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TURBULENT SKIN FRICTION AT HIGH REYNOLDS NUMBERS
AND LOW SUPERSONIC VELOCITIES

By Mary W. Jackson, K. R. Czarnecki,
and William J. Monta
Langley Research Center

SUMMARY

An investigation has been made to gather experimental skin-friction data
over a wide range of high Reynolds numbers at low supersonic velocities. Tests
were conducted at Mach numbers 1.61 and 2.20 over a tunnel range of Reynolds
number per foot from 0.8 X 105 to 8.0 x 100. Test data were obtained from
boundary-layer local skin-friction measurements and boundary-layer momentum
surveys at five tunnel-wall measurement stations.

The results indicate that the effective Reynolds number of the turbulent
boundary layer ranges from about T X 106 to 150 X 106 at Mach numbers 1.61
and 2.20. The experimental average skin-friction coefficients and the experi-
mental local skin-friction coefficients for this range are in agreement with
the levels of the Sommer and Short T', the Monaghan T', the Eckert T', the Cope
and Monaghan, the Wilson and Van Driest theoretical curves. The variation of
the average skin-friction coefficient and the local skin-friction coefficient
with effective Reynolds number tends to follow the theoretical predictions at
the test Mach numbers.

INTRODUCTION

In order to approach optimum design and to evaluate the performance of
long-range supersonic aircraft, reliable estimates of alrplane drag must be
made. Since skin-friction drag comprises a large part of the total airplane
drag, it is imperative that accurate methods of predicting turbulent skin-
frietion drag be known. A number of theoretical or theoretical-empirical
approaches have been developed. Examinations of experimental data available
for verification of the various theories indicate that: (1) the bulk of such

data falls in the Reynolds number range below 20 X 106, (2) that there is only

a limited amount of data in the Reynolds number range from 20 X 106 to
100 x 106, and (3) virtually no data fall in the range above 100 X 106
which might be applicable to long-range supersonic vehicles. The present state
of the art indicates a need for accurate experimental data in the Reynoclds num-

ber range above 100 X 106. Lack of such data has hindered the proof of



adequacy of the existing theories in this range and the choice of the best
approach to mske in extrapolating the low Reynolds number data to this desired

range.

The present investigation was undertaken to gather experimental skin-
friction data at high Reynolds numbers and low supersonic velocities. This
investigation was conducted in two phases: local skin-friction measurement
tests, and boundary-layer surveys. Tests were conducted at five stations on
the sidewall of the Langley 4- by 4-foot supersonic pressure tunnel at Mach
numbers of 1.61 and 2.20. In order to obtain the widest possible Reynolds
number variation, tests were conducted over the range of maximum Reynolds num-
ber per foot for the tunnel. The unit Reynolds numbers varied for the test

from about 0.8 X 106 to about 8.0 X 106. All tests were conducted under essen-
tially zero heat-transfer conditions.

SYMBOLS
Cy average skin-friction coefficient
Ce local skin-friction coefficient
Cp pressure coefficient
D friction drag
M Mach number
P static pressure
pt,l free-stream stagnation pressure
pt,2 pitot pressure
q dynamic pressure
R free-stream Reynolds number
Ry Reynolds number based on free-stream conditions and axial distance
from virtual origin of turbulent boundary layer
S disk area
T! reference temperature
u local velocity
Ug local velocity Jjust outside boundary layer



X axial distance from virtual origin of turbulent boundary layer
x! axial distance from tunnel first minimum
Y vertical distance from wall

boundary-layer thickness

] boundary-layer momentum thickness

o] local density

p8 local density Jjust outside boundary layer
i Mach angle

APPARATUS AND METHODS

Wind Tunnel

This investigation was conducted in the Langley 4- by 4-foot supersonic
pressure tunnel, which is a rectangular, closed-throat, single-return wind
tunnel with provisions for the control of pressure, temperature, and humidity
of the enclosed air. Flexible nozzle walls were adjusted to give the desired
test-section Mach numbers of 1.61 and 2.20. During the tests, the dewpoint
was kept below -20° F to insure negligible effects of water condensation in the
supersonic nozzle.

Instrumentation

Skin-friction balance.- The skin~friction balances used in this investi-
gation were built by the Defense Research Laboratory of the University of Texas
for another investigation and loaned to NASA for this investigation. The
balances and techniques for using them are fully described in reference 1. The
balances were of the floating-element type, having a l-inch-diameter disk and
an annular gap around the disk of 0.005 inch. A schematic drawing of a typical
floating-element balance is given in figure 1. The air stream exerts a
shearing force on the disk which is suspended by two fixed-end leaf-spring
flexures. The position of the core which duplicates the motion of the disk
determines the electrical output of the differential transformer. The electri-
cal output of the transformer is therefore a direct function of the shearing
force felt by the disk. Proper calibration of the balances correlated the
disk-surface shear and the voltage output. Balances were calibrated both on
the bench before testing and in the tunnel, before and after each runm.

Inside and outside wall temperatures close to the balances were measured
with iron-constantan thermocouples and the measurements were recorded on a
potentiometer.



Boundary-layer probe and mechanism.- The boundary-layer probe and mechan-
ism are shown in figure 2. The momentum surveys were made by using a 0.050-
inch-outside-diameter stainless-steel probe flattened and honed to give an
opening approximately 0.003 inch high. The wall thickness at the tip was about

0.003% inch.

The probe was remotely controlled from outside the tunnel wall by a
micrometer-type screw, which permitted travel in the direction normal to the
wall only. The dial indicator was graduated in 0.00l-inch increments and probe
positioning could be controlled to the nearest 0.0005 inch. Pressures were
measured with differential pressure transducers and recorded. The total-head
pressure and wall static pressure were measured during the same run.

Tests and Test Procedures

Tests were conducted In two major phases: boundary-layer local-skin-
friction measurements and boundary-layer momentum surveys. All tests were con-
ducted on the tunnel sidewall within the constant Mach number area of the tun-
nel test section. Nominal locations of the five measurement stations for both
phases are given in figure 3 in feet. Data were obtained at free-stream Mach
numbers of 1.61 and 2.20 over a range of tunnel stagnation pressures from about
430 to about 4300 pounds per square foot which correspond to tunnel Reynolds
numbers per foot of about 0.8 X lO6 to 8.0 X 106. The tunnel stagnation tem-
perature was held constant for a given pressure and varied from about 100° F
to 120° F throughout the test program.

Test procedure for both phases of the testing consisted of starting at the
low tunnel stagnation pressures and advancing to higher pressures. Whenever
data were to be taken, the tunnel was brought to and held at the desired test
condition. In each test run, a repeat was made of some point to serve as a
checkpoint. During the skin-friction balance tests, the balances at the var-
ious stations were interchanged. Drag indications were recorded as voltage
output of the servomechanism. Inside and outside wall temperatures were also

recorded.

For each boundary-layer total pressure survey an average of 30 readings
was taken. Survey measurements extended from the wall to outside the boundary
layer as determined by several readings.

Data Reduction

The local skin-friction coefficients were calculated from the relationship

where drag force D was measured directly on the skin-friction elements.
Dynamic pressure q was calculated from free-stream conditions and area S
was the area of the disk.
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In reducing the pressure data from the boundary-layer probe survey, it was
assumed (1) that the stagnation temperature throughout the boundary layer was
constant and equal to the measured free-stream stagnation temperature, and (2)
that the static pressure was constant and equal to that measured at the wall.
The data were reduced to momentum thickness @ with the following relationship

o]
pu u
8 = f —f ] ..-—-d_y
0 pauﬁ( us)

Iocal conditions of density and velocity outside the boundary layer were used
as reference values. Examination of the variation of typical experimental CP

(measured at the wall) with x' shown in figure l, in general, indicate uni-
formity of static pressures at the five stations with the possible exception of
a dip in Cp at stations 3 and 4 (M = 2.20). Local Mach numbers based on

ratios of wall static pressure to tunnel stagnation pressure ahead of the shock
g/pt 1 (method 1) are presented in figure 5, and local Mach numbers based on
2

the ratios of total pressure measured by the total-pressure probe just outside
the boundary layer to tunnel stagnation pressure pt 2/Pt 1 (method 2) are
b4 )

presented in figure 6. As expected, the data of figure 5 exhibit a dip at
stations 3 and 4 (M = 2.20). Data of figure 6 do not indicate the dip shown
in figures & and 5 and thereby suggest the possibility that the variation in

C, at stations 3 and L (M = 2.20) is due to orifice-installation error. The

Mach numbers computed by method 2 (fig. 6) appear to be somewhat higher than
those computed by method 1 (fig. 5) and indicate a possible loss of total
pressure from the settling chamber to the measurement stations. In general,
the free-stream center-line Mach number values lie somewhere between the two
sets of computed Mach numbers.

The virtual origin of the turbulent boundary layer was established by
using the technique described by Peterson in reference 2. This technique
employs local skin-friction coefficients and Reynolds numbers based on momentum
thickness.

Average skin-friction coefficients were calculated from
)
CF T X
where 6 was the experimental value obtained from a boundary-layer survey at

a given station and x was the distance from the station to the virtual ori-
gin of the turbulent boundary layer.



RESULTS AND DISCUSSION

Skin-Friction Balance Data

Typical plots of basic experimental drag, in pounds, as measured by the
balance are presented in figure 7 as a function of tunnel stagnation pressure
for three of the five stations. As previously stated, the four available bal-
ances were interchanged among the five stations during the test program. All
four balances were not necessarily used at any one station. Fach symbol repre-
sents a different balance.

Examination of figure 7 shows that the drag increased fairly rapidly at
the lower pressure range and the drag curve tended to flatten out for a more
linear increase at the higher range. Flagged values indicate good repeatabil-
ity for an individual balance. There is, however, a discrepancy in the drag
indications of the various balances. The difference in the drag indications is
attributed to different amounts of leakage or flow around the balance disk.
Inasmuch as there was no feasible way of measuring the amounts of leakage and
correcting for this effect, or of knowing which balance yielded the more cor-
rect reading, a curve was faired through the experimental data points of all
the balances. This curve was used in calculating the local skin-friction

coefficients.

Values of drag from the faired curves of test data, similar to those of
figure 7, were reduced to give the local skin-friction coefficients at Mach
numbers 1.61 and 2.20 that are presented in figure 8(a) as a function of
Reynolds number per foot, and in figure 8(b) as a function of x' (distance
to the tunnel first minimum). For convenience, a l/5—sloPe line has been
included in each set of experimental data to aid in comparing slopes and levels
of experimental data.

For the set of data plotted as the variation of local skin-friction coef-
ficient with Reynolds number per foot, the data for each station generally fall
on separate curves which approximate straight lines. As expected, the local
skin-friction coefficients decreased with increase in pressure.

For the plots of local skin-friction coefficlent against x' (station
distance to the tunnel first minimum), the rate of decrease in local skin-
friction coefficient with increase in the downstream location 1s greater than
one-fifth, the larger rate of change being at Mach number 2.20. The amount of
scatter in the data appears to be effectively greater when the data are plotted
as a function of x' than when they are plotted as a function of Reynolds

number per foot.
Boundary-Layer Momentum Survey Data
Plots of typical experimental profiles obtained in this investigation are
presented in figure 9. To assure clarity of the figure, only a portion of the

experimental data at each Reynolds number per foot is shown. The figure indi-
cates that an adequate number of points were taken to define the

6




velocity-profile shape. Data similar to these were reduced to give the com-
puted values of momentum thickness 6 presented in figure 10(a) as a func-
tion of Reynolds number per foot and in figure 10(b) as a function of x!'
(distance to tunnel first minimum). It may be noted that in some cases 8 is
an average of several repeated points. Generally, different values of 6 at a
station for repeat tunnel conditions agreed within 2 to 3 percent of one
another but there were a few cases in which the 6 values varied by as much as
6 to 10 percent of one another.

As in figure 8(a) a sloped line of arbitrary level has been included in
figure 10(a) for comparison purposes. The data for the individual stations
tend to vary linearly with Reynolds number per foot. Comparison of the data
with the l/5-slope line indicates that at Mach number 1.61 the slope of the
data curve is less than one-fifth. At Mach number 2.20 the slopes of the data
curves for the individual stations match approximately the l/5—slope line.

Plots of 6 as a function of x' follow the expected trend of an
increase in 0 with an increase in station downstream location. At the higher
Mach number, 6 increases more rapidly with change in the downstream location.

Average and Local Skin-Friction Coefficients

Experimental average skin-friction coefficients and local skin-friction
coefficients as functions of Reynolds number based on free-stream conditions
and the distance to the virtual origin of the turbulent boundary layer Ry,

are presented in figures 11 and 12. Included in the upper half of each figure
are five of the more reliable theories or empirical formulas for comparison
with the experimental data. (See refs. 3 to 9.) The data indicate that the

effective Reynolds number range is from about 7 X lO6 to 150 % 106 at Mach
numbers of 1.61 and 2.20. In general, the experimental CF data are in agree-

ment with the level of these theories although the averages of the experimental
data tend to lie above the theoretical predictions at Mach number 1.61 and
below the theoretical predictions at Mach number 2.20. Since the experimental
data exhibit more scatter than was hoped for, the accuracy is insufficient to
warrant any conclusion as to which theory agrees best with the experimental
data at these high Reynolds numbers. Most of the experimental data do however
indicate that the variation of CF with Ry at these high Reynolds numbers

will tend to follow the theoretical predictions.

Experimental Cf as a function of R, are presented in the lower half of

figures 11 and 12. Since any one of the theories included in the upper portion
of figures 11 and 12 could be said to be representative of the others, only one
T' curve is presented. The experimental Cy data appear to be in better
agreement with the Sommer and Short T' method (and hence with the other
theories it represents) than the experimental average skin-friction data are
with the theory. This effect probably can be attributed to the fact that the
average skin-friction coefficient is inversely proportional to the distance
from the virtual origin whereas the local skin-friction coefficient is based



on the local shear and free-stream conditions outside the boundary layer and
therefore is independent of the location of the virtual origin.

Examination of the experimental skin-friction coefficients indicates that
there was a different virtual origin for each data point. Although the virtual
origin of the turbulent boundary layer may vary with variation of tunnel pres-
sure, it does not seem likely that there should be a variation of virtual ori-
gin for each station at a constant pressure.

To correct for this incompatibility, average values of virtual origin were
calculated for each constant pressure. These calculations, in terms of dis-
tance from the tunnel first minimum are presented in figure 13 as a function of
tunnel stagnation pressure. For M = 2.20, there was essentially no change
except for random scatter, whereas at M = 1.61 at the lower pressures there
is a rapid downstream shift. Average skin-friction coefficients and effective
Reynolds numbers were then reduced to this new virtual origin. These results
are presented in figures 14 and 15. Short dashed lines have been faired
through the station data obtained at a constant tunnel pressure. Sommer and
Short T' theory curves have been included in the figures for comparison. Under
the new set of restrictions on the virtual origin, the average skin-friction
coefficient Cp as derived from the momentum surveys, actually increases with

downstream distance. Conversely, the local skin-friction coefficient Ces

obtained from the friction-balance readings, decreases too rapidly with
increase in distance. These results thus tend to imply that the boundary-
layer flow on the tunnel wall 1s not two dimensiocnal. Because of restrictions
on cutting holes in flexible nozzle walls, the tests were made on the side-
walls. Hence, the boundary layer from the first minimum must traverse a longer
path and be immersed in the lower Mach number flow for a greater distance at
the top and bottom of the wall than along the wall center line before reaching
the measuring stations. (See fig. 3.) The boundary-layer momentum thickness
should therefore be minimum at the tunnel center line and increase toward the
top and bottom of the wall. Consequently, because of boundary-layer cross-flow
effects the momentum surveys will indicate too rapid an increase in momentum
thickness, and the thicker boundary layer will result in too rapid a decrease
in Cf with increasing x, particularly if the flow expansion is not perfectly

symmetric with respect to the wall center line. This variation is shown more
clearly in figure 16 where increase in drag is plotted as a function of
increase in surface distance from the tunnel first minimum, as derived from
the momentum survey and the skin-friction balance data. In order to adjust the
local sgkin-friction drag data to the average skin-friction drag data, it was
assumed that the value of drag measured by the skin-friction balance of sta-
tion 1 was the same as the drag value measured by the momentum survey at the
same station. Generally, the growth in momentum-survey data is faster than the
growth in skin-friction balance data for the same x' distance.




., CONCLUSIONS

An investigation has been made to gather experimental skin-friction data
over a wide range of high Reynolds numbers at low supersonic velocities. Tests
were conducted at Mach numbers of 1.61 and 2.20 over a range of tunnel Reynolds

number per foot from about 0.8 X lO6 to 8.0 X 106. The results indicate that:

1. The effective Reynolds number range based on distances reduced to a

virtual origin is from about T X lO6 to 150 X lO6 at Mach numbers of 1.61
and 2.20.

2. Experimental average skin-friction coefficients and experimental local
skin-friction coefficients for the range of Reynolds number from about T X 106
to 150 X 106 are in agreement with the levels of the Sommer and Short T', the
Monaghan T', the Eckert T', the Cope and Monaghan, the Wilson and Van Driest
theoretical or theoretical-empirical curves, and variations of skin-friection
coefficients with effective Reynolds number tend to follow the theoretical
predictions.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., November 16, 196k4.
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Figure 11.- Experimental skin-friction coefficients as a function of Ree M= 1.61;
variable virtual origin.
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Figure 1kh.- Experimental skin-friction coefficients as functions of Ry. ©Short dashed
lines are fairings of data at constant pressure. M = 1.61; constant virtual origin.

28



.0060

R
-0050 Sommer and Short T'
.0040
.0030 |
0020 A=l ol
' =t AT
/O 1-T14 - e d
4 \ < L ~ —
=0 = /LT’_'D %ﬁ;g /V."TL‘\
BEadre g
.0010
.0008 L : — -
. 6 - .
000 6 8 10 20 30 40 50 60 30 100 200X106
Rx
,0060 |
) |
-0050 Station
.0040 O 1
a 2
&3
.0030 A 4
\N
Cf - 5
.0020
BRE= Q. Sommer and Short T’
< | So
) -y o Egézﬁi\zC:XQQEL \i ] - |
TN SRS NN
Z¥B:r{>~‘\~~s‘\‘
.00101¢
.0008
.0006
5 6 8 10 20 30 40 50 60 80 100 200 XlU6

Rx
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