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ABSTRACT

This report presents mean flow profiles across a two-dimensional, flat

plate, compressible turbulent boundary layer. The mean flow properties were
determined from pitot pressure and total temperature surveys carried out at
three streamwise locations for wall to freestream total temperature ratios
of 0,94 (adiabatic case), 0.714 and 0.54. All tests were conducted for a
freestream Mach number of 3.0 with Reynolds number, based on momentum thick=-
ness, varying from 3200 to 4200, Although the outer two thirds of the viscous
sublayer was probed, no evidence was found of a linear velocity gradient near
the wall. However, the skin friction calculated using two conventional
correlations were in good agreement with the trend of the data. Furthermore,
comparison of the velocity profile with Coles Law-of-the-Wake correlation
indicated that the boundary is characteristic of a fully developed zero
pressure gradient, flat plate flow. e experimental profiles of total
temperature versus velocity were also oBserved to be in good agreement with
the theoretical predictions of Whitfield\and High for nonunity Prandtl
number. These results demonstrated that the linear Crocco relation, which
assumes Pr = 1.0, cannot be used to judge the quality of the boundary layer
flow for near adiabatic wall cases. Finally, the distribution of turbulent
shear stress, mixing length and eddy viscopity across the boundary layer,
were determined indirectly from the '"time Ayeraged" boundary layer equations
using the experimental mean flow profiles.™ Results were in accord with

those of other investigators for supersonic flows. In particular, the cal-
culated eddy viscosity was in excellent agreement with the correlation de-
rived by Maise and McDonald.

The findings in this report are not to be construed as an official Department
of the Army position, unless so designated by other authorized documents.
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SECTION 1
INTRODUCTION

Predictions of turbulent skin friction and heat transfer phenomena require
accurate solutions to the "time averaged" equations of boundary layer flow. |
These equations, however, contain higher order turbulence terms, i.e., the
turbulent transport properties, which cannot be derived from first principles.
While recent advances in computational techniques make possible rapid cal-
culation of compressible turbulent flows, the various calculation schemes

lack appropriate models for the transport terms. There is, in fact, an

acute need for direct measurement of the turbulent fluctuations and of their
higher moments to serve as a basis for such turbulence "modeling."

At supersonic speeds, compressible turbulence is distributed among various
"modes" including pressure, temperature and velocity fluctuations. While
the available data base is restricted in scope, it does indicate that

(1) the temperature (density) fluctuations become significant at high speeds
and are sensitive to the wall temperature, (2) these same fluctuations are
important, and perhaps even dominant, in the turbulent transfer process and
é thus are central to proper turbulence modeling, and (3) as a consequence,

' the cross-correlations, i.e., the Reynolds stress terms, may also be sen=-
sitive to the wall heat transfer. Based on present knowledge, estimating
the influence of wall cooling on the turbulent fluctuations at any flow

3 speed is possible over only a limited range of conditions. Consequently,
the present task was undertaken to more clearly delineate the effect of
wall temperature on the turbulence structure of the compressible supersonic
boundary layers. Experiments were carried out in the flow over a zero
pressure gradient flat plate at a fixed Mach number of 3.0 for wall temper-
] atures T,/Tye = .94 (adiabatic case), .714 and .54,

This report documents the results of the first phase of the program which was
directed toward detailing the mean flow profiles of the boundary layer at
several selected streamwise stations for each wall condition indicated above,
Such measurements are required to demonstrate the two-dimensional, fully
equilibrated nature of the flow and are needed to calculate the sensitivity
coefficients of the hot wires used in subsequent measurements of the flow
fluctuations. A report describing the results of the fluctuation measure-
ments is forthcoming.

A description of the test hardware and instrumentation is presented in
Section 2 of this report while Section 3 discusses the results of the mean
flow measurements. In particular, Section 3 describes the mean flow profiles,
includes an assessment of the measured total temperature-velocity profiles,
presents the results of skin friction calculations and a comparison with the
Law-of-the-Wake velocity correlation. Finally, it provides the distribution
of turbulent shear stress, edd-viscosity, and mixing length as deduced from
the "time averaged" boundary layer equations using the known experimental
mean flow profiles, A summary of the experimental findings is presented in
Section 4,
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SECTION 2
THE EXPERIMENT

2.1 FLAT PILATE DESIGN

The model consisted of a 7.62 cm wide, 66.04 cm long 2024 grade aluminum plate
with a 0.475 cm thickness and a 5° leading edge. When installed, the plate
spanned the test section completely, with its top surface coincident with the
(2-dimensional) nozzle centerplane, and its leading edge located 10 cm upstream
of and its trailing edge 55.9 cm downstream of the nozzle throat. The plate
was supported by a windshield attached to the lower nozzle block and by a
faired strut anchored in the stagnation chamber ahead of the throat. On the
sides, the plate pressed against the glass sidewalls with long O~-ring seals,
thus avoiding metal-glass contacts and minimizing lateral heat transfer, A
photograph of the flat plate installed in the wind tunnel is shown in Figure 1.
The region above the plate was unobstructed except for diagnostic probes sus-
pended through the upper nozzle wall, and in the working section where the
experiment was performed. The region under the plate was available for pro-

F‘ trusions needed for cooling, surface sensors, etc.

Cooling was accomplished using liquid nitrogen supplied to four loops of 0.5
cm diameter aluminum tubing epoxied on the plate underside in pairs, as shown
in Figure 2. The eight ends of these tubes (4 inlets and 4 outlets) extend
beyond the plate trailing edge; the inlets continue into the diffuser section
where they exit through the tunnel wall and connect to the LN, supply. The
outlets discharge the spent coolant into the diffuser sectionj because the
tunnel is an open circuit facility, the test air stream was not contaminated
by nitrogen.

2.2 INSTRUMENTATION
2,2.,1 SURFACE DIAGNOSTICS

As shown in Figure 2 and listed in Table 1, the plate was instrumented with 1
‘ 9 static pressure tapes (P1l-P9) and 14 iron constantan thermocouples (T1-T14)

I to monitor the streamwise and spanwise uniformity of surface properties. The

| pressure tubes are 0,081 cm in diameter with a 0.05 cm diameter opening; the

‘ thermocouples, comprised of a twisted pair of 0.025 cm diameter wires, were
epoxied in place in holes drilled through the plate. Both types of sensors
were located flush with the upper surface of the model, The pressure taps

were connected through a sampling valve to a 15 psi Dynesco pressure transducer
with a sensitivity of approximately 0,05 mv/mmHg. Typical measurements of
surface pressure are shown in Figure 3, which includes also the static pressure
calculated from the tunnel stagnation pressure, Py, and the measured freestream
pitot pressure Py_. Since the level of surface pressure corresponds to only

3% of the maximum range of the transducer, the agreement between measurement
and calculation is considered good. The pressure taps were used primarily to
monitor the flow and insure the absence of non-uniformities, and the static




pressure used in the data reduction was calculated as indicated above. The
surface thermocouples were connected to a Newport digital pyrometer. During
the experiments, the output from surface thermocouple numbers 7,8, or 9 was
plotted on a Mosely X-Y recorder to provide a continuous record of the temper-
ature of the plate.

Typical surface temperature distributions for each of the three temperature
levels used in this study are shown in Figure 4., This plot indicates the
uniformity of the wall temperature, in both the streamwise and spanwise
directions, within the survey region. The single low temperature recorded

at the 16-inch station, for a nominal wall temperature of 172°K, is the output
from thermocouple number 12 located 2,03 cm from the plate centerline where
the surveys were conducted., It is sufficiently displaced from the region of
interest to have had negligible effect on the measurements. In all cases the
region of uniform temperature started at x = 20 cm or about 20 boundary layer
thicknesses upstream of the first survey station.

It was originally feared that condensation of water vapor at low temperature
would form a layer of frost or ice on the plate which could interfere with

the measurements. The silica-gel drier of the tunnel provides a 236°K dew-
point at the inlet, which for a Mach 3 expansion corresponds to a condensation
temperature of 2039K in the test section. Thus the mixture in the test
section is actually supersaturated, although condensation only occurs in the
presence of a cold surface. During the experiments, a very fine frost layer
appeared on the plate at Ty = 210°K and completely covered it at T, = 170°K.

A microscopic view of this layer, made with the tunnel running, showed it to
consist of mil-size particles which are, of course, very much smaller than

L the boundary layer thickness and the sublayer thickness. Tests also showed

: that the pressure taps operated properly with the frost present. A test was
also carried out to demonstrate that the ice formation did not cause any {
abrupt changes in the flow characteristics, A thin film probe acting as a |
thermometer (operated at low current) was located at about y = 0,075 cm and . {
its equilibrium temperature was monitored as T, was decreased from 300°K
through frost formation to about 170°K, The result is shown in Figure 5 where
it is seen that the sensor temperature decreases smoothly through the frost
point, evidence that the flow itself is not discontinuously affected by the
formation of ice.

2.2.2 MEAN FLOW PROBES

E The mean flow probes, either a pitot pressure tube or a total temperature
thermocouple, were mounted in a two-degree of freedom actuator, extending |
through the tunnel ceiling, which permitted motion in the horizontal (stream- !
wise) and vertical directions. The pitot probe consisted of a 0,010 cm od

tube which gradually tapered at its tip to a 0,005 cm diameter opening. A
miniaturized Kulite pressure transducer, Model VQH-250-10, was mounted within
the actuator thereby drastically reducing the response time of the probe. The
transducer sensitivity of approximately 11.0 mmHg/mv was checked by calibration
prior to each run, An X-Y plotter record of a typical pitot pressure survey is
shown in Figure 6. The profile is similar to those obtained for all test




conditions and in characteristic of a fully turbulent boundary layer. (Note
that the indicated height above the surface, y, requires a small zero correction
to account for the true location of the wall,)

In order to document the sublayer, it was necessary to probe in detail within
.05 cm of the wall. Although probe corrections were found to be negligible
through the boundary layer, interference effects caused by the proximity of
the wall were apparent for y < 0,015 cm, This was verified by measurements
made with a larger pitot probe, comprised of a 0.051 cm od x 0,0406 cm id tube,
flattened at its tip to a height of 0.018 cm., Typical pitot pressure measure-
ments with both probes are shown in Figure 7 where it is seen the interference
effects become evident when y < 1,5 times the probe height,

Total temperature measurements were made with a Ch-Al bare wire thermocouple,
with its 0.0038 cm diameter wires welded to form a 0.0127 cm diameter sphere.
Measurements were initially made with a shielded thermocouple but, because of
interference effects near the wall, this probe was discarded in favor of the
bare wire thermocouple, The probe was calibrated in the wind tunnel free-
stream and the recovery factor plotted against Reynolds number, based on total
temperature and sphere diameter, is shown in Figure 8. The recovery factor in
Figure 8 is defined as (Tmeas=T¥(To~T) and therefore accounts for the effects
of local Mach number.

A typical record of the measured, or recovery, temperature for the adiabatic
wall condition, together with the computed total temperature profile, is shown
in Figure 9. Included as an insert in Figure 9 is the sublayer region plotted
with an expanded scale, The zero slope of the T, profile near the wall and the
overshoot near the outer edge of the boundary layer are characteristic of the
adiabatic wall condition for non-unity Prandtl number, Typical recovery
temperature profiles for T, = 170°K are shown in Figure 10. The viscous sub-
layer is readily apparent and approximately 0,04 - 0,05 cm thick and experiences
about one-half the change in total temperature across the boundary layer,

The mean flow profiles were obtained by feeding the probe output and a voltage
signal from the probe actuator, which was proportional to the y position, to
a pair of digital voltmeters. The DVM readings, in turn, were output to a
paper printer that could be actuated manually or triggered by the actuator
signal., A block diagram of the instrumentation is shown in Figure 11. The
probe signal was allowed to equilibrate before data was recorded. The re-
solution of the DVMs was 0.0l mv, corresponding to a 0.1 mmHg or 0.5°C re-
solution for the pitot pressure and total temperature probes, respectively,
and to 0,0001 cm for the probe position, The probe tip was viewed with a

10 power microscope and the wall location was determined from the actuator
reading when the probe contacted the surface; in this manner the wall or

y = 0 position could be determined with an accuracy of less than 0.0025 cm.
The tunnel stagnation pressure was measured with a 0-800 mmHg Heise pressure
gauge with a least count of 1 mmHg and stagnation temperature was sensed by a
Precision digital temperature indicator which read directly in degrees




Farenheit with a resolution of 1°F (0.6°K). Mean flow properties were cal-
culated by means of standard gas dynamic equations using an iterative procedure
to account for the calibrated recovery factor characteristics of the T, probe.
The data reduction procedure was programmed for the Honeywell 6000 digital
computer.,

2.3 PRELIMINARY FLOW FIELD SURVEYS

Prior to the final measurements, several tests were carried out to judge the
quality of the flow above the plate and to demonstrate the repeatability and
two-dimensionality of the boundary layer. Extensive Spark-Schlieren studies
were carried out for tunnel pressures ranging from 1/3 to 1.0 atm, Figyre 52
shows typical Schlieren records of the flow over the plate at ,973 x 10°N/M
(730 mmHg). Each photograph is a mosaic composed of frames obtained from the
nozzle throat region to beyond the plate trailing edge. They were obtained
with a knife edge parallel to the flow so that when the density increases
going up, the flow region appears light and vice versa. Figure 12b interprets
the major features of the Schlieren photograph. These records show a very
smooth, uniform flow, as can be judged by observing ''calibration" shocks intro-
duced deliberately at two points,

Pitot surveys of the boundary layer were made to uetermine the two-dimensionality
and repeatability of the flow and to gain an idea of the overall flow quality.
The region surveyed extended from x = 25 to x = 48 cm from the nozzle throat,
from 0 <y < 1.65 cm above the plate, and from 1.65 cm < z < +1.,65 cm. The
survey thus covered approximately half the plate length, half the span, and

half the height from the plate surface to the tunnel ceiling.

Figure 13 shows several vertical traverses of pitot pressure at fixed

x(=48.8 cm) for z = 0, £ 0.76 cm, and z = + 1,65 cm. It is seen that the pro-
files are (1) nearly identical, attesting to the two-dimensionality of the flow,
(2) typically turbulent, and (3) show that the freestream is quite uniform,
verifying the Schlieren records, Figure 14 shows continuous traverses taken
again at fixed x and along the z axis for various values of y. Again, the
two-dimensionality of the flow is apparent and it is noted that there are no
shocks or other wavelets evident in the surveyed volume, This implies that
there are no discontinuities, leaks, throat waves or other localized dis- i
turbance sources in the flow.

2.4 TEST MATRIX

The matrix of final test conditions is shown in Table II which lists the three
streamwise stations and three wall temperatures for which data surveys were
conducted and indicates the type of survey. In all cases the tunnel was
operated at P = .973 x 105 N/M2 (730 mmHg) and Ty : 318%K corresponding to
nominal My = 3 and unit Reynolds number = 6.57 x 10 6/meter. Mean flow measure-
ments were made at all three x locations in order to document the streamwise
progress of the turbulent flow,
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SECTION 3
MEAN FLOW MEASUREMENTS

3.1 MEAN FLOW PROPERTIES

The mean flow profiles for the three axial stations and three wall temper-
atures indicated in Table 2 are presented in Table 3. The integral properties
8% and 0, together with the static pressure (assumed constant across the
boundary layer) and the edge values of mass and momentum flux (used later in
shear stress calculations) are listed in Table 4, The pitot pressure variation
in the freestream was found to be uniforr (constant with y) or showed a small
linear increase with increasing y. The boundary layer thickness 6, was de-
fined as that point where the pitot pressure profile within the layer merged
with the straight line representing the distribution of pitot pressure in the
freestream, On this basis & was found to range from 0.75 to 1.0 cm (depending
on x and Tw)‘ The corresponding Ree ranged from 3200 to 4400.

The velocity profiles for the three survey stations are plotted in Figures 15
to 17 for wall temperatures Ty/Tge of .94, .71 and .54, respectively. In
each case, the figure includes for comparison, the one-seventh power law
profile commonly used to characterize turbulent boundary layers. The agree-
ment between the data and the power law expression is close and indicates the
utility of the latter as a simple approximation to the turbulent velocity
profile, The data also indicate that the sublayer thickness is approximately
.056, corresponding to 0.04 to 0.05 cm, regardless of the test parameters.

In addition, for each wall temperature condition the velocity profiles are
apparently independent of x position, although in view of the relatively short
interval between survey stations (Ax/8 ~ 5) the agreement is not a conclusive
test of self-similarity. However, results described later in this section
confirm the maturity of the boundary layer flow and establish that self-
similarity is indeed a reasonable assumption. Figure 18, which is a plot of
u/ue versus y/é at the mid-survey station, x = 38,79 cm for each surface
condition shows that the velocity profiles are independent of wall tempera-
ture as well as x station,

The total temperature profiles, To/Toe versus y/8, are plotted in Figures 19
to 21 for wall temperature ratios of .94, .71 and .54, respectively. Each
figure includes data from the three survey stations and, similar to the
velocity measurements, shows that the To profiles are independent of stream-
wise station. The data shows clearly the T, overshoot expected for non-
unity Prandtl number flows and that the overshoot vanishes as the wall tem-
perature is reduced. In addition, the T, profiles show that the thickness of
the thermal boundary layer coincides with the values of § defined above on
the basis of the pitot pressure. The T, profiles, particularly for the
adiabatic measurements, also confirm that the sublayer thickness is about

1 0.05 y/8. The effect of wall temperature on the total temperature profile

is demonstrated in Figure 22 where TO/T versus y/6 at the mid-survey station
has been plotted for each wall condition., It is of interest to note, es-
pecially for the non-adiabatic cases, that approximately one-half the change
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in T, occurs across the viscous sublayer.,
3.2 T VERSUS u/u, PROFILES

While the velocity and total temperature profiles presented in Figures 15 to
22 indicate that the boundary layer is well behaved and characteristic of
fully turbulent flow, a better insight to the turbulent structure is provided
by plotting T versus u/ug. It has become common practice to compare experi-
mental profiles to the linear Crocco relation T = u/u,. The Crocco relation,
however, is restricted to unity Prandtl number, an assumption made to eliminate
the turbulent shear stress terms from the energy equation. As a result, the
simple Crocco expression cannot predict the total temperature overshoot in
adiabatic, non-unity Prandtl number flows that has been observed in numerous
expe~'mental investigations and confirmed by the numerical analysis of

Van D  3st,

It bas >.en further observed experimentally that the T - u/u, profiles for
boundw.y layers growing over aerodynamic models (flat plates, cones) differs
from those on nozzle walls (see, for example, the data review in Reference 2
as well as the results of References 3 and 4. The latter conform more
closely to the Walz? quadratic law T = (u/uy)“ which is valid for P, < 1.0

but is limited to zero heat transfer. However, the Walz relation also ignores
the turbulent shear stress terms in the energy equation and, similar to the
Crocco expression , is unable to account for the T_ overshoot in the adiabatic
case. The quadratic behavior has been attributed gy several investigatorsb’7
to various effects associated with the upstream history of the nozzle ex-
pansion which tend to delay the attainment of an equilibrium boundary layer
structure,

More recently, Meier, et al,8 and Whitfield and High9 have examined the

T - u/u_ relationship for non-unity Prandtl number flows by including
approximate models for the turbulent shear stress distribution across the
boundary layer. The former present a numerical analysis, while the latter
derive an analytic solution which is used here for comparison to the experi-
mental data., For convenience, the solutions of Whitfield and High are
repeated:
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where, for the constant wall temperature (cold wall) case:
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while for the adiabatic case:
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To evaluate the above equations, it is necessary to know the mixed Prandtl
number Pr . Whitfield and High examined the variation of Pr_, based on measured
recovery factors, as a function of Mach number and indicate that Pr is about
0.9 at M, = 3. It was found that the results are insensitive to small vari-
ations in Prp and therefore a value of 0.88 was selected for the present
calculations.

Equation 3-1 evaluated for the adiabatic case (i.e., with Equation 3-3) is
shown in Figure 23 which includes the Crocco relation, the quadratic expression
and the experimental results for the three survey stations. It is clear that
the linear Crocco relation is a completely inadequate representation of the
data which instead is in good accord with both the results of Whitfield and
High and the trend of the quadratic law, More important the T, overshoot cal-
culated from the theory confirms the experimental observations. The "kink"

in the profile at u/u, = 0.6 corresponds to the edge of the sublayer and is
similar to the behavior observed by other investigators.

The results for the cold wall cases are shown in Figures 24 and 25 for Tw/T
0.71 and 0.54, respectively, where again both figures include the Crocco
relation and the data for the three survey stations, It is immediately evident
that with heat transfer, even at moderate rates, the T - u/u profile becomes
nearly linear and that the Crocco relation is now an accurate approximation

of the data. In fact, the theory of Whitfield and High indicates that the
shift to a linear-like behavior occurs quickly as the wall temperature is




decreased below its adiabatic value,

The present results show that the T versus u/ue profiles in non-unity Prandtl
number boundary layer flows can be accurately calculated provided the turbu-
lent shear stresses are taken into account. While the Crocco relation appears
to be valid for finite heat transfer rates, it is not an appropriate basis of
comparison for the case of an adiabatic wall when Py < 1,0, In view of the
agreement between the data and the Whitfield and High theory, it is suggested
that relaxation effects in nozzle wall boundary layers may be less important
than previously considered,

3.3 SKIN FRICTION

It was originally intended to measure skin friction using a Preston tube and,
provided that the sublayer could be probed in sufficient detail, from the

slope of the experimentally determined velocity profile, However, the velocity
profile approached, but did not attain, a linear variation near the wall, so
that this method could provide only a lower bound to the skin friction coeffi-
cient, In addition, the Preston tube measurements indicated cf values con-
siderably higher than implied by the trend of the velocity data, (This is
apparently a consequence of the large scatter inherent in existing Preston

tube correlations.)

Consequently, the skin friction coefficient was calculated using two approaches.
The first involved the correlation of Hopkins and Inouye~' and the second is
based on Coles Law-of-the-Wake correlation.l? The results of the two procedures
are in good agreement with each other and with the trend indicated by the
velocity profiles and are therefore considered an accurate representation of

the skin friction.

The correlation of Hopkins and Inouye, which is based on the Karman-Schonherr
incompressible formula for cg and utilizes the Van Driest velocity transforma-
tion, is expressed as:

1 2
— = 17.08 (Log;gReg) + 25.11 Log,,Rey + 6.012 (3-4)
-
where
g " Fccf, Ree = FeRee and
Fc = rm/(sin'1 o + sin"1 3)2

Fe L ue/uw

o = (282-B)/(4A2 + B%)*
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B/ (42 + B2)Z

g =
A= (rm/F)}i
B=(l+rm-F)/F
F = T,/T,

m = 0.2 M

r = 0.9

In the above expression, cg and Reg are the compressible values of skin
friction coefficient and Reynolds number based on momentum thickness and
cf and Reg are the equivalent or transformed incompressible values.,

Coles Law-of-the-Wake can be expressed as

"= wk/u_ = 2,43 In(y') + 5 + 2.43 T w(y/6) (3-5)

where y+ = yu /vw, u_is the friction velocity (Tw/p )%, T is a parameter
representing the strgngth of the wake component of tge boundary layer, W is
the Coles tabulated wake function which is approximated by 2 sinz(ny/25) and
u*, the generalized velocity proposed by Van Driestl3 to account for the
effects of compressibility and heat transfer, is given by:

u T 2
o - E: sin-1| 2K (u/u)-Ky |, sin-l K,y
1 2 i Bk 2isw Bk
(K" 4K, %) (K2 +iKy )
Klz = m/F

Ky = (1 +m)/F -1
where m and F have been defined in Equation 3=4,

The quantities u ,8 and 7 are treated as unknown constants and are determined
by adjusting thefr values until the velocity data fits Equation 3-5 with a
minimum rms error. Data for y + < 50 and y > 0.96 are excluded from the curve
fitting process since the former are in or near the viscous sublayer and the
latter are influenced by small errors in the velocity measurements,
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The transformed velocity profile for a typical case is shown in Figure 26.

The data for y + < 50 which was omitted from the analysis is included in the
plot for comparison with the theoretical sublayer and wall region profiles.

The agreement between the un1versa1 correlation and the data is considered good.
Unce the parameters u., 8 and T are determined the measured velocities can be
used to calculate the variation of W through the boundary layer. A comparison
of the calculated values of W and the approximation 2 sin? (my/26) is shown in
Figure 27 where the agreement between the two completely justifies the use of
the trigonometric function in the correlation procedure.

The skin friction coefficients calculated from the method of Hopkins and
Inouye were consistently 107% greater than those deduced from the Law-of-the-
Wake correlation, However, the latter also resulted in values of § about

10% smaller than those defined from the pitot pressure profiles. This is

due to the fact that the velocity approaches its freestream value slightly
faster than the other properties (density, total temperature, etc.). Since
the correlation described in Equation 3-5 relies only on the transformed
velocity, the equivalent boundary layer thickness can be expected to be less
than § based on the experimental observations. In fact, the value of & found
in this manner can be considered as the velocity boundary layer thickness.
Consequently, the Law-of-the-Wake correlation procedure was modified by
specifying & in Equation 3-5 as the known & based on the pitot pressure profile,
and the curve fit process carried out to determine only cg and 7, The skin
friction coefficients found by the modified procedure were slightly larger
than the results of the original method but still ranged from 2 to 10% less
than the results of Hopkins and Inouye. A summary of the skin friction cal-
culations is given in Table 5., It is noted that the values of 7 range from
.57 to .84 for the Law-of-the-Wake correlation, while those for the modified
correlation vary from .42 to ,72. In both cases % is close to the value 0.6
which is typical of flat plate, zero pressure gradient boundary layers,

A plot of c_. versus Re,, using the results of the Hopkins and Inouye correla-
tion and showing the influence of wall temperature, is shown in Figure 28.

The computed skin friction coefficients were compared with the data by con-
verting cg to du/dy)wall and plotting the corresponding linear u versus y
relation., Typical results at the mid-survey station (x = 38.79 cm) for each
wall temperature condition are shown in Figure 29 which includes also the
experimental velocity profile. While the data is not sufficient to accurately
determine du/dy)y,11, the agreement between the trend indicated by the ex-
perimental velocity distribution and the results of Hopkins and Inouye is
encouraging.

The simple Reynolds Analogy states that:

¢, = qﬁ/peuecp( W aw) f/2 (3-6)

since

.0
£
n

- k,dT/dy)
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then
dT) % Peuecp(Tw-Taw) e
| dy w kw 2

so that it was possible to convert the calculated skin friction coefficients |
c. to dT/dy)ya11 and then to compute the corresponding linear temperature-
distance profile adjacent to the surface, The results for the three survey
stations at a wall temperature of .54 T,e are shown in Figure 30, which in-
cludes the experimental profiles of To/T and T/T,.. Both sets of data have
been plotted since the slopes d(TO/Toe)/giylﬁ) and d (T/Toe)/d(y/a) become
identical at the surface where u = 0. The agreement between the linear pro-
file and the data is again considered good and thus provides further confidence
in the computed skin friction coefficients.

3.4 GRADIENTS OF VELOCITY AND TEMPERATURE

In a recent paper, Horstmann and Owen14 presented detailed data on the dis-
tribution of velocity and total temperature gradients across a turbulent
boundary layer. While their measurements were obtained for M, = 7.2 and

Tw/Toe = 0.46, it is instructive to compare the results of Horstmann and

Owen with those of the present investigation, Similar to Reference 14 a

simple two-point differencing scheme was used to convert the velocity and
temperature profile data to gradients in these quantities. The non-dimensional
gradients d(u/ue)/d(ylé) and d(T,./T,..)/d(y/8) for the adiabatic case and

x = 35,05 cm are plotted versus ?y/gg in Figures 31 and 32, respectively, which
include also the results of Horstmann and Owen. Also shown in Figure 31 is the
velocity gradient at the wall computed from cg. The velocity gradients are
seen to be quite similar in spite of the difference in the heat transfer rates
in the two experiments., However, this difference obviously accounts for the
smaller total temperature gradients observed in the present test, The T
gradient in the vicinity of the wall is replotted to an expanded y scale in
Figure 33 where it is seen that the scatter in the data is quite small and

that the y variation in the gradient can be accurately represented by the
dashed line drawn through the data points., This curve is redrawn in Figure 34
where the total temperature gradient at the x = 42,52 cm station for the
adiabatic case has been plotted. The trend of the data at the downstream
station is in excellent agreement with the results of the upstream survey,
thereby confirming the similarity in the total temperature profiles.

The gradients d(u/ug)/d(y/8) and d(T /Toe)/d(y/G) for the cold wall case

Tw/Tye = 0.54 are plotted against y/® in Figures 35 and 36, respectively.

These figures include the gradients at the wall, y = 0, evaluated from c,

and the results of Horstmann and Owen, Outside the sublayer, the distributions
of d(u/ug)/d(y/8) across the boundary layer are in good agreement for the two
experiments, demonstrating again the relative insensitivity of the velocity
profile to the freestream conditions., (The gradients near the wall will differ,
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of course, due to differences in the skin friction.,) Since the wall tempera-
ture ratio T,/T,, of the present test is similar to that of Reference 14, the
distributions of the gradients d(To/Tye)/d(y/6) are also in good agreement,

The gradients of velocity and total temperature are plotted to an expanded
y/8 scale in Figures 37 and 38. These figures illustrate clearly that the
trend of the experimental data, indicated by the dashed lines faired through
the data points, is in good agreement with the wall gradients determined from
the calculated skin friction coefficients., Similar findings were observed
for all the test conditions of the present experiment, reinforcing the earlX
conclusion, based on Figure 29, that the results of the Hopkins and Inouye1
and the Coles Law-of-the-Wakelé correlations provide an accurate representation
of the skin friction.

3.5 INTEGRAL PROPERTIES

The values of the boundary layer thickness &, the displacement thickness 6%
and the momentum thickness 6 listed in Table 4 are plotted against wall
temperature ratio Tw/Toe in Figure 39. As expected, the momentum thickness

8 increases with decreasing temperature (about 5 to 10% for a 50% reduction
in Ty) while &% diminishes (about 20%). The corresponding values of Reynolds
number based on momentum thickness Ref are plotted as a function of x station
for each wall temperature condition in Figure 40, Since the freestream unit
Reynolds number was essentially constant for all test conditions, the vari-
ations in Reg reflects the change in 6.

The incompressible shape factor is defined as:

6 u
[ o€ L—e) dy

Hu=|  FAR (3-7)
Y oug (1-u—e) dy

which, for the incompressible case, reduces to 8%/6, A plot of this parameter
versus Reg is shown in Figure 41 where it is compared to the results of pre-
vious investigations of supersonic boundary layers with zero and favorable
pressure gradient.4 The present data show relatively little effect due to

wall temperature, reflecting the fact that the velocity profiles are essentially
independent of T,,. Interestingly enough, while the present data correspond to

a slightly adverse pressure gradient § = +0,04, they are in better agreement
with the trend of the favorable pressure gradient results of Reference 4

(8 = -0.1 to -0.2) than the zero pressure gradient results of Reference 3.
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3.6 CALCULATION OF TURBULENT SHEAR STRESS

Under suitable assumptions, the turbulent shear stress can be extracted from
experimental mean flow data. For a two-dimensional compressible flow, con-
tributions from the flow fluctuations yield the following expression for the
turbulent shear stress:

d
— (pulv' + up'v' + vo'ul + p'u'vl )
dy

The second term can be masked by reformulating the governing boundary layer
equations in "mass-averaged" coordinates, so that the above shear expression
reduces to:

d d
g— ( pu'v! + Vp'uI +pu'v') = g— (Ppv)Tu?
Y ¥

If, in addition, the last two terms on the left hand side are assumed to be
negligible, the expression for the turbulent shear stress reduces to its
incompressible form d(ou'v')/dy. However, for complete genmerality, the
compressible formulation will be retained.

The time-averaged conservation equations for the two-dimensional flat plate
boundary layer are:

Continuity:

3(pu)/ax + 3(p¥)/3y = 0 (3-8)
Momen tum:

3(ou?)/3x + d(puV)/dy = -dp/dx + 37/dy (3-9)

where V = v + pivi/p and the total shear stress T is the sum of a laminar and

a turbulent term:

+
T T

= udu/dy - (Pv) 'u’

In preceding paragraphs, the present data were shown to be representative of

a fully developed turbulent boundary layer and evidence was presented which
indicates that the mean flow profiles are self-similar, i.e. that u/u_,

p/0g, etc,, are functions of only y/8. This allows then 3f/3x to be replaced
with (£/f.)df./dx for constant y/8, where f = pu or ou?, Integrating Equation
(3-8) with respect to y yields an expression for PV which can be substituted
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into Equation (3-9). The latter can then be 1ntegratef with respect to y/é
yielding the following expression for the total shear: 4

-+ = u+ ||, =hHaee
v 2 2 a 2 dx e e dx o Pe UYe 8
Pele e e
o (3-10)

where it has been assumed that the static pressure is constant across the
boundary layer.

Evaluation of T/p u 2 using Equation 3-10 was restricted to the midsurvey
station (x = 38.75 gm) for each wall temperature condition., The x derivatives
of pu and p u “ were found by applying a simple two-point differencing scheme
to tﬁeeedge properties listed in Table 4, yielding average values between the
first and second stations and the second and third stations. These values

were then further averaged to determine the derivatives at the midsurvey
1 station,

Since the boundary layer thickness § was determined from inspection of the
measured pitot pressure profile, its value was influenced by the density of
data points near the edge of the layer and by small errors in the pressure
measurements, Therefore, § lacks the precision of the integral properties,
which depend on the variation of velocity and density within the boundary

I layer and are insensitive to the location of the edge of the layer. The un-
| certainties in § are further accentuated in determining d6/dx since the in-
crease in the boundary layer thickness is relatively small over the limited
interstation intervals of the present tests. Consequently, it was assumed
that 8§ could be related to the momentum thickness 6 through a simple form
factor k so that § = k6 and d6/dx = kdf/dx. The value of k was the average
value for the three survey stations,

The streamwise derivatives used in Equation 3-10 are listed in Table 6 whege
i it is seen that the d6/dx term is 4-5 times greater than the Pely and Pele




derivatives and as much as 30 times greater than the dp/dx term. Nevertheless,
as shown later, the dp/dx term cannot be ignored since it balances the con-
tributions from the pgue and peu 2 derivatives which are of opposite sign.

It is further shown that the d6/§x contribution is dominant since the shear
stress evaluated ignoring all derivations except d6/dx is similar to the

result obtained with all terms included.

The calculated shear stress distributions for T,/Toe = .94, .71 and .54 are
shown in Figures 42-44, respectively., In each case, it is seen that the shear
stress does not completely vanish at y/6 = 1,0, probably reflecting errors in
evaluating the streamwise derivatives, However, the discrepancy is not large,
with the maximum residue occurring for the adiabatic case where it is negative
in sign and only about 15% of the wall shear. The results, overall, are con-
sidered quite satisfactory.

Figure 43 shows the effect of neglecting all derivatives except d6/dx. The
resulting shear stress distribution is everywhere within 10% of the results
of the complete solution showing the significance of the d8/dx contribution.
Also indicated is the magnitude of the dp/dx contribution, illustrating the
necessity of including the small but finite static pressure gradient observed
in the mean flow measurements in order to achieve a complete momentum balance.

A final plot of the turbulent shear stress, normalized now by the wall shear,
is shown as a function of y/0 in Figure 45. The results for each wall temp-
erature are presented and included also is the '"best estimate' suggested by
Sanbornl3 based on his review of both hot wire measurements and mean flow
calculations for Mach numbers ranging from O to 6.8. The present results are
seen to be in good agreement with Sanborn's distribution and furthermore
indicate that the shear stresses are insensitive to wall temperature. The
latter finding is not surprising since it has already been shown that to first
approximation the dpgug/dx, dpeuez/dx, and dp,/dx terms can be omitted and

the shear stress given by

T Cf y/5p
iy
s ik o e Sl 3
Pele 2 0 Pe  Ug 6
(3-11)
y/8
u y d6
v J e 2acin 2
e ke e

It has already been demonstrated that u/ue is essentially independent of
T,/Toe and cg varies by about 10% over the range T, /Tge = 0.94 to 0.54. The
density ratio p/Pe, plotted versus y/6 in Figure 46, is also seen to be
largely insensitive to Tw/‘I'oe except for the region near the wall, y/6 < 0,2
where the integral terms are small compared to cg/2. Thus, according to
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Equation 3-11, the shear stress distribution can be expected to be weakly
dependent on wall temperature,

With the turbulent shear stress distribution determined from the mean flow
profiles, it is possible to calculate the mixing length 4, and the eddy vis-
cosity e¢. These quantities are defined as:

T, = pt?|du/dy|du/3y = o ¢ du/dy (3-12)

from which the normalized mixing length can be expressed as:

1 (TT/Qe“eZ
(0/pe) [3Culuy)/3(y/8)7? (3-13)
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The mixing length distribution is plotted in Figure 47 where it is compared

to the results of Horstman and 0wen14, obtained at M_ = 7.2 and Reg from
ranging 4900 to 9700, and to those of Yanta and Lee18 acquired at My, = 2.9

and Reg from 10,000 to 14,000. Included in the figure is the mixing length
calculated by Maise and McDonaldl7 on the basis of a correlation of earlier
two-dimensional, adiabatic_supersonic flow measurements. They found that for
My up to 5 and Reg from 103 to 105, the Mach number and Reynolds number effects
are quite small and generally within the experimental uncertainty of 4/8, so
that for this range of conditions the mixing distribution could be represented
by the incompressible variation of 1/8 versus y/6. As seen, the present re-
sults compare favorably with the Maise and McDonaldl7 model throughout the
entire boundary layer, although they indicate slightly lower values for

y/8 > 0.5. The present data also show a slight separation due to Ty/Tge and
surprisingly, while the separation is small, it suggests that £/8 increases

as Tw/T & decreases., It is of interest to note that the results of Horstman
and Owen 14 and Yanta and leel® are in agreement with the present findings

and the correlation of Maise and McDonald only near the wall (y/6 < 0.2).

For larger y/§, the results of references 14 and 16 are 20 to 30% less than
the value indicated by the correlation.

Solving Equation 3-12 for ¢ yields:

2
€ TT/peue

* = -
ub, (oo )(RCIug)/3(y/8)) (6,*/6) o

where it has been shown by Maise and McDonaldl? that when ¢ is normalized by
the kinematic boundary layer thickness 8%*;, its distribution across the
boundary layer is sensitive to Mach number and to Ree. The present calculations
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of eddy viscosity are plotted in Figure 48 where they are compared to those

of Horstman and Owenl%4 and Yanta and Leel® and to the Maise and McDonaldl?
model. It is seen that for y/6 > 0,2 the present results are significantly
larger than both those of References 14 and 18, However, they are in reason-
able agreement with the predictions of Maise and McDonald although yielding
slightly larger values for y/§ < 0.3 and slightly smaller values of normalized
eddy viscosity for y/6 > 0.3. In particular, the peak value of ¢/u 6%, = 0,02
at y/8 ~ 0.3 calculated in the present case is in agreement with thé maximum
value deduced from the Maise and McDonald model. Again, the trend of the
present data suggests a slight wall temperature effect with e/ueé*i increasing
as T,/T,e is reduced.

In closing, it should be mentioned that in a recent paper, Lee and Smithl8
presented the results of a study at Mach 5 of the effect of wall temperature
on shear stress, mixing length and eddy viscosity, with the transport properties
calculated using the "inverse" procedure described above, Their measurements,
also obtained on the nozzle wall, led to shear stress values, however, which
were considerably less than those expected from Sanborn's "best estimate',15
with the discrepancy attributed by the authors to the influence of upstream
heat transfer. A similar decrease was observed in their results for mixing
length and eddy viscosity., Although the present study was carried out in a
wind tunnel channel similar to that used in Reference 18, no such effect of
upstream cooling was detected.

A study of wall cooling effects on hypersonic boundary layers (Mach 11) has
been reported by Watson.l9 While his findings were in general agreement with
those presented here, the influence of cooling was somewhat obscured by the
larger effects associated with the low Ret conditions of his experiments,

In an earlier paper, Bushnell, et al20 examined the effect of Ret on the

outer region (i.e., y/8 = 0.5) mixing length., They demonstrated that in the
low Reynolds number regime, the (%/6)m for flat plates incfeases significantly
with decreasing Ret, while for nozzle walls (ilé)m decreases slightly as Ret
decreases, They attributed the difference in behavior to the fact that flat
plate measurements are generally made near the end of the transition zone and
are therefore, influenced by the transitional flow structure, while for nozzle
walls, the measurement station is usually far downstream from transition where
the transitional structure has vanished., While Bushnell, et a120 conservatively
selected Ret = 2000 as the lower bound for fully developed flow, both their
data and Watson's2l recent assessment of Pletcher's?? low Ret mixing length
model indicates that fully developed flow persists for Ret as low as 500.
Although the minimum Ret in the present experiments was 350, the agreement
shown with the high Reynolds number data of other investigators indicates

that low Ret effects are absent. The results, therefore, are considered
representative of a fully developed flow and provide systematic evidence of
the influence of wall temperature on the detailed structure of turbulent
compressible boundary layers.
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SECTION 4
SUMMARY AND CONCLUSIONS

On the basis of the preceding discussion, the results of the mean flow measure-
ments can be summarized as follows:

1. For each wall temperature condition, the boundary layer appears to be

well behaved, two-dimensional, and fully equilibrated. The normalized velocity
and total temperature profiles are independent of stream wise location im-
plying a self-similar boundary layer flow. The nominal boundary thickness

was one centimeter, while the thickness of tie sublayer was 0.04 to 0.05 cm,
Since valid flow measurements extended to within 0.01 cm of the surface, this
marks one of the few instances where the sublayer flow has been documented.

2. Within the extent of the measurements, no evidence of a linear velocity
profile near the wall was observed even for the adiabatic case. Therefore,
the surface shear stress was calculated using the empirical correlation of
Hopkins and Inouye and by curve fit of the velocity profile to the Coles
incompressible '"Law-of-the-Wake.'" For all test conditions, the results of

the two procedures agreed within 5-107 and were in good agreement with the
trend of the experimental data. The '"Law-of-the-Wake" curve fit also indicated
a wake parameter of approximately 0.6 which is characteristic of zero pressure
gradient, flat plate boundary layers. Using the computed skin friction co-
efficients and the simple Reynolds Analogy, the temperature gradient at the
surface was calculated and, for the low wall temperature case in particular,
conformed closely to the measured temperature profile. These calculations
further substantiate that the boundary layer flow was fully equilibrated and
self-similar.

3. The experimental profiles of total temperature versus velocity were also
found to be in good agreement with predictions based on the theory of
Whitfield and High for the case of non-unity Prandtl number. For the adiabatic
wall condition, the results exhibited the expected temperature overshoot near
the outer edge of the boundary layer and a quadratic-like behavior within, the
boundary layer. This differs considerably from the linear Crocco relation,
which arises from assuming a unity Prandtl number and therefore cannot account
for a total temperature 'overshoot'. The results further indicate that with
increasing heat transfer, the total-temperature-velocity profile quickly
approaches a linear-like relationship independent of the Prandtl number,
Consequently, the present results demonstrate clearly that, for near adiabatic
walls, the Crocco relation does not provide a valid test of the boundary layer
flow for practical cases where the Prandtl number departs from unity.

There are a number of boundary layer transformations and correlations which
utilize the linear Crocco relation in their derivation. 1In view of the above
finding, the validity of these correlations may be questioned. It should be
pointed out, however, that in the adiabatic case, the Crocco parameter T is
extremely sensitive to uncertainties in the total temperature. In the present
instance, for example, where Tye-Ty is only 5 to 10% of T,e, using the extremes
of a constant T, on the one hand and a linear T, variation on the other, produces
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a difference of only a few percent in the corresponding profiles of velocity
and density. Hence the mathematical simplification afforded by the Crocco
relation justifies its use in approximating the T,-u variation. The point

to be emphasized is that the Crocco relation, cast in its usual form T versus
u/ue, cannot be used to judge the quality of the boundary layer flow.

4, Finally, the distribution of turbulent shear stresses at each wall tem-
perature condition was determined by means of the "indirect" method of in-
tegrating the 'time averaged'" conservation equations across the boundary

layer using the experimental mean flow profile data. The results, normalized,
by the wall stress, were found to be only slightly dependent on wall tempera-
ture over the range investigated, and were in accord with similar calculations
by other investigators. Further clarification of this point awaits the actual
fluctuation measurements. In addition, values of mixing length and eddy
viscosity deduced from the computed turbulent stresses are in excellent agree-
ment with the correlation derived by Maise and McDonald for freestream Mach
numbers ranging from 0 to 5.
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TABLE 1

LOCATION OF PRESSURE TAPS (P) AND
THERMOCOQUPLES (TC) ON PLATE SURFACE
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TABLE 2
MATRIX OF TEST CONDITIONS

P, = .973 x 10° N/M?
T, = 318%K

M, = 3 (nominal)

Re, = 6.57 x 10%/meter (nominal)

Balloa

.94 714 .54
Pe,Te(111) Py, T, (112) P, T (113)
P.,T, (121) P¢,T,(122) Pe, T, (123)
Py, T (131) P¢,T(132) P¢,T(133)

Pt - pitot pressure survey

T, - total temperature survey

Number in parenthesis denotes run number
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Summary of Mean Flow Profiles
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Table 3 (continued) Run 111
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Table 3 (continued) Run 111

.141224 1670673 1.700322 .74044%4 .57 05903
1.752571 9710779 .251051 .5513174

.153416 .1814%904 1.734749 . 7499756 .S7R9379
1.727301 .9714194 .2612515 .5566151
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1.277024 . 9995094 .5697971 . 2323892
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Table 3 (continued) Run 111
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Table 3, (continued) Run 111
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Table 3 (continued) Run 112
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Table 3 (continued) Run 112

LEEE04 1.008663 3. 021859 . 9997796
. 2939913 . 2993582 1.00179%
. 341248 1.024752 3. 021859 1.001931
1.00329% 1.003664 . 9953788
. 2544568 1.040842 3. 024133 . 9999285
.297737 .3991246 1.004358
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Table 3 (continued) Run 113
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Table 3 (continued) Run 113

. 126924 . 0322856 1.411138 . 5935108 5159421
1.623529 .8005855 .2322336 .SE5534c
. 0322168 . 0393519 1.481737 .6187928 624775
1.600576 .8123233 .2426883 .5311074
. 0351 . 0456371 1.524166 . 6344925 .E287379
1.520428 .8215107 . 258054 6111242
. 1424538 . 0509259 1.550212 6435567 632218 |
1.521733 . 5259223 .2644752 LEE07EST |
. 0472536 . 057383 1.536168 . 6553943 LEITE1ET !
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. 20ESSEE . 2476852 2. 025871 . 7982961 . 702645
1.411138 2101293 4073203 . 2043266
. 23337582 . 2792489 2. 097268 . 2153643 7199961
1.32289 . 9207017 4231928 .garaiee
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Table 3 (continued) Run 113

. 8322234
. 452589

.351101
.4726854

yu
H
\J

o
Qg

IB
.3

oo
=J=J =0)
el B )

] Y L]0 U]
=~ HA 0

o o

T
Sw e e o W

2 ALY U N Y]

0=y
S o

T Jued D 0D A

wan
DN, ¥ Iy o)

W B == N A
o0 =0 =Jd

Mow OO0
[=d D

. e
e LY O R

N

Q000 T =
=N roon

Lo DY R N I | B (P4

Vi 0D

=4

ST
Hn

)
=) =JiT

0

Tl

My po S

= A

DS I LY W
no=J

0300
W oo

[0 )
ST B I (W B ()]
NP Mo =0

=JiN 0

000
[¥alh o}

o0
0

o0

i n
T 0
20 Mo
A0
A
i Y OO

. 392333!

3901473
.2058601

. 39182432
. 3206586

. 73258329
L 24eS20s
7405445
L3202227
.TSEEE44
. 2EETETS
7714
L]

. TEES
L3210
L2020
53

.9347014
1.004007

2405422
1.002347
50T 0

1.005:11




ET442083

. 3087232
1.031181

. 3221247
1.025837

. 23367446
1.0203221

35320
1.013

20
-.J —
DOl ]

OOy 00

—
oo o
o0 o0
N

S = S0 DM = e
b B B S

=

O -

—
Tire O T

. -.ﬂ

— — —
-.D u.t. . l,o . -_D . n,ﬂ
DA S S oo
=jw oA
00 0
= Torg W

g

oo
=) 0000
= 000

- N

0o nafo
NE T =y

e
ol =J0

LY (]
=D
= -

—

-J
]
W e pe B B BN =)

oo O
= Mo
N0
=J )

O e e

L] .
=00
oD Ne
DOOEA |
0

o
0=

=N

a,D-
[, DY)
wWe g 0D

-_Dl
Wer Do P P oo oo

L e . LI T N S S SO
n.Dl . e

e
T D
L LU Y]

2.967069
1.003953

2.977966
1.003436

2.9288051
1.0024%

no
(=
an

N W
WD 00 PO

L] L
=]

. .
= =
P T R

LG =~ W W= NP
N DA oM o

00 ) e ]
L] .

oD oD oo
=M ol
ob e ob A

W vy
=JA =A™ Mo

LI ]

o
2

ol ol = oo M
= B T

e L3 e

=
0=l Mol 0

00 e
.
oo =i

-0

. .
oD oD o2
oW o0 D

- 00

Ly e .

-,o.

S ]

o0 B d
oo AN WS e

200
LA NS SN DA M

38

Table 3 (continued) Run 113
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Table 3 (continued) Run 113
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Table 3 (continued) Run 121
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Table 3 (continued) Run 121
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Table 3 (continued) Run 122
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Table 3 (continued) Run 123
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8905
1456
9128

. 99777
1.004254

. 99253591
1.012273

. 9
1.00
1.00
.998
1.00
. 996




TABLE 4

SUMMARY OF INTEGRAL PROPERTIES
AND
EDGE CONDITIONS

2
x Sta, ) &% 0 Reg Py, p_u p.u
cm cm cm cm N/M2 Kg/ﬁzzec N?ME
Ty/Tge = 94
35.05 246 2743 .0508 3273 2497 50.18 32286
38.79 .399 .2916 .0533 3487 2554 50.96 32693
42,52 960 .3086 .0584 3816 2651 51.89 33176
Ty/Toe = 714
35.05 .820 2441 .0518 3384 2567 51.06 32789
38.79 .856 2609 .0536 3507 2550 50.91 32674
42,52 .899 2764 .0584 3862 2663 52,32 33459
Tw/Toe = ,54
35.05 .836 2225 .0538 3509 2539 50.81 32626
38.79 .861 2629 .0612 3964 2505 50.33 32344
42,52 .876 «2504 .0632 4203 2707 52.82 33775
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TABLE 6

DERIVATIVES FOR SHEAR STRESS CALCULATIONS
x = 38,79 inches

2
dé 8 dpgu 6 dpeug 1 dp
T lT == —_— e hir -1
w/Toe dx T peuel oo E;;;z s (inch™*)
.94 .0169 .00404 .,00328 .00063
714 .0136 .00280 .00235 .000393
.54 .0184 .00445 .00409 .000693

Rt
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Figure 1. Photograph of flat plate installed in wind tunnel
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Figure 28. Variation of skin friction cg, based on Hopkins and
Inouye correlation, with Ree
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x = 35.05 cm and Tw/Toe = ,54
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y/é for x = 35.05 cm and Tw/Toe = ,54
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