^ 
^7 T fr.q^or A« 4.9«ir '«r» ^."M^p   OA 

,7 s (K.«ft«r on T,S«»,F <>« S.^S^P   "A 
17 «, A.Pf,«»«- 00 «.q*.«F '>'» ^.OqOF   on 
IT 7 iS.^<»P no l.TMF Ol «,.QflSF   "'• 
,7 q A.^AflP 1" Ll^lF "»l 7.QS4F   «" 
17 o «..q^nc nn 1.4'7r 11 «S.S^qF   on 
17 lo h.B«.«c oo 1,SP7F oi |,1?1F   "1 
17 11 ^,«>,BC oo 1.077C 11 1,7«'.F   "1 
,7 17 *,.R*,or oo '.llff H 1.41*F   ''t 

17 1 ■< ^.q^qc 00 7.n7P oj i^SBF   01 
17 M, ft.q^qc oo 7,™»,r o) ^#e;qoe   oi 
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III II        • 

U.U.U.UlliU.U.U.U.U-li-U-tUU.luU.U.ll-UJ 
— ^;■-^f>.<(^^.f^*^^^r<■oc^.l,rl^c <» 

cccc c ccoccc cocccccr 
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III II 

UUUUUUUUUUULUUUUtU 

-   - r- or ^ c  ^ 
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o   r   u   »- 

c  rr-r»-r  fv.»-^iro  ^—cv^-"-<crvir« 
c c c c c c cere 
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uuuuuuuuuuuuu 

r^f-r^r-riff—uKr   or 

c c c c c 
ii I 

U   U   L U L U 
o  ^ <> ^ c J 
< c  er r o r 
r r <f ^ <• c 

f  c  f»C"-^^•lr^•"•-'Ccrlr— oirotcu' 
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a P i 
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ccoccoc cooccccococo 

f ^.r o o * ir *• v * •* <- * v * •* c c ^ Z 

ctccc c rrrcc-rcr  c ccc  r 

c c s * <• f r- f- -» IT - < cr o -■ * ^ «r - ^ » 
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^ ^. •t K r- ^ f> f _ •I f* \r 
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L' c ir f IT < •C J a - 
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CCf   f   v»«- — f«»—«" 

u   C  — r   c 

r— — ^<*«f''u— •> 

»*■*«-.? 
«IB 8   8"J .o.   -lu    II*2 

d  5 «c  •.  i-   S»1^. «  I- ».    ■ 
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Table VI 

AXISYMMETRIC MODEL SKIN FRICTION DATA 

RUN      OAQE M_ 

1" 1 .M'F "1 'i. 77«F-r^ 
10 1«, .n^f ry ". ^SSF--"? 
1" •( .n->F 01 1.4f F--'? 
1" '. .inc 01 1 . 7«7r-'!7 
1" 9 • mp "1 7.14ir-07 
10 «. .n»F «1 '. 1 7or-'-7 
\r• 7 .in'- "1 1. 7flSt:_T? 

1" <x .mp 01 4,oyoc-^? 

1" 0 .mr "I 7. «jfiir- 17 

1° 1 7 .in'- "1 1 .e77r--n 
t" 1 T .mr ^1 7,P7Qr-o1 

•)" 1 • m^ "1 7. nsp-oi 
?r 1*, .M7r ''I 0.41 IF-"? 
•»^ T 1 ipp A1 1 .471F-07 
7" 'i 1 1 7C "1 1. 777F-';7 
7n ■^ n?«- "1 7. Tiiir-17 
tr '> .117C "»l 7. 71«.F-07 
■>r~ 7 in? "l 7. QJ 7r_T7 
■>n 0 117r "1 4. qPir-0-> 
7" o mp 01 7,q44r-',7 
70 11 117F "11 1. 170'---1 
7" 1 ' mc 01 1.4e>r.-i 
7^ 1 1 1 17P "1 7. -7qF_-)l 
70 IS in1- ^1 <;. rs^F-'l 

71 1 n# 7KTr -0 4, ft/,er_-n 
71 1«. n. 7«;7r 00 '.-77F-0! 
71 1 0. 7S7P ^0 7. 1 t6F-07 
71 4 0, 7";">r r n 4, 701F_-)7 
71 S 0 t 7S7C ^^ ^. ».OBF-T? 
71 7 q. 7S7F ^^ 7.4P7F--57 
71 T 0 t 7c;7F -<o 1. II^F-Ol 
71 r> 0 , 7^7r AO l.ooor.-,, 
71 \ 1 0 t 7S 7C «0 1.0C7F-1t 
71 1 7 Q, 7S7C -"1 7. 7Q4F-H 
71 I"« Q# 7R7r «n *,7P7F-"! 
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Table VI (CONTINUED) 

RUN OAOE M« t 

?-> 1 Q «i«,PC « rt 7.7r4F.17 

■>■> i *> 0, ^^oc on l.«77r-ii 

77 7 0 .«isar nn 7.1<i7P-i7 

77 '. 0 ^(Soc in i.inr-v 
■>■> S 0 S(S<<P nn 4.117F-17 

■>■) *> 0 S'.oc nn a, 147F-77 

?' 7 c «;«,OP on c;. qiff.l? 

77 S Q ,S(Sar in 7.47<ir-i7 

77 q Q "i^OP no l.-'lif-Ol 

77 P P S«.<»c nn 1.707F--I 

?7 1 -> O .SS^P nn ■5, 7Aor-11 

77 1 > q ^«,pe nn S. ''47F-71 

7 y 1 .1 '■"= "1 7.7qsF-i7 

77 H • TTC ^1 1."7F--)1 

7-> 1 .l?7r "t I .<,^1C.17 

7-» l> .177C 11 7.174F-T7 

7"» s J"»-"" 11 7,511^-07 

■M «, .I'^C 11 «,o^ip-n? 

7-» 7 .1?7C 11 «,. n<;F-i7 

7^ a .1?7F r\ 7#'<7PF_n7 

»1 0 .177C i1 1. 110F-T1 

77 1 1 .1'7C il 1 .«•MP-tl 

•>7 1 7 .»'■"= i1 ■>, 17PF_11 

77 1  ^ .1'7C il 7,qf<;F_H 

77 ] <! . I'^r i1 1.17PF    If 

7A 1 .n7r il 1.4->SP-17 

7U I«. . M7P "I 1.P41F-11 

■>u 7 .1 77C 11 1 #cP4F-',7 

?u '« .IT"" il 7.<H7r-77 

■>4 S . n^r "1 A. l**F-">7 

■>4 ;, .1^7C il A.CCIF-^'' 

74 7 .1 77C il «,.-*KF.17 

7/, a . ' ,7r il P,';i7F-T7 

■>t 7 .1'7C il 1.ICPF-Il 
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Table VI (CONTINUED) 

RUN 0A6E M„ tr 

7K 1 777C ■»n 7 * 17r-01 

7^ 1 f 777F ^ r> 1, AROF  _A7 

7^ ■< 777r ^n Q ;7aF_A-, 

7K <, 777c IP 1 r7-»F _07 

5«; s 777c no 1 , 7nr-',7 

•>^ <, 777F "0 I rj04r_->7 

7K 7 777r Ar» 7 H7F-07 

>e »> 777r AO 7 .«.T^F-OT 

7 c T 777C Ar» & I 1 7F_07 

<•; 1 1 T77r «n c , A-^fT.A, 

7^ 1 7 777C AO S (7«,Or-07 

7«; \ •« 777r A A O o^or-o? 

?<; 14 777F AO 6 /, 0 » F - i) 

7f 1 o»t7<: T 1 A/,CF-'>7 

7h 1 *, aq7P AA 7 7C^F_A, 

7f, 7 Rq7c AO 1 ll/.F-O, 

7«, '. qp7c AO 1 , S7<5C_07 

7f <; H97r A A 7 r^^r.o? 

7«- /, op7r A A > *r7r_-)7 

7^ 7 oq7C AIA 1 .IP^F-"? 

7», o qo7r A A '. ( | nr-07 

7^ 0 9P7r AO t. .AO^F.-U 

7f I' oqTc AO a o*L7F_07 

7^. 1 7 qP7C AO 0 , <107F_T7 

7^ 1  X or 7r AO 1 C:«7F_AI 

7<- 1 '. 0B7r A  A 1 7|ir  "^ 
7». is qP7r AO 1 «.COF      OA 

77 i oqnr O A 1 AtPf:-'>7 

?■' i^ ^qor 0 A 1 e^F-ll 
7 7 T oa^r AO •7 .M''F-07 
77 '♦ oarc lO 7 ifTF-I? 

77 ■^ oorc A A i , ST.r-"'? 
77 «. OP','_ 00 4 <,f op_07 
77 7 .oanc 0 A A ^P/,r_ "7 

77 g narr 00 a , )lor.07 

77 0 qprc AA 1 7c7F-',l 
77 1 1 oanr 00 I ,<,»6F-o) 

->7 ( 7 OOT AA 1 acQF-Tl 
77 n oarr AO ■> ',>.«F-1I 
77 i'. oaoF AO 7 A7fcr    00 

77 IS qpoc A A 
■^ M ar -1« 
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rgftmmtmti'- 

Table VI (CONCLUDED) 

RUN MOE MM r 

?• 1 «..747F   ->« ,.^o^r-^? 
7P 1«. *.,747e   ^0 I.TSF-II 

?" i *,,T«?e   0« 7.4^1P-',' 

?f 4 *,.747F   0« ?.»74P-4»' 

7P ^ («,.747P   1" 7.«!ff>F-T? 
7« «. A.747P   OO 4#BftnF-o7 

70 7 f,.747C   in ^.'CF-?? 
?P q ^,7t7C   00 ^.OHF-^' 
?« n ft,747c   nr> «,OIOF-07 

9« 11 f.T47F   "" 1 .HSF-tl 

?n 1' ft.747C   on i,«nF-ii 
?p n ft.747F   00 ?#ft?or-oi 

?o 1 ft.797F   "« -,. JlftF_17 

»0 IS ft,7q7r   0» K770F-11 
?0 1 ft.70?c   ro 1.S4SF-0? 

7<N '. ft.707F   00 7,^HF-07 

70 «; 6,7<)7C   no 4.H4F-07 

?o ^ ft.70?r   on fr,414F-T 

»0 7 A.707C   nn 7.q74F-17 

7° a ft.7<:7F    10 0,11^-07 

70 i ft,7q7C    «n 1 .*40F-',1 
70 11 ft.TO?e   00 7.774F-01 

7" t 7 ft,707E   on ?.7ior-oi 
70 n A.707F   on 4.700.F-O1 
70 ?4 A.707F   00 7.afOF   On 
70 rs ft.7<>">c on 7.1ftOF   TO 

T> 1 7.«17C    00 A.ll«.F-01 

I» 1 ^ 7.«nc   ^ ».7R«iF-1' 

T" i Tm9]T    nn o.4'«rr-',i 

l^ * 7.m7F   on q.777r-oq 

^ s 7.onr   «r 1.7nflF-T7 

1" «, 7.B1"   I« 1.77«5C-0? 

1« 7 7.qnp ,,»', 1 .OPOF-I? 

ir q 7.RI7F    OO 7.',0SF-T? 
IO t 7.one '>r, 1.r40F-T7 

1" n 7.qnF   00 4.4?1F-1? 

1" i' 7,flnp ^^ 4. = 1?F-T 

1" it 7.011»=   ^^ 4.4«?F-ni 

■^o IS 7.017F    00 f..r47c-')» 
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Tabl« VII 

AXISYMMETRIC MODEL HEAT TRANSFER DATA 

RUN mi qiv 

I« t 1.<JSCr 

l" ».ISIP 
1" 1.lATP 

1" '.T»1 = 
in I.HS^P 
1" '..▼««r 

lo 1 ,ii-»c 

RUN      OAOE «•v 

■>n 1 l,,-KOf,r 
■>r •) «».SPir 
tn y l.?'BC 

•>* ', '.S^AP 
•>* s 4.1oor 
■>" «i C.7-OP 
tfy 7 1 ."(S"«- 

tr a 1 .iS^Qr 
o^ i ■>,■>*** 

70 11 7,77-»r 

?1 1 «.IP'.c 
'1 7 T.477P 
?1 1 <..7-<QF 
?1 '. R.OS6P 
?1 ^ l.l'OP 
'1 IS 7.«?A•- 
'1 7 l.fllSF 
'1 « <,,ooqr 
?t T «.«.w 
?t 1" 1 .n"fc 

■>■> 1 •'.«''AC 
y> 7 1.1AAF 
77 ■< ■».SOAP 
77 '. ft.SSf.r 
77 s 1.114F 
77 *, l.s«;7c 
77 7 '.S7BF 
77 q 4,1»SC 
77 0 fc.^Aac 
77 n n,s7->r 

t s.io«- nf\ 

7 t.»S^c -•1 
1 i.'i'ip ->1 
4 •».«'K "1 
S «..«»«c "•I 
«i '.'»AT "7 
T I.KOC 17 

1 '.»S^ "7 
1 1.1AXC ■■7 

l"1 •'.AA7C -»7 

t 7.«,7*c ->n 

7 1.7A7C "1 
1 7.010c "•I 
'. A.O-OC "1 
s <),?qpc ^l 
t, l.A»7c "7 
7 7.J1T 1 7 

0 •».Slic "7 

-) A.7«7c 17 

n A.^^'c 17 

i P.AJf 11 

7 ".ISIc 11 

' S.71oc in 

4 l.oypr 11 
S l.'.A7c i1 
«. 7. Al AC "1 
7 l.^'IF il 

q A.q7AF "1 
n ft.OOJC -M 

ii «^■»rr "1 

i l.nnr in 

7 (S.AOic in 

^ «.17oc in 

'♦ 1 .AI'P 11 
S 7,oi«;c "1 
s "«.'''^F "M 
7 4.lice "1 
q ft^T^F 11 
o o ."Mor -«1 

76 n l.',71F 17 
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Table VII (CONCLUDED) 

RUN MM MV «HI MM 41V 

•>7 I S.oi7r   10 11 1 I.SflAF *n 

»7 ■> }.->*,**   -M 11 7 «i.t*.«;r OO 

•»7 7 l.CCTF   o) 11 1 l.l^c 11 
■>! A 7,0^?P   0) 11 '. 7.714F "l 
77 s 4.MBC   oi 11 «5 ?.0(SSP -M 
77 «. A.S1AP   o) 11 «, 4.S4ie 01 
77 7 «.777?   "i 11 7 «;.•»«*= ^1 
77 9 l,,»7«5r   07 11 9 7.7nF tl 
77 0 l.^pnc   07 11 q <».S«7F -•1 
77 10 7.0-^F   07 11 IO I.^IOP 07 

70 1 1.7f.7F   01 1? 1 1.0S9C 00 
7B 7 ?.97Pr  «i 17 7 6.41««: 00 
7P T 7,707C    01 17 1 1.0O1F oi 
7« 4 S.7ft»F   OJ 17 4 l.«07F "^l 
?P S 7,«,07P    ^| 17 9 ?.«»<»/,r oi 
7« «. 1.71SP    07 17 «. 4.714F oi 
7P 7 1.7QPC   07 17 7 4.<»4 7C H 
7« 9 7.'><MP    07 17 9 *.SR«r PI 
7P O •?.4SAr    07 17 0 P.P70F 01 
7P IO «.P4|P    '»7 1? n 1.19PC "7 

7" 1 7.77ir    0, 37 1 j.mc "1 
70 ■> 4.7o«e  01 11 7 7,414F 'M 
70 7 S.'!71C   r\ 17 ^ 7.717F "1 
7Q 4 0.SO7F    01 17 '♦ 4.404F -M 
70 S l.41*C    0? I' s «..7S9E 01 
70 * 7.114^    07 11 s 1.1"?= "»7 
70 7 7,07Op    07 11 T 1.14^c «7 
70 q 4.737':    ',7 17 9 7.o,7r 07 
70 T «S.90IF    07 17 0 7,0fl0C ■<7 
7«» »0 7.7/,7P   07 11 10 4.101F "7 

^r 1 1.76->P   00 
10 7 1.A77P   10 
y* 7 6,lSOP   00 
70 /. 7,^07r    00 
^0 S 1.07qc    0| 
IP *. l.AO^C    o, 
ir 7 ?.41»F    01 
10 a I.^A'F   01 
10 0 4.f.l<ic   o) 
TO 1 0 »..oisc 01 
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Table VIII 

AXISYMMETRIC MODEL PRESSURE DATA 

WN    MOE M. * Htm 

1" 1 l.mr   ") 1.««>1F-0t l.77Sr   rr 
>" 11 1.1 np ^i 7,i*ip   or 1 .7«50e   'I 
11 1 i.mc "i 7.«fAF-IJ 7.l«l«?r   rr 
l" <l Line   nt LMIF-il 7aq(iqF   0" 
1" 4 1.11" 11 I.OTCF   in C.l^F   rn 
1° 14 I.IMc   ^i 7.1f7F    11 1.BS1F   n 

»" 1 1.11'P    01 1 , e^F_«, I,7'77C   10 
tr 1« i.n?p "i 7, "ABC   or 1 .7S0C   "1 
?ri T !.n?p ii 7.'*1F--1 7.1S1F   i" 
?', '« i.ii?p "i 7.«(t«F_T1 1.117F    "* 
7r> S i.n?c äI S.riftF-«» 4.7<iir  «i 
?" f, i.ii?p «I f.?i«p-ri 1.777F   r« 
7^ 7 1 .ii?p n H,7eoF_01 fc.Qqoc   rn 
7« a l.n?r   PI i.r77F  -r O.nqF   rr 
»^ o 1.117P    11 i.naiF  T" 1.'<77r   r| 
?" 1" l.lt'P    11 7.<17rF     01 ■<.'HF   ii 
7" 11 1.11,7P     11 7.7f7F    or «..le1F   »"I 
7" 1» 1.117^    11 I.IOT    T1 1.116F    17 
■>" »1 1.11""   n ?.',77r    ii 1.7SSF    17 
■>r 14 i.n?^ ii ?.7rqF    01 | ,PfcOC    "7 

■>\ 1 0,7S7C    «n ?.^07F-oi 1.1A1F    "1 
?1 IS q,7'57r   «n ,.*77F   ir I.SIQC    "1 
?t 1 «>.7S7e   «0 «.q(«17F-01 ?.1TiP   -r 
?1 4 ''.■'57P   11 6.K0SF-11 7,7q«r   r-i 
"»1 s Q.7S7r    Po Q."OIF-Ol l.osif    rr 
71 ^ 0.7S7C    10 l.ro^F    ir 4.f.4AC    ^o 
71 7 Q.T57P   on 1.411F    "r 'I.IOAC   n 
?1 fl q,7S7r   «n l.'-.ISF   ir a.174F     11 
71 <? '3.7S7C    10 '.I^F   T" I.TS7F   H 
?1 l-l 9,7S7P    *n fr.ftOBF   TO 7,947F     01 
71 11 a,7S7P   -"n l.lfr'-r  ii ^.QAQF   0] 
71 17 P.7^7p     to '.1«1F   ii ".661F   ii 
'I 1 1 q,7S7c   IO 1.411F    11 1.441F    07 
'1 1« <J.7«7c    ro «.7 7CF    C1 1.B1*,F   n 
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Table VIII (CONTINUED) 

WN am M« P flrm 

?"> 1^ «J.-Sfar   no ?,9^?F   on 1 .«1?F   ^l 
?? 1 «J.^APF   "0 «.'«»IF-T) ?,r«f,F   "0 

'? S <),^6«F    10 7,*i«?F-'M 1.«qiF   «1 
?' *> O.S6»F   ^ft q,?o?C_01 *.<mF    f) 
'? 7 «J.^^SF   ^ft 1.I01F    T" *,O»0C   O" 
?? * «.S^gF   On I.^PTF    00 7.MCF    on 
?? o Q,o,»»r   oo I.WhF   00 1.?61F   «l 
" lo Q.SSOC   00 ^.''PIF    00 '.ST^c   ri 
'? 11 c.^ftr   no R.^'flF   on «,«67F   ri 
?9 17 Q,«!(S«F   oo l.^*F    01 "».TilF   01 
»> M <!.«if"F   00 7.*nSF    01 1.-M7F    «7 
?? 14 9.S6«c   00 1.«?»>F    01 1.7HC   07 

»? t 1.1?T   n, l.qiop-Ol l.ni(SF   po 
'^ f l.l?7e   oi 1.114P   00 l,7S4F   r, 
^ 1 1.127=   "1 H«!6F-01 1.047C   oo 
?' 4 1.177F   Ol 4.«47C-01 '.SOSC    nn 
?■» S 1.177C    oi f.<;Cf,F-01 1.«qiF   ro 
'1 IS 1.177F   Ol R,7?«F-01 4.01SF   r^ 
'■» 7 l.l'^F   Ol l.iqSF    00 f..71lF   TO 

'^ 0 t.l?7r   01 l.«K7F    OP «.771F    on 
" " l.l?"'?   01 7.7P?e    "jr l.SMc   ri 
?^ lo l.l?7c   oi S.qq^F   On 1.'»7RF   rj 
'I 11 l.I?7F   01 <5,7rftF    00 H.Ufytr   «i 
?^ 1? 1.1?7F   Ol l.*«^F    01 «>,^14F   01 
'■» 11 1.1?7F   01 ?.71f,F    01 l.SIOF   «7 
'"» 14 1.1'7C   01 7.««^F    Cl LA'S«:   "7 
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Table VIII (CONTINUED) 

KUN (WOE M. P '/'. 
'4 1 I.MTe   ^i '.«"F-'l l.n74F   on 
?« l^ I.MTF   O] 4,4AOF   TO I.OSIF   ri 
?« 1 l.nTe   «1 «.ft?1F-01 1.<;i1F   on 
"»A 4 i.nTP o, S.QQ7F-0I 7.4<«7F   no 
•>u <; i.nTF oi q.n«,F_o, •».7«,qF   nn 
71. ft i.n'p -«i 1. ?1SF   On ^,n41F    no 
■>u T i.n^P «i 1.617F   OO ft.ftOOP   oo 
■>u q I.M7F   ^1 ?, l("«F    00 «5,n<,ilF    oo 
yu n l.'37P    "1 '.srqr  on l.sqjc   ni 
>4 1" 1 .n7r  -«i B.1R4F   r;o 3.4ft7F    "1 
?4 11 i.n^F ii 1. •»70F   n, "5.77^    nj 
?« 1 7 Ll^F   oi '.3<?1F   Tl 0,074c   ry 
?4 n 1.137F   01 3.7'7r   01 l.SSlF    n. 
?4 14 l.n7F   n, 3.<;nnf   o\ l.ftlOF   n7 

?«; IS 7.T77F   no 1 . «ftQF   00 «.O07F   on 
?•; T 7,777c   on ?. 77ftr-ni 1.771F    no 
?«; 4 7,777C    f\r\ 3.634F-01 9.7P4F   00 
9« <; 7.777r   00 4. a71F-01 '.nyftp   "" 
'■; ft 7.777F   0" S.'iSCF-'JI ■».■insF   or 
?K 7 7.777F   00 ft.0B7f-0I 4.'«IF    On 
7«; <* 7,777F    on R.717F-01 «i^ft^F   00 
»c 0 7.777F   00 1.i«!4F   -n o.on^p   on 
»«; 1" 7,777F    no 7.-M7F   on 1.4ftOF   01 »« 11 7.777r  «n i.ftCjF   on '.331F   01 
?«; 1? 7.777F    «0 S.^fF    "C 3.491F   ni 
?^ i •« 7,777F    OO •J.ft^ftF   OO ft.n(}7C   01 >•; 14 7.777C   "0 1.ft47F   "1 1 .037F   07 

7f. 1 7.q«7F   on '.^P^F-OI 1.77nF   on 
?«. IS 7.,«<<7F   00 7.S77F   00 l.^HF   "1 '*. ■K 7,Bfl7F   00 «.«MF-O) l.flr^F   00 
2* 4 7,R«7F   00 5.S10F-ni 7.7SlbF    on 
7C «i 7.9R7F   on 7.7ft4F-01 3.171F   no 
7». ft 7.q«7P   00 «.<)«7F-^1 •>.ft7lF    on 
7*. 7 7,q97c nn 1.17SF   OO 4.S0ftF   no 
'(S P 7.9R7F   on I.IT-F rr ■'.ftHF   OO 
7ft 0 7.q«7F   00 7.714F   00 P.osnF    on 
7«, n 7.qP7F   ro ^.*«*1F   on 1.Sn7F   01 
7ft 11 7,q«7F   on ft. 7«4F   On 7.K6SF   "t 
2ft 1 7 7.q07c   no ".P^F   on ■».76ftF   01 
7ft n 7.9P7F   OO l.«ftRF   01 ft,4nqF    «1 
7ft 14 7,H97e   on '.•!73r   01 1.0S2F    07 
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Tmble V1I1 (CONTINUED) 

HUN M«E N. p 'I'm 
77 T.onrc  "n 6.f6^F-11 1.!<»SF   nn 
77 7>Qpop   or> ^.•67F   or t.16nF   ni 
»7 7.9RPF   «n A.MOF-OI 1.7inc   n-> 
71 T.QPOF   ^a »."«JSF   on ?.t64c   or 
77 7,0pnF   0« t.S76F   in I.IMF   rr 
77 7.QP0F   «0 ».in«?   00 1,0S7F   no 
77 7,0Rrr   nn 7.«64F   00 ^,n^pp   or 
77 7,0pnF   on 1.',7«)F   O" 6.np*>F   00 
77 7.qarr   r»n 4,qP0F   00 q.q«,7C    00 
77 7.oqnF   "i fl.6?rE   ^r U7n7F   01 
77 T.OROF   T> l.l'BF   Tl 7.q47F    r\ 
77 7,0flC>F    «0 ?.»?1F   01 4.101C   01 
77 7,0«<'F   o« 1.««!7F    Ci 7.o10F   ni 
77 7.0flPF    «O •i.<)47F   0) 1.176F   n? 

7« f.74'P   no 7.qO1F-0| I.n47F   ro 
7P A,7«7F   no 7.qi<»F   on 7.P1SF   no 
7» 6.747«:   no s.p-«nF-oi 1.SSIF   00 
7P ft.7«?F    00 7.li«F-ni l.flqflF   no 
7« 6.747F   no 0,»7np_oj '."SSHF   no 
7P '..747F    no l.roflF   On 7.074F   no 
70 6.747C    n« l.»71F   OC 1.64SF   or 
7P 6.7A7F    00 1.«4flF   on 4.1P7r   oo 
7P 6.747F    00 7.700F   On 7.441F   on 
7P *,,747F   on 4.P6«e   on I.'ISF   01 
?P A,747F   nn 7.ROOF   On 7.077F   01 
7P 6.747C   no I.C«;IF  «1 ?.0C7F   ri 
7P 6.747c   no i.'niF o? 4.P7nF   ni 
7P *,747C    np ^.?5nF   ?i n.647F   ni 

70 6.707r   on 7.«16F-"1 o.6^SF-o| 
70 6.79?c   n/> S.77CF   00 7,417F    00 
70 S.707C   on 1.116F   on 1.4HF    on 
70 6.7P7r   nn l.'SOF   on Ia746F   no 
70 ft.7q7c   on I.IIOF   00 '.116F   00 
70 6.7q7F   OO ?.oqiF  on 7.6P6F    no 
7o 6.707C   nn 7.667F   on ^.47fiF   no 
?" 6,7«)7C   on 1.7S«F   or 4.IPSF   no 
70 ft,7q7C   nn 5.4nF 00 6.054F   no 
?o 6.707C   00 «.6ICF or l.lOftF   oj 
70 6.797C    OO l.?«*F   01 1.710F   n 
70 6.7«)?c   no ?.On:|F    01 ?.'!71F   nj 
70 6.707F    "O 1.,i?4F   Oi «.^'7F   n 
70 6.707C  on *.if-tr 01 7.4UF   ni 
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Table VIII (CONTINUED) 

RUN am N« P Hrw 

3" i T.<»1ic TO 1.«i?«F-0) i.niF on 
T> is 7.«1->P 10 l.??*F   00 9.««.9F   op ** ^ 7.«MC TO ?.irsF-oi l.#.69F   00 
1^ '♦ •'."IIP 00 I.^UF-OJ 7.1«?r   no 
If s 7,«lie on i,q?«F-o| ?.p-?0F    oo 
1" c 7.»lie ^0 «.5Mr-0l l.^rOF   on 
1" 7 7.911«: on S.SSSF-Il 't." 10F    nn 
^ 0 7.911C oo (S.qrsF-n 4.n<3«,F   oo 
■<" o 7.9l'e oo 1.17PF   T" 

B.160r   oo 
10 !*> 7.9MC TO l.oiSF    00 l.i^dr   n, 
?r 11 7.9nc 00 '.'•C*F   or 7.17SF    o, 
1" 1 > 7.9MC no «.»<?7F   00 1.191F    Ol 
10 1 1 7,9» IP OO 7.iocr i" S,147F    oi 
I" 14 7.911F oo l.?7PF    01 0.'SCP    r^ 

11 1 -S^Sftr on «.7?7r--)l l.^rftF    on 
11 IS 6.7SAP OO 1.»>1F   C" 1."»71C    00 
11 •» 6.7Sf,r oo 4.917F-01 l.??0C    o^ 
11 '. ft.7S«.c on S.rfl7r_oi l.^O^F    00 
^1 <; ft,7s*.r oo *.ir«F-oi I.SS7F   oo 
11 *, f<.7S>,r OO ft.lO1F_0I 1.M1C   oo 
11 T ft.7S6C on 7.CF-01 ?.074C    on 
11 T ft,7SfrP oo «.q«<SF-01 ?.70?C    "C 
11 1 ft^S'.c oo 1.104F    OO 1.SS7C   oo 
11 n fi.7SAC oo 1,»«0F    oo 4.741F   ro 
11 11 ft.7SftP OO '.?S4F    on ft.SKSF   on 
11 }■> ^.7S^c OO •".«ISF or »>.711F   or 
11 11 f>.7S(SP oo S.fqF   CO l.«1QF    o, 
11 14 IS.7SAI: on R.^qne   oo ?.1'.SP    o, 

1? i ^,7«sp ""■) «,»7QF-OJ l.'rsr   re 
3? is f..79«:C OO 1.740F   00 1,4S1P   on 
1? ■< »..79SP OO '.. 1«50F-oi t,l*,qc   on 
1? '. «,.79SP 00 4.f49F-oi l.t"14P   on 
1? s 6.79SP OO S,»POF_oj I.4q7F    on 
1? ». *..79SC po S.(>1«,F-01 I.MflP   Tr 
1? 7 ^.7flSC 00 '..^lir-oi 1.0?4P   oo 
1? q ').79SC on o.^SF-Ol ?.?67P   oo 
1? o S.79SF on 1.1P«F   or 1,7qqp   OO 
1? 1" A.79SF OO I.'IOIF    00 4.707F   or 
■>9 11 ft,7«SP or ?,479F    or ft.91f.F   on 
1? 1' *..79SF op i.-qrr oo q.ftOje   on 
1? M ',.79SC 00 «.^^F    00 I.'^PP   ri 
1? I'. ft.79SF on 7.70QF    no ?.171F   o, 
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TabU VIII (CONCLUDED) 

Mil             N. ' H* w 

■K A.7P*F "ft «.«nF-OI 1.191F ftl 
'. 6.7«^F in 1.CC«F Oft I.'SCF ftl 
•» 6,7«f,F "ft 1.J7AF 1ft l.^HP fft 
* (<..7q«,F on ),?f7F 1ft I.^SF ni 
7 f,.7«frF ftl l.«*k7F 1ft I.^S^F r" 
» 6.7^F 1ft l.ftq^F 1ft '.1?1P 01 
i A.7**.F "^ ?,7fHF IP ?.«64F ft" 

»i A,7^AF 11 1.f7«F 1ft «.A11F "" 
11 <S.7P#,F ftft S.«17F 1ft A,0"4F ftl 
17 A.7fl«.r 11 *.,M"F "" fl.*'lF ft^ 
ll f..t**P ft« l.r«7F 01 l.^ftlF «1 
U #..7qfF ir« 1.«")PF 11 1.1S0F "1 
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Figure 7  MODEL E-2 INSTRUMENTATION LOCATIONS 
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AIRFLOW 

OIAPHMQM 

CRYSTAL 

ACCELERATION 
COMPENSATION MASS 

FLEXURE 

CRYSTAL HOLDER 

CRYSTAL HOLDER 

ACCELERATION 
CRYSTAL 

HOUSING 

Figure  II      DRAWING OF SKIN FRICTION GAGE 25-38 AC 
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END OF TEST AIRFLOW 
/

.64 PSI

10 MILLISECONDS

START OF 
TEST AIRFLOW

SKIN FRICTION POSITION 8

Figure 12 TYPICAL SKIN FRICTION AND HEAT TRANSFER GAGE RESPONSES 
(a) TUNNEL FLOW BREAKDOWN - RUN 2
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END OF TEST AIRFLOW 

.00093 PS I 

START OF TEST AIRFLOW' 

SKIN FRICTION POSITION I 
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END OF TEST AIRFLOW 

-          -^ ^r- 
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me BTU/FT2 SEC    lx\ ^\ 

f::: v 

1   /    '    '—'—L 
START OF TEST AIRFLOW 

TEMPERATURE HISTORY FOR POSITION I 

START OF TEST AIRFLOW 

ANALOS CIRCUIT OUTPUT USINO TEMPERATURE 
TRACE ON LEFT AS   INPUT 

Figure 12 (CONTINUED)    (b)    LAMINAR BOUNDARY LAYER • RUN  1 
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 J    L—1.0 MILL I SECOND TYPICAL 

END OF TEST AIRFLOW 

START OF TEST AIRFLOW 

SKIN FRICTION POSITION H 

1 
END OF TEST AIRFLOW       , .g, ,™/FT2 SEC 

301 CM y" ' 

I M I I M 
END OF TEST AIRFLOW 

^l^ik 

START OF TEST AIRFLOW 

TEMPERATURE HISTORY FOR POSITION 2 

START OF TEST AIRFLOW 

ANALOG CIRCUIT OUTPUT USING TEMPERATURE 

TRACE ON LEFT AS  INPUT 

Figure 12      (CONTINUED)    (c)    TRANSITIONAL BOUNDARY LAYER - RUN I 
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Hh 1.0 MILLISECOND TYPICAL 

END OF TEST AIRFLOW 

.0088 PS I 

START OF TEST AIRFLOW 

SKIN FRICTION POSITION 8 

END OF TEST AIRFLOW 

5.9 5 8TU/FT2 SEC 

START OF TEST AIRFLOW 
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fi^^d 

i i i  i 
END OF TEST AIRFLOW 

71 ,CC 

START OF TEST AIRFLOW 

ANALOG CIRCUIT OUTPUT USING TEMPERATURE 

TRACE ON LEFT AS  INPUT 

Figure 12      (CONCLUDED)    (d)    TURBULENT BOUNDARY LAYER - RUN  1 
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Figure 13  SKIN FRICTION DISTRIBUTIONS ON THE TWO-DIMENSIONAL MODEL 
(a) MACH NUMBER 11, ANGLE OF ATTACK = 0' 
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Figure 13 (CONTINUED)      (b)    HACH NUMBER 10,  ANGLE OF ATTACK = 0* 
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Figure 13 (CONTINUED)  (c) MACH NUMBER 8, ANGLE OF ATTACK « 0* 
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Figure 13 (COHTIHUED)      (d)    HACK NUMBER 7,  ANGLE OF ATTACK = 0' 
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Figure  13 (CONCLUDED)      (e)    MACH NUMBER 7, ANGLE OF ATTACK = I»*,  8* 
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Figure U      HEAT TRANSFER DISTRIBUTIONS ON THE TWO-DIMENSIONAL MODEL 
(a)    MACH NUMBER 11,  ANGLE OF ATTACK = 0° 
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Figure 15 (CONTINUED)  (b) HACH NUMBER 10, ANGLE OF ATTACK = 0' 
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Fi9ure 15 (COMTIMUED)      (c)    MACH NUMBER 8, ANGLE OF ATTACK = 0« 
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Figure 16 TWO-DIMENSIONAL MODEL FLOW PHOTOGRAPHS 
(a) MODEL E-2 SCHLIEREN. RUN 1



Figure 16 (CONTINUED) (b) MODEL E-2 SCHLIEREN, RUN 2
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1

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





Figure 16 (CONTINUED) (i) MODEL E-2 SHADOWGRAPH. RUN 12









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



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