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BOUNDARY-LAYER VELOCITY PROFILES DOWNSTREAM OF
THREE-DIMENSIONAL TRANSITION TRIPS
ON A FLAT PLATE AT MACH 3 AND 4

By John B. Peterson, dJr.
Langley Research Center

SUMMARY

An investigation was conducted at Mach 3 and 4 and a Reynolds number of
26 x 106 per meter of the effect of three different configurations (locations and widths) of
carborundum type transition trips on the boundary-layer profiles downstream of the trips.
The three trips tested were as follows: (a) at the 0.0-centimeter station and 0.64 centi-
meter wide, (b) at the 0.64-centimeter station and 0.64 centimeter wide, and (c) at the ‘
0.64-centimeter station and 0.13 centimeter wide. Several sizes of carborundum grains
were tested ranging from a size below that required to trip the boundary layer to a size
more than twice as large as the laminar boundary-layer height at the trip location. The
boundary-layer profiles were measured at a position 21.6 centimeters from the leading
edge of the flat plate.

The results showed that the distortions of the boundary-layer profiles were very
small. The variation of the bouxldai'yulayer momentum thickness with height of the trip
showed that the critical Reynolds number of the trip Rk,crit was approximately 600 at
Mach 3 and more than 1680 at Mach 4. Further tests are needed to determine how much
drag the various trip configurations generate, before a recommendation can be made
regarding the best trip configuration {o use in a wind tunnel.

INTRODUCTION

One of the most important aspects of wind-tunnel testing of aircraft configurations
is the accurate determination of aerodynamic drag. Only with accurate wind-tunnel drag
results, together with reliable methods of extrapolating the results to full-scale Reynolds
number, can the designer make accurate predictions of full-scale aircraft performance.

Since present-day wind tunnels generally are not capable of duplicating full-scale
Reynolds numbers, the boundary layers which develop on wind-tunnel models do not cor-
respond to the boundary layers which develop on full-scale vehicles. For instance the
boundary-layer natural-transition position on the wind-{funnel model is downstream of the




corresponding transition position on the full-scale vehicle. Therefore, boundary-layer
trips are generally used to fix transition on wind-tunnel models ahead of the natural-
transition position in the wind tunnel.

Trips are valuable aids to wind-tunnel testing for many reasons. Three examples
of these reasons are as follows:

First, the trips fix the transition position on wind-tunnel models so that the portion
of the model in turbulent flow is known. This information allows the designers to calcu-
late the skin friction on the wind-tunnel model so that the wind~tunnel drag results can be
extrapolated to full-scale Reynolds numbers.

Second, the changes in wind-tunnel model drag due to small changes in the model
configuration can be determined more accurately if the transition position is fixed. If the
transition position is not fixed, the changes in drag due to model configuration changes
can be masked by the changes in drag caused by shifts of the transition position from one
test to another.

Third, tripping the boundary layer on wind-tunnel models insures turbulent boundary
layers over the portions of the model which are expected to be turbulent on the full-scale
vehicle. Then, characteristics which are sensitive to the condition of the boundary layer,
such as control effectiveness, are more closely simulated. In addition, it is sometimes
possible to duplicate the relative thickness of the full-scale turbulent boundary layer at
certain locations on the wind-tunnel model by fixing transition at the proper location.
This procedure was developed in reference 1 to duplicate the full-scale position of the
shock wave on a wind-tunnel model wing at transonic speeds. Although tripping the
pboundary layer will not duplicate full-scale conditions exactly, since there is generally
some Reynolds number effect, a turbulent boundary layer will usually duplicate full-scale
characteristics more closely than will a laminar boundary layer.

At subsonic Mach numbers it is possible to trip the boundary layer with roughness
sizes which are small in comparison with the boundary-layer height. At these Mach
numbers the trip drag for properly applied trips is negligible (see ref. 2), and the distor-
tions which the trip might cause to the boundary layer are not of much concern. However,
experience has shown that it becomes more difficult to trip the boundary layer at super-
sonic speeds and larger sizes of roughness are required.

In order to determine whether the roughness sizes required to trip the boundary
layer at supersonic Mach numbers cause distortions to the boundary lea.yer, boundary-
layer profiles were measured on a flat plate downstream of various sizes of three~
dimensional boundary-layer trips made of carborundum particles. In addition to the
boundary-layer-profile measurements, an unsuccessful attempt was made to measure the
trip drag by measuring the momentum loss in the entire wake behind the trips from the
plate surface to the free stream above the leading-edge shock wave.
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In addition to a smooth plate without trips, three different trip configurations (loca-
tions and widths) were tested. The size of the roughness particles was varied from a
size below that required to fix transition to a size larger than the boundary-layer thick-
ness at the trip.

The investigation was conducted in the Langley 20-inch variable supersonic tunnel
at Mach 3 and 4 and a Reynolds number of 26 X 106 per meter.

SYMBOLS
H boundary-layer shape factor, &%/0
k height of roughness particles in boundary-layer transition trip
k average height of roughness particles in boundary-layer transition trip
M Mach number
n number of roughness particles in boundary-layer transition trip per unit
length
Pt total pressure
p' pitot pressure
Ry Reynolds number of boundary-layer transition trip based on conditions at

height of average roughness particle, ukl_i/vk

Tt total temperature

u velocity

up velocity in a laminar boundary layer at position x;, and at the height k

Wi width of boundary-layer transition trip

X distance from leading edge

X distance from leading edge of plate to beginning of boundary-layer transition
trip




y distance normal to plate surface

o boundary-layer total thickness (see appendix)

5* boundary-layer displacement thickness (see eq. (1))

O height of laminar boundary layer at position xp

6 boundary-layer momentum thickness (see eq. (2))

Yk kinematic :ziscosity in a laminar boundary layer at position xj and at
height k

p density

Subscripts:

9] conditions at edge of boundary layer

crit value which first moves transition from natural-transition location

APPARATUS

Wind Tunnel

The investigation was conducted in the Langley 20-inch (50.8-cm) variable super-
sonic tunnel. This tunnel is of the blowdown type but the storage reservoir has suificient
capacity for several minutes of running time at the stagnation pressures used in these
tests. The maximum stagnation pressure obtainable is 125 lb/sq in. (86 newtons/cm2).
The tunnel has flexible nozzle walls which can be used to vary the Mach number from 2.0
to 4.5. Electrical resistance heaters are available to heat the air to maintain a stagnation
temperature above ambient conditions. Further information on the tunnel can be found in -
reference 3.

Model

The test model was a sharp-leading-edge flat plate mounted vertically in the tunnel
at zero angle of attack on a strut off the side wall. This model is the same flat plate used
in a previous investigation (ref. 4). A sketch and photographs of the model are shown in
figures 1 and 2. The model had removable leading edges 2 inches (5.08 cm) wide, which
were used to change the boundary-layer trips during the investigation. The mismatch
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step between the leading edge and the flat-plate surface was kept to less than 0.001 inch
(0.003 cm), and the joint between the leading edge and the flat plate was sealed with a
silicone rubber compound to avoid air leakage. All the leading edges were kept sharp to
avoid disturbances from the leading edge. The leading-edge radius was about 0.0003 inch
(0.0008 cm).

In addition to a smooth plate without trips, three configurations of boundary-layer
trips were tested. The three configurations are shown in the following table:

Configuration Xy Wy
(a) 0.00 in. (0.00 cm) 0.25 in. (0.64 cm)
(b) .251in. ( .64 cm) .25in. ( .64 cm)
(c) .251in. ( .64 cm) 05in. (.13 cm)

All the trips consisted of carborundum particles glued to the surface with acrylic lacquer.
Photographs of the boundary-layer trips enlarged about 2.7 times are shown in figures 3,
4, and 5.

The average size of the carborundum particles tested ranged from 0.0046 centime-
ter (No. 240 grit) to 0.0491 centimeter (No. 40 grit). A representative number of parti-
cles (about 200) were measured (in inches) with a measuring microscope and the results
both in inches and centimeters are presented in figure 6. These results show the per-
centage of measured particles which fell in the range of sizes indicated by the width of the
bars on the graphs. Some particles were specially sieved to give average particle sizes
which fell between commercially available grit sizes. The No. 240 sieved grit consisted
of No. 240 grit sieved through a 0.0041-inch (0.0105-cm) sieve onto a 0.0029-inch
(0.0074-cm) sieve. The No. 120 sieved grit was sieved through a 0.0070-inch
(0.0177-cm) sieve onto a 0.0059-inch (0.0150-cm) sieve and the No. 70 sieved grit was
sieved through a 0.0117-inch (0.0297-cm) sieve onto a 0.0098-inch (0.0248-cm) sieve.

Instrumentation

The tunnel total pressure and total temperature were measured in the tunnel set-
tling chamber ahead of the first minimum. The total pressure was measured with a
strain~-gage pressure transducer and the total temperature with a thermocouple refer-
enced to an electrically regulated hot junction.

The pressure on the surface of the flat plate was measured with a static-pressure
orifice at x = 20.3 centimeters (1.3 cm ahead of the boundary-layer-survey position).

Pitot pressures in the boundary layer were measured at a position on the plate
center line and 21.6 centimeters from the leading edge. This distance from the leading




edge was the most forward position at which the boundary-layer-survey apparatus could
conveniently be located during the test. A single pitot tube was traversed through the
boundary layer by the boundary-layer-survey apparatus. The pitot tube was flattened at
the end to a height of 0.02 centimeter. The survey apparatus was capable of positioning
the pitot pressure tube with an accuracy of approximately +0.001 centimeter over a range
of 2.5 centimeters. All boundary layers encountered in this investigation were less than
0.6 centimeter thick. The probe was electrically insulated from the flat-plate model, and
contact with the model surface was indicated by a fouling light on the survey apparatus
control console. The pitot pressure was measured with a strain-gage pressure
transducer.

In addition to the boundary-layer survey, an attempt was made to survey the flow
above the boundary layer with a static and a pitot pressure rake. These rakes were
located 2.54 centimeters and 6.85 centimeters off the center line of the flat plate and at
a position 21.6 centimeters from the leading edge of the plate. The rakes are shown in
figures 1 and 2. The pressures on the pitot rake were measured with an alcohol manom-
eter referenced to a pressure measured by two strain-gage pressure transducers. The
pressures on the static rake were measured with two strain-gage pressure transducers
mounted on an electrically actuated pressure-scanning valve.

All the pressure transducers and thermocouple outputs were recorded on 10-inch
(25.4~cm) self-balancing strip chart recorders. The manometer fluid position was
recorded photographically.

TESTS

The tests were conducted at free-stream Mach numbers of approximately 3 and 4.
For the Mach 3 test the total temperature and the total pressure were approximately
320° K and 40 newtons/centimeter2, respectively, and for the Mach 4 tests, approximately
3300 K and 71 newtons/centimeter2, respectively. Both test conditions gave a free-
stream unit Reynolds number of approximately 26 X 106 per meter. The total tempera-
tures for both test Mach numbers were chosen to give a recovery wall temperature which
was near to ambient temperature (about 3000 K) so that there was no heat transfer at the
model surface.

The procedure used to obtain the boundary-layer survey was to drive the probe
toward the model after the tunnel was started until the fouling light indicated contact of
the probe with the model. Then the probe was always moved in a direction away from the
plate surface to minimize backlash errors. The data points were taken at several posi-
tions above the plate after the pressure settled out.




RESULTS AND DISCUSSION

Reduction of Pitot-Pressure Survey Data

The pitot-pressure survey data at x = 21,6 centimeters were used to obtain the
boundary-layer velocity profiles, the total thickness 9, the displacement thickness 5,
and the momentum thickness 6.

In order to determine the height of the pitot probe above the surface of the plate, it
was necessary to determine the position of the plate surface as indicated by the probe-
position indicator. Although the electrical contact indicator gave some indication of the
plate surface, a method used by Coles (ref. 5) was believed to give more accurate results.
This method is illustrated in figure 7. Since the probe tip was somewhat flexible, it
would deflect when the boundary-layer-survey apparatus was driven beyond the position
where the probe touched the flat plate. Therefore, the survey apparatus would"give an
indication that the probe position was lower than the surface of the plate even though the
probe tip remained on the surface. This effect can be seen in figure 7 where the pitot
pressure remained constant while the height indication changed from 0.45 to 0.48 centi-
meter. A plot similar to the plot shown in figure 7 was used to find the surface of the
plate for each run. The plate surface is indicated in figure 7 by the point where a line
through the points of constant pressure intersects with a line faired through the points
above the surface.

The Mach number at the edge of the boundary layer Mg was used as the reference
Mach number in the calculation of 6 and &".

The value of Mg was determined from the ratio of the pitot pressure above the
boundary layer p' 5 to the total pressure Py Since the wind-tunnel model was a flat
plate at zero degrees to the free stream, the total pressure above the boundary layer was
assumed to be equal to the total pressure measured in the settling chamber. Although the
static pressure on the plate was measured during the investigation and this pressure
together with the pitot pressure above the boundary layer could have been used to calcu-
late Mg, the value of Mg that could be obtained with the ratio of p'ys to p; was
believed to be more accurate.

In order to determine the Mach numbers and velocities in the boundary-layer pro-
file, the static pressure and the total temperature were assumed to be constant and equal
to the values in the flow just above the boundary layer. The static pressure was calcu-
lated from the Mg determined by the method previously discussed and the measured
total pressure.

The boundary-layer thickness 6 was determined from the boundary-layer profiles
by the method outlined in the appendix.




With the boundary-layer thickness & and the assumption that the static pressure
and total temperature are constant through the boundary layer, the displacement thick-
ness 6 and momentum thickness 6 were determined from the following equations:

0 0 9
5*5§ _ _pu dy=§ 1_M£ 1+0.2Mzdy (1)
0\ Pal% 0 5Y1 + 0.2Mg
) ) 9
f= pu l-idy=§-MM- 1+0.2M ——M-dy @)
0 Psus\ Yp 0 Yo\|1+0.2M52 Mg

The boundary-layer-survey pitot~-pressure data were reduced with the aid of a

digital electronic computer.

Boundary-Layer Distortions

The boundary layer on the smooth plate without trips was turbulent at the measuring
station (x = 21.6 cm). Other tests indicated that natural transition occurred on this model
at about 5 centimeters from the leading edge at the Reynolds number of this test. The
distortions in the profiles measured behind the boundary-layer trips were determined by
comparison with the smooth flat-plate turbulent profiles.

Boundary-layer profiles were measured behind the three different trip configura-
tions described in the "Model" section. The first two configurations (a) X = 0.0 cm
and Wy = 0.64 cm and (b) xi =0.64 cm and wg = 0.64 cm> were tested as examples of
trips which are sometimes used but are not recommended (ref, 2). The third configura-
tion (xk =0.64 cm and wyg =0.13 cm) is an example of the recommended configuration,
which is a narrow band of sparsely distributed particles placed at a distance from the
leading edge greater than the position of the minimum critical Reynolds number. The
Mach numbers and velocities obtained from the boundary-layer surveys are presented in
table I, and a summary of the boundary-layer profile parameters is presented in table II.
Plots of the boundary-layer Mach number and velocity profiles measured at the
21.6-centimeter station downstream of the three different trip configurations are pre-
sented in figures 8 to 19. The data of these figures were plotted on an automatic plotting
machine from the results obtained on the electronic digital computer. The smooth-plate
turbulent profiles are indicated on each of the figures by a dashed line for comparison
with the profiles measured behind the boundary-layer trips. The figures are arranged in
the following order:




The effect of trip size on boundary-layer profiles at x = 21.6 centimeters, for —

Figure
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As expected, except for the trips of smaller size, the boundary-layer trips thickened
the boundary layer as indicated in figures 8 and 11 and table II. The largest increases in
thickness were caused by the trips at the leading edge, both because they cause transition
sooner and because the roughness particles have the greatest drag, since they are entirely
exposed to the free-stream dynamic pressure and are not shielded by the boundary layer
which is present at the other two trips.

The distortion of the boundary-layer profiles as indicated by the plots using the
nondimensional heights y/6 or y/d is very much less than expected. Generally, the
profiles are similar in shape to the smooth-flat-plate reference profiles. The largest
size roughness was more than twice the laminar boundary-layer height at the most rear-
ward trip locatioh(xk = 0,64 cm) as calculated by the curves in reference 6. The calcu-
lated laminar boundary-layer thickness was 0.015 centimeter at Mg =3 and 0.020 centi-
meter at Mg = 4. Evidently any distortions which were introduced into the boundary
layer by the smaller trips had washed out by the time the flow reached the survey station
at x = 21.6 centimeters. The slight distortions in the profiles behind the larger trips
caused the Mach numbers and velocities in the lower part of the nondimensional profile
(below y/6 = 5) to be slightly higher than those in the flat-plate reference profile. (See
figs. 9(a), {b), and (c), and fig. 12(c).)




Since the largest trips greatly increased the boundary-layer thickness, they would
be expected to reduce the skin friction behind these trips greatly. However, the distor-
tions in the boundary layer behind the largest trips are in a direction to increase the skin
friction, as indicated by the velocities in the boundary layer near the surface, and there-
fore the skin friction reduction was not as much as it would have been if the profiles had
been undistorted. In one case the distortion was large enough to increase the skin fric-
tion more than the thickening of the profile decreased the skin friction. This case is
shown in figure 8(c) where the profile for the largest roughness size shows Mach numbers
greater than the flat-plate reference profile at heights between 0.01 and 0.10 centimeter.

Boundary-Layer Momentum Thickness

The variation of the boundary-layer momentum thickness at the survey station with
trip average heightb k is shown in figure 20. The odd behavior of the momentum thick-
ness behind the trips beginning at the leading edge shown in figure 20(a) is discussed sub-
sequently. The curves shown in figures 20(b) and (c) are typical of the expected variation
of 6 as the trip height is increased. The level of 6 remains constant and equal to the
value for the smooth flat plate until the trip height reaches the critical value necessary to
trip the boundary layer. As the trip height is increased above the critical value the
momentum thickness is increased, so that transition appears to have been moved forward
by the trip. At subsonic and low supersonic speeds the critical height of a boundary-layer
trip is reached when the roughness Reynolds number Rj equals approximately 600.

(See ref. 2.) The height necessary for an Ry = 600 is indicated by tick marks in fig-
ures 20(b) and (c). As can be seen in these figures the critical Reynolds number Rk, crit
is approximately 600 at Mach 3 but is higher than 600 at Mach 4. This result is in agree-
ment with the values of Ry crjt shown in reference 2, which indicates that the Rg,crit
is approximately 600 from Mach 0 to Mach 3 and increases sharply above Mach 3.
Apparently, the transition position is unaffected by the trip at Mach 4 until the trip height
is above 0.0155 centimeter. This result indicates that the Rk crit at Mg =4 was
greater than 1680 in this test.

The height of the laminar boundary layer at the trip location (Xk = 0.64 cm) calcu-
lated from the curves of reference 6 is also indicated by tick marks in figures 20(b)
and (c¢). As can be seen the momentum thickness at Mg = 3 increases again as the trip
height is increased above the laminar-boundary-layer height and indicates that the trip is
generating drag; that is, there is an increase in drag above that associated with moving
transition forward.

It must be emphasized that the boundary-layer momentum thickness does not indi-
cate the entire drag. There is a possibility of some loss in momentum in the flow above
the boundary layer as a result of wave drag. An attempt was made to measure this wave
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drag with rakes, but the rake static pressures were not accurate enough to determine the
boundary-layer-trip drag. Therefore, determination of the total drag in these tests is
not possible. However, an increase in the momentum thickness such as that which occurs
at Mg =3 when the trip height is greater than 0y does indicate an increase in the total
drag. - Since the total drag cannot be determined it is not known whether any trip drag
was present at Mg =3 when k was below 6. A comparison between figures 20(b)
and 18(c) shows that the momentum thickness is slightly higher for the 0.64-centimeter-
wide trip than for the 0.13-centimeter-wide trip at Mg =3 when k is between Rk, crit
and 0y . This result indicates that some trip drag is probably present on the
0.64-centimeter-wide trip at Mg = 3.

Since the trip was not effective at Mg = 4 until the trip height was approximately
equal to 6, and since only one increase in the momentum thickness curve is shown in
figures 20(b) and (c), it is not possible to determine whether the increase in drag at this
point included a trip drag.

In an attempt to determine the cause of the erratic behavior of the momentum thick-
ness shown in figure 20(a), it was noticed that there was a relationship between the mea-
sured momentum thickness and the density of the carborundum grains in the pictures of
the trips in figure 3. The trips which were abnormally dense corresponded to the points
which were abnormally high in figure 20(a). The momentum thickness was found to be a
nonlinear function of nl'iz, a parameter proportional to the total frontal area of the carbo-
rundum grains in a unit length of the trip as shown in figure 21. The value of n for the
various trips is given in the following table:

NUMBER OF CARBORUNDUM GRAINS PER CENTIMETER OF TRIP

X = 0.0 cm; wyp = 0.64 cm
[ k ]

Carborundum k, n,
grit No. : cm 1/em
240 sieved 0.0079 , 178
120 .0091 382
120 sieved .0155 63
80 .0194 14
70 .0286 21
40 .0491 19

The curves of figure 21 show a much smoother variation of momentum thickness
than those of figure 20(a) indicating that the momentum thickness downstream of the trip
at xp = 0.0 centimeter is dependent on the number of particles per unit length of the
trip n as well as the average particle height k.
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The variation in density of the carborundum grains found in the trips at
X = 0.0 centimeter can aiso be seen in the pictures of the trips at xj = 0.64 centimeter.
(See fig. 4.) However, the momentum thicknesses shown in figure 20(b) do not show the
variation that was noted in figure 20(a). Evidently 6 is dependent on un only for trips
which start at the leading edge.

CONCLUDING REMARKS

Measurements were made of the turbulent boundary-layer prbﬁles at a station
x = 21.6 centimeters downstream of three different configurations of carborundum type
boundary-layer trips on a flat plate at Mach 3 and 4 and a Reynolds number of 26 X 106 per
meter. The trips were identified by longitudinal position xj and trip width wj. The
three configurations were (a) X = 0.0 centimeter and wj = 0.64 centimeter,
(b) xj =0.64 centimeter and wjy = 0.64 centimeter, and (c) xj = 0.64 centimeter and
wy = 0.13 centimeter. The first two configurations were examples of trips which are
sometimes used but not recommended. (See NASA TN D-3579.) The third configuration
is an example of the recommended configuration of a narrow band of sparsely distributed
particles placed at a distance from the leading edge greater than the minimum critical
Reynolds number.

As expected, the trips thickened the boundary layer at the 21.6-centimeter station
when they tripped the boundary layer ahead of the natural-transition location. Very large
increases in thickness were caused by the trips at the leading edge. The distortions of
the boundary-layer profiles downstream of the trips, indicated by nondimensional plots of
the Mach number and velocity profiles were very small even for trips larger than the
laminar-boundary-layer height at the trip location. Evidently, most of the distortions
which were introduced into the boundary layer by the trips had washed out by the time the
flow reached the survey station at the 21.6-centimeter station.

The variation of the boundary-layer momentum thickness with height of the trip
showed that the critical Reynolds number of the trip (Rk, crit) was approximately 600 at
Mach 3 and more than 1680 at Mach 4, which is in agreement with the curves previously
published in NASA TN D-3579. The momentum-~thickness variations also showed that at
a Mach number at the edge of the boundary layer of 3 the trip produced trip drag when the
trip height was larger than the laminar-boundary-layer height at the trip location.
Whether trip drag was present for trip heights less than the boundary-layer height was
not determined. Further tests are needed to determine how much drag the various trip
configurations generate, before a recommendation can be made regarding the best trip
configuration to use in a wind tunnel.
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The results for the trip at the leading edge showed that the momentum-thickness

variation was a function of the number of roughness particles in the trip per unit length n

as well as of the average height k.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., August 21, 1969.
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APPENDIX
DETERMINATION OF THE BOUNDARY-LAYER THICKNESS &

Determination of the total boundary-layer thickness & has always been a difficult
problem in boundary-layer experiments. Theoretically, the boundary layer extends to
infinity in incompressible flow and to a Mach line from the leading edge in compressible
flow. However, the & of practical interest is generally much less.

Several different methods for determining & were examined in this investigation.
Each method has its advantages and disadvantages but none was entirely satisfactory.
For this reason, a new method of finding & was developed which is explained below.

Two important characteristics were required of a method for determining & in
this investigation. First, the method should give a realistic 6 so that the displacement-
thickness integration in equation (1) and momentum-~thickness integration in equation (2)
includes almost all of the momentum loss in the boundary layer. Second, the method
should give consistent and unambiguous values for &.

The present method was developed from a solution to the velocity profile in a two-
dimensional wake behind a single body given by Schlichting (ref. 7, p. 494). This solution
gives

3/2
1--ull;=F1-<%>/ (1}1)
where
F a function which determines the center-line velocity of the wake
b width of the wake
y distance from the wake center line
Ueo free-stream velocity

Writing this equation in terms of the boundary-layer profile gives

1/2 3/2
<1 - B—) / = Constant|1 - <X> / (A2)
U, 5
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APPENDIX
If the outer portion of the boundary-layer profile is assumed similar to a wake, then the

1/2
profile obtained by plotting <1 - ul> against y3/2 should be a straight line and the
5
>1/2

point on the sfraight line where (1 - .1%5 = 0 will occur where ‘y?’/2 = 63/2.

This procedure is illustrated in figure 22(a) for the Mg =3 profile without rough-
ness. Also shown in figure 22 are the results of two other methods of determining &.
Figure 22(b) shows the method suggested by Coles (ref. 8) where y is plotted against

2/3
<1 - _u_) / . Figure 22(c) shows the logarithmic method which assumes that the profile is

Ys
n
a power profile of the form 1—111— = <%> . As can be seen in figures 22 and 23 the method
)
used in this report gives a more realistic 6 and the value of & is reasonably
unambiguous.

The & was determined by this method for each of the profiles measured in this
investigation and the values obtained are listed in table II.

15
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TABLE I.-

(a) My = 3; Smooth flat plate

k = 0.0 cm; M, = 3.078

DATA FROM BOUNDARY-LAYER SURVEYS

k = 0.0 cm; My = 3.075

y, cm M/Mﬁ u/ué
0.0102 0,3826 N.5789
01159 4204 «6191
0251 <4656 6670
0413 05466 o 7431
0600 .6NB1 « 7934
«NT33 .6399 8170
- 08856 26686 « 8370
01207 . 7256 «B8735
<1864 cB4T4G «9384%
2518 « 9560 s 9B&1
23952 1. 0005 1.0002
+5112 . 9996 » 9999
. 7591 1.0001 1.0000
1.0182 <9996 « 9999
1.3335 .9987 « 9995

em | MM, | yu

¥y s /45
D.0102 03986 0.5943
w0171 <4367 «6366
« 0251 &THT <6779
<0327 +5188 - 7181
« 0483 «:5812 < TT720
<0632 26165 + 1996
.0803 «6501 o 8241
«1130 27128 - 8654
« 1791 .8288 e 9294
2381 « 9301 «9741
3651 + 9998 + 9999
«%4921 1.0000 1.00C0
o 1449 1.0001 1.0001
«9934 1.000¢4 1.0001
1.3075 « 9991 «9997
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TABLE I.- DATA FROM BOUNDARY-LAYER SURVEYS - Continued
(b) M; = 3; Xy = 0.0 cm; Wy = 0.64 cm

k =0.0079 cm; M(5 =3.076 k = 0.0091 cm; M(5 = 3.083
y, cm M/M6 u/u6 ¥, cm M/MG u/u5
0.01C< 0.3867 C.HEQT 0,0102 0.3788 05719
.0117 « 3580 «5638 .0168 24156 «0142
£0167 04423 26426 . 0229 °4385 0392
«03C1 s 4E35 «6E47 « 0390 «5091 1098
.04C¢ «53175 o 1350 « 0562 « 5480 LY
05712 « 5914 + 1802 <0721 <5770 « {691
.0753 6277 .8C80 . 0895 . 6050 . 7913
«1C8¢ «+67180 « 8433 21213 +6533 . 03268
J13E7 27199 - E700 .1838 . 7394 8819
«1EES « 1750 «9C17 2515 « 8466 09381
22211 +EETE 0 S4T7 «3832 « 9870 e 9954
.2654 9637 9870 «5131 29596 9998
23€1¢C .5548 5582 . T€39 . 9988 9996
24245 . 6588 6596 1.0268 | 1.0015 1.0005
9168 1.0CC8 1.0003 1.3411 1.0020 | L.uu07
1.3513 1.0015 1.0005

k = 0.0155; M; = 3.088 k =0.0194 cm; M, = 3.084
y, cm M/M(S ufug y, cm M/Me5 ulug
C.ClCz | 0.3852 | C.57$8 0.0102 | 0.3559 | 0.5920
<014€ .41175 +6166 . 0174 e 4435 00445
.0184 . 4392 <6402 «0241 | L4753 0772
L0251 L4768 <6790 <0413 | .5446 <7419
20419 . 5468 « 1440 .0597 «5940 . 7828
.0€l€ . 6066 27529 .0781 <6339 .8131
L0ET¢ 06479 .8233 .0933 26570 <8294
.1184 <6780 . 8439 .1257 .7020 .8592
.154¢ .7253 L8737 .1892 .7833 « 9065
1772 21621 . 8653 .2521 .8632 29458
.2394 .8521 .5408 .3788 <9695 «9892
«2591 .$319 25749 .5089 +9978 .9992
.3€51 «9825 +9539 «7614 | 1.0019 | 1.0006
«4315 <9579 . 9593 1.0217 | 1.0007 | 1.0002
«91C¢ | 1.0023 | 1.0C08 - 1.3370 | 1.0017 | l.uu0e
1.35CC | 1.0015 | 1.0005




TABLE I.- DATA FROM BOUNDARY-LAYER SURVEYS - Continued
(b) Mg = 3; X) = 0.0 cm; wy = 0.64 cm - Concluded

k = 0.0286 cm; My = 3.084 k = 0.0491 cm; My = 3.085
y, cm M/M5 . u/ua y, cm M/M6 u/u5
C.010z2 0.3751 C.5675 0.0102 0.3837 0.5778

«0130 »3878 25825 « 0155 «4104 « 0086

0184 «4110 «6C91 «0207 04298 | 6299

«0352 «4952 «6566 « 0327 «4824 26843

«C4S55 | 5432 « 1406 <0486 «5435 « 1409

20657 +5868 w1770 0670 - <5877 « 1778

»1C15S <6517 8257 - 0842 «6130 « 1975

«1353 +69C4 -8518 «1165 «6455 « 8214

«17C2 « 1416 . 8832 +1470 «6748 «8416

02224 +8350 9326 <1778 27120 - 8655

+30C4 « 5274 «S731 | «2403 « 7780 + 9036

«36G7 «9798 29929 +3004 +8399 «9350

«4178 «9941 « 9579 +» 3654 « 8964 296 0%

« 8525 1.0002 1.0C01 24302 29479 «9811
1.0481 « 9954 05998 «9230 1.0007 1.0002
1.4249 » 59986 29995




TABLE I.- DATA FROM BOUNDARY-LAYER SURVEYS - Continued
{c) Mg =3; %, = 0.64 cm; wy = 0.64 cm

k = 0.0046 cm; M5 = 3.084 k = 0.0079% cm; M5 = 3.086
y, cm M/M(‘3 U/UG . ¥y, cm M/MG u/u5
n,010%2 0.3720 0.5647 3.0102 03894 0.5846
0121 3863 «5817 £ 2127 « 4072 6050
.0181 « 4380 » 6395 20267 4868 6886
0346 «5168 + 1176 0384 « 5429 s 1405
0821 5779 . 1 TC6 0616 s6134 - 1979
0632 o 6270 - B8N85 0746 e 6441 .8205
0857 656373 8343 21051 6921 8529
.1216 07224 8723 <1457 s 71540 + 8904
. 1854 « 8422 « 9363 21727 8050 9178
e 2492 «9518 « 9827 22296 28928 + 9589
s 3743 «9998 « 9999 02965 . 9788 s 9926
+ 5029 1.0006 1.0002 s 36273 9998 - 9999
« 1553 9973 . 9991 «4283 1. 0006 1.0002
1.2031 1.0012 1.0004 + 3169 ¢?993 « 9998
13221 1.0041 1.0014 1.3967 1.000¢C 1.0000
k = 0.0091 cm; M, = 3.089 k- 0.0155 cm; Mg = 3.087
y, cm M/Mé u/u5 y, cm M/M6 vu/uﬁ
0.0122 0.3693 Ne5610 33,0102 0.3856 0.5802
L0137 +3965 . 5907 0200 - 4339 + 6345
.0229 24481 - 6498 L0260 - «4618 26637
, 0358 «5121 s 7130 0454 s 5466 + 7438
«N552 «+5T15 s 1650 . 0581 « 5849 T 787
NT24 «6079 . 7940 - L0775 + 6220 - 8044
0873 6316 -.8117 «1130 6731 - . B8405
+118¢64 « 6790 . 8446 21480 « 1229 « 8722
. 1833 s 1Bl & 29057 21756 o IT13 « 9001
o 28TT « 8920 9586 <2381 « 8650 e 9467
« 3734 . 9985 « 9995 +3038 e 9564 9843
e 5067 1.0010 1.0003 «3867 » 9948 +9982
0 1452 1.0015 1.0005 « 4382 1.0007 1.0002
+9938 + 9995 «9998 «9134 ° 9930 e 3997
1.3205 + 9995 - 9998 1.3814 - 9997 « 9999




TABLE I.- DATA FROM BOUNDARY-LAYER SURVEYS - Continued

{(e) Mg = 3; %y = 0.64 cm; Wy = (.64 ¢cm ~ Concluded

k = 0.0194 cm; My = 3.094 k = 0.0286 cm; My = 3.075

¥, cm M/M6 u/u(3 . yscm M/M5 “/%
0.,0132 | 0.3784 | 0,5723 0.0102 | 0.3666 | 0.5566
. 0148 . 4065 . 6049 0124 .3752 25669
.0238 « 4577 6601 .0165 .3B45 . 5780
«N416 25221 .7225 .0235 o4137 <6114
.0575 £ 5648 L7597 .0352 <4738 <6750
«0T4D .5923 .7821 .0536 <5478 « 7440
.0921 <6202 . 8035 0676 +5924 . 7809
.12564 <6702 .8389 L1022 . 6616 .8321
.1889 <7763 . 9030 +13640 .7018 .8586
22553 .8816 <9542 .1588 . 7382 .8808
.3851 .9970 . 9990 .2118 .8129 <9215
«523%4 | 1.0017 | 1.0006 .2769 . 9062 . 9643
<7759 | 1.0022 | 1.0007 +3375 <9703 . 9894
1.0176 | 1.0006 | 1.0002 <4023 29977 «9992
1.3373 | 1.0005 | 1.0002 .8807 | 1.0014 | 1.0005
1.3595 | 1.0037 | 1.0013

k = 0.0491 cm; Mg = 3.089

¥, cm _M/M5 u/u5

N.0102 0.3783 0.5717
.0159 %101 « 6085
« 0232 « 4437 6451
0387 5152 - 7158
0578 «5752 - 7680
o749 « 6069 « 1916
1099 «6547 «8281
« 1416 «6982 « 8570
«1730 « 7451 -BB54
<2372 . 8351 29328
» 3010 « 9256 « 9724
«3632 s 9781 -+ 9923
<4578 1.0000 1.0000
-9268 29995 +9698
1.4173 1.0009 1.0003
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TABLE I.-

(d) My = 3; x) =0.64 cm; W =0.13 cm

k = 0.0046 cm; My = 3.054

DATA FROM BOUNDARY-LAYER SURVEYS - Continued

k = 0.0079 cm; M = 3.077

y, Cm M/M5 u/l16
0.0102 063619 { D.5492
+ 0162 » 3954 » 5889
.0238 44378 06360
» 0397 » 5299 » 1266
+0549 25949 «+ 7816
20711 $ 6416 «8168
. 0870 26748 8399
1200 » 1380 »8799
1825 + 8491 « 9386
02426 »9429 £ 9789
+ 3708 29578 09992
«4981 1.0001 1.0000
« 1540 1.0007 1.0002
1.,0080 29996 »9998
1.3230 1,0015 .1 1.0005
lo6421 1.0011 1,0004

prom | ey | 3
00,0102 0.3976 0.5933
0117 24104 «e6079
. 0184 04549 «6556
:0375 #5556 27508
»0514% 6138 « 7976
- 20683 +6581 «8297
»1019 2 71041 #8602
« 1406 2 7670 »8973
e1724 »8255 « 9279
2366 29283 09734
« 3029 29882 +9959
» 3680 9989 #9996
04293 1.0007 1.0003
« 9134 1.0012 1.C004
1,3913 02992 e 9967

k = 0.0091 cm; M = 3.080

k = 0.0155 cm; M = 3.085

y, cm M/M6 u/u6
0,0102" 0.3348 0.,5175
»0130 03552 e 5431
«e0N229 04366 +6369
.0387 « 5137 « 7138
: 0546 5693 s 1626
. 0689 « 6014 « 7884
+ 0873 + 6356 «8140
«1175 » 6837 «84T2
+1835 «8011 29157
2445 | .8932 | .9589
23667 1.0004 1.0002
«4937 1.0004 1.0002
7515 9997 .9999
09922 « 9991 29997
1.3160 9980 29993
1.6421 | 1.0011 | 1.0004

y, cm M/M6 ‘u/ua
0.0102 J.3831 0.5772
20146 o 4127 06111
w0225 +4521 :6536
«0375 5183 s 7184
+ D565 25885 27785
0778 6327 28122
21153 26866 28494
« 1480 071357 +83798
1772 « 7826 e 9062
22423 +8845 29553
» 3061 09695 «e9892
«3727 1.,000¢4 1.0002
24439 1.0003 1.0001
29017 s9995 29998
1.3811 «9982 29994




TABLE I.- DATA FROM BOUNDARY-LAYER SURVEYS - Continued
(d) My = 3; Xy = 0.64 cm; Wy = 0.13 cm - Concluded

k = 0.0194 cm; My = 3.066 k = 0.0286 cm; My = 3.072
y, cm M/MG u/ué ¥, cm M/M6 u/uﬁ
0.,0102 | 06,3319 ] 0.5126 0.0102 | D.3574 | 0.5452
20133 #3527 +5389 20146 +3648 $5542
<0216 +3897 +5833 .0213 +4007 +5965
.0375 » 4899 #6902 20368 «4788 26798
«0597 |  .5637 + 7569 +0540 +5324 «7302
0733 25903 « 7787 . 0679 s5738 «7658
.0867 . 6158 + 7985 »1010 06424 .8185
»1197 0 6664 . 8349 »1327 »6851 28478
.1816 « 7664 + 8966 »1670 #7371 +8801
$ 2477 . 8704 « 9487 02267 +8334 +9316
.3683 29937 29978 2 2940 #9351 09760
24959 +9998 +9999 +3569 29868 | .9954
27483 29999 | 1.0000 24248 +9990 »3996
1,0585 | 1.0002 | 1.0001 +8915 | 1.,0006 | 1.0002
1.3789 | 1.0002 | 1,0001 1.3890 | 1.0015 1.0005
1.6421 | 1.0011 | 1.,0004

k = 0.0298 cm; M5 = 3.082 k = 0.0491 cm; M, = 3.087
y, cm _M/M5 ufug ¥, cm M/M5 wfu
00,0102 0.3291 0,5103 0.0102 0.4034 00,6008
«0137 » 3550 +5430 + 0159 s 4464 +6478
«0292 e4532 : 6545 « 0349 «e5564 01522
:0438 05317 0 7303 «0508 :6164 8002
» 0600 « 5739 o« 1665 « 0654 26460 +8219
+0835 e 6134 o 1977 « 1000 +6866 «8494
. 0994 » 6411 8180 1368 21304 «8767
1305 « 6839 +B4T4 21619 « 71682 «8384
«1546 « 7817 + 9055 02254 «8470 «9384
2661 « 8794 «9530 0 2905 9253 29723
»3G¢€2 « 9942 23980 « 3543 «9799 29930
25566 9993 +9997 « 4127 29976 «9992
28122 1.0001 1,0000 - 29557 1.0019 1.0007
1.0401 1.0024 1.0008 1.4643 1.0031 1.0011
1.3287 29975 +9991
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TABLE L.~

(e)

k = 0.0 cmj My = 4.109

M(S:

v, cm M/M5 u/ﬁﬁ
0.0132 0.3356 0.5976
-01303 « 3703 » 6505
<0194 -%4188 « 6944
« 0416 25156 + 7830
<0568 58574 - 8146
<0732 -586¢& « 8345
21850 +6107 8500
« 119D «6621 « 8795
01895 97931 0938?
« 2568 « 9154 9786
«3797 e 9984 « 9996
«5058 1.00Ls 1. 0004
« 7616 « 9991 <9998
1.0318 1.06007 1.0002
1.3716 1.0023 1.0005
1.6856 -« 9952 « 9989

k = 0.0 cm; My = 4.111

y, cm M/Mé u/u(.3
0.0102 0.355% N.6228
.0178 c&112 6866
0263 8541 - 7296
0428 «5210 « 7874
0638 5678 8220
. 0816 6001 . B&34
- 0987 + 6270 « 8599
1368 6895 +8937
2096 +8194 0 9484
2762 £ 9265 «9814
- 4083 . 9988 - 9997
5337 «9961 + 9991
<7921 09983 9996
10649 1.0026 1.0006
1.3656 1.0000 1.0000
1.6859 1.0050 1.0011

4; Smooth flat plate

DATA FROM BOUNDARY-LAYER SURVEYS - Continued

k =0.0 cm; Mg = 4.105

¥, Cm M/M(j u/ué
0.0102 0.3637 0.6323
20111 <3782 « 5494
0178 = 4291 - 7047
<0263 «&TTT . 7508
0473 5436 «B0%4
0619 -8756 <8271
0768 6047 « 8460
«0914 26250 -8585
21257 « 6851 <8913
1984 8135 « 9462
2613 «9152 ° 9785
° 39456 9967 29992
5210 « 9929 - 9984
- TBZ26 « 3993 s 9998
1.0379 -9988 « 2997
1.3497 -« 999% 29999




TABLE I.-

{(£) Mg = 4; % = 0.0 cm; W) = 0.64 cm

k = 0.0079 cm; Mg = 4.101

DATA FROM BOUNDARY-LAYER SURVEYS - Continued

k = 0.0091 cmj My = 4.110

y, cm M/n% U/%

0.0102 0312% 05663
0175 « 3690 +538¢4
20219 - «3980 «6TLS
0400 <5058 «¥TT46
20543 «55932 - 8156
0721 =6076 e 8477
1051 «6551 8755
« 1318 26993 <8982
« 1683 2 T69L « 9292
2276 8759 - 9669
2991 - 9595 299073
23610 09964 « 9992
2 %%90 9985 <9997
29395 | 1.0090 10020
14176 10009 10002

pom |ty |
0.0102 03390 06020
<0137 + 3643 «6334
20235 o%145 -6899
- 0387 24657 « 1403
20546 « 50086 -« 1709
0708 «5272 27923
- 0870 5458 =« 8063
«1191 5866 <8347
1905 6975 <8976
2575 «8037 03427
+3804 2700 9929
<5077 - 9983 29996
o 1662 1.0000 1.0000
1.0179 10005 1.000%
1.3345 - 2989 « 9997
1.6520 1.0011 1.0002

k = 0.0155 cm; Mg = 4.107

k = 0.0194 cm; M, = 4.106

¥, cm M/M5 ufug
00102 03104 0. 5640
<0817 23250 <5836
0191 3768 +6480
«0250 « %030 - &TTS
+0377 24562 «7312
- 0584 «5180 - 1848
0730 «53508 28098
1025 s 5940 «8394
<1460 6550 8756
21768 s 1045 - 9009
02321 - 1970 09402
«299L « 9035 09752
03622 « 9758 9943
%255 « 9979 <9995
« 9042 10020 1.0004
1.3821 1.0024 1.0005

¥, €m zVi/Mg; ,u/ua
0.0102 0.3281 0.5876
<0165 «3593 «6270
0232 «3T76 -6488
<0419 « %452 - 7207
0572 +%T768 - 7500
0747 5008 < T707
<0899 «5163 - 7834
«1213 e 5444 - 8050
=-1902 «6154 <8527
2540 - 6998 -8986
23861 «8922 = 9719
« 5067 9891 <9975
< T84S « 9974 « 9994
1.0462 3996 29999
1.3678 1.00L9 1.0004
1.6837 1.0008 1.0002
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TABLE I.- DATA FROM BOUNDARY-LAYER SURVEYS - Contjnued
) M; = 4; Xy = 0.0 cm; wy = 0.64 cm - Concluded

k = 0.0286 cm; M = 4.095 k = 0.0491 cm; M, = 4.096

1
y, cm M/M5 s u/“ﬁ y, cm M/M6 u/u6
0.0102 0.2898 0.5341 0.0102 ‘0.297% 0.5450
20111 «2889 «5328 »0120 »3123 <5658
«0184 «3462 «6101 «0181 «3454 . «6092
<0248 23796 6504 « 0247 « 3823 « 6535
<0454 | 4719 « 7450 .0368 «%4250 « 6999
« 0565 «5093 « 1771 «0527 «4690 o T424
« 0746 «5530 8107 ' « 0705 «5031 « 7721
- 1077 « 5957 «8399 « 0997 «5430 +8034
« 1407 <6376 <8654 «1409 »5880 +8350
« 1686 «6836 +8902 1724 26280 +8599
02375 « 7981 « 9403 «2314 « 1076 »9021
«3032 « 9004 « 9742 22972 « 7859 - «9357
23693 « 9729 ©9936 «3626 <8724 «9658
«4385 29911 « 9979 e 4184 «9342 +9837
«9074 «9993. «9998 <9011 «9988 «9997
13767 1.0015 1.0003 1.4090 1.0024 1.0005




TABLE I.-

(g) M; = 4; X = 0.64 cm; Wy = 0.64 cm

k = 0.0079 cm; My = 4.104

DATA FROM BOUNDARY-LAYER SURVEYS - Continued

k = 0.0091 cm; M = 4.114

¥y, cm M/M(‘3 u/u5

0.0102 0.3253 0.5838
« 0143 «3547 €213
.0216 «4003 + 6743
.0384 4931 « 7641
+0549 25567 8139
.0797 . 6161 . 8531
1048 +6511 « 8734
«1327 26963 <8969
«1746 «771C « 9300
2397 -8866 « 9702
«3035 « 5660 «8919
« 3686 « 9976 « 9995
« 4308 1.0017 1.0004
« 9033 1.0021 1.00C5
1.3684 1.0003 1.0001

som | oy | oo
0.0102 0.3288 0.5891
20225 4190 « 6949
0276 «4518 « 7275
0419 «4984 e 7692
0616 «5520 «811C
0740 +5836 «8328
0956 +6115 « 8507
1261 « 6609 «8791
»1893 « 7793 «9335
2549 8938 « 9725
«37715 ° 9965 +9992
«5061 29998 1. 0000
<7617 « 3994 + 9999
1.0322 1.C004 1.0C01
1.3522 1.0022 1.0005
l1.6811 1.0032 1.0007

k = 0.0155 cm; Mg = 4.107

k = 0.0194 cm; My = 4.119

voem | mpay | g
0.0102 0.3155 0.5708
»0108 03249 «5834
«0155 3563 +6235
. 0267 04262 +7C18
«0451 5076 « 1764
. 0610 25653 8201
- 0787 «6012 - 8439
.1108 «6458 +8705
« 1375 «6511 . « 8944
«1772 « 1636 29271
2489 8860 «9701
» 3140 9701 «G9931
3829 « 9979 .9995
«4515 1.0019 1. 0004
9277 1.0010 1.0002
1.4068 1.00C6 1.0001

y, cm 5 ,u/u(3
0.0102 0.3161 0.5725
«0140 +3638 +6335
«0232 4247 27011
0464 «4988 . 7698
+0603 « 5250 + 7910
0787 05552 «.8136
0936 « 5745 T 8270
21257 6232 + 8579
«1876 1274 + 9119
+2537 « 8462 «9577
«3791 «9902 « 9977
«5039 + 9989 « 9997
o 1664 « 9977 + 9995
1.0204 1.0005% 1.0001
1.3268 1.0011 1.0002
1.6475 1.0027 1.0006
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TABLE I.- DATA FROM BOUNDARY-LAYER SURVEYS - Continued
() Mg = 4; % = 0.64 cm; Wy = 0.64 cm - Concluded

k =0.0286 cm; Mg = 4,105 k=0.0491 cm; MG =4.131
v, cm M/Mé u/uﬁ ¥, cm M/MG u/u(5
G.0102 02759 0. 5146 0.0102 G.3054 0.5588
+ 0191 «3529 .6191 0152 83527 «6208
« 0257 «3922 » 6653 .N216 «3941 +6693
«0413 «%589 « 1337 0394 0 &4T36 « T488
0600 « 5167 . 1860 0549 «5228 « 7900
20743 «5529 <8111 0762 s5668 «8223
e1121 +5990 . 8425 <1137 <6122 «8519
<1372 «6352 8644 s 1445 « 6581 . . 8782
«1711 +6889 - B932 21731 « 7051 .9020
«2375 28013 « 9417 2337 « 8007 29420
3013 «9070 e 8762 3032 +9119 29778
23648 e9792 + 9951 3680 - 9741 29939
«42 8O »9984% + 99986 4365 + 9939 + 9986
«90C11 1.0020 1.0005 «9191 29930 <9998
1.3805 1.0GC6 1.0001 1.4065 1.Cc022 1.0005
1.4068 1.0006 1.0001




TABLE I.-

(h) Mg =4;x, = 0.64 cm; wy = 0.13 cm

k = 0.0079 cm; M = 4.087

DATA FROM BOUNDARY-LAYER SURVEYS = Continued

k =0.0091 cm; My = 4.098

y, cm M/MG u/u6
0.0102 €C.32C8 0. 5765
«0ll4 23313 5904
20193 «38Ll5 <6519
.0238 «+ %056 -6788
« 0406 +4887 « 1593
«05393 «5631 «B17S5
«0771 « 6008 +8428
<1114 +6574 s 8761
.1384 s71016 +8G688
« 1743 s 1669 « 9280
«239C «8841 «5693
+3032 e 9650 «9916
<3686 e 9945 s 9987
s4369 1.0007 1.0002
«9223 25989 ° 9997
1.4163 + 9696 1.0000

k = 0.0155 cm; M = 4.093

y, cm M/Mé u/u6

0.0102 0s31C8 0.5635
L0159 |  .3%41 | .6198
«0229 +3993 26725
+ 0289 <4312 « 7060
«C435 « 4988 1683
20619 « 5687 «+ 8218
« 0730 «59873 s 8415
« 1042 «6448 « 8694
21362 <6565 «B966
1683 « 1598 09252
+ 2280 28682 e 5644
22937 +9581 » 9899
«+3588 29939 + 9986
24219 29999 1.0000
- 897C « 9994 « 9999
1.3792 1.0016 1.00C4

voom | wpa | o,
0.0102 | ©.2723 | 0.5087
.0121 <2858 . 5285
0197 <3539 <6199
<0324 <4353 <7105
<0489 «5064 <7750
20632 <5503 <8090
.0804 <5865 .8341
.1108 26392 <8664
.1788 <7810 <9339
.2388 8777 <9675
<3711 <9932 <9984
<5010 29998 | 1.0000
27550 29997 +9999
1.0611 | 1.0003 | 1.0001
13853 | 1.€003 | 1.0001
1.6974 <9998 | 1.00C0
k =0.0194 cm; M = 4.102
y, cm M/M5 u/ué
0.,0102 | 0.2602 | 0.4906
0127 <2897 +5345
<0191 e 3464 <6108
0270 23897 06623
.0406 « 4481 <7232
20597 25068 L7755
0734 +5439 <8044
21051 <6011 .8437
L1715 <7184 29073
22314 <8234 « 9497
«3572 <9840 <9963
<4858 <9975 29994
<7430 | 1.0009 | 1.0002
1.0763 | 1.0014 | 1.0003
13741 | 1.0009 | 1.0002
1.7148 | 1.0009 | 1.0002
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TABLE I.- DATA FROM BOUNDARY-LAYER SURVEYS - Concluded

(h) Mg =4; % = 0.64 cm; w, =0.13 cm - Concluded

k = 0.0286 cm; My = 4.109

k = 0.0298 cm; My = 4.114

y, cm M/M5 u/u6 ¥y, cm M/M5 u/ub
0.0102 0.2781 | 0.5180 0.0102 | 0.2533 00,4807
2 0143 »31C7 05644 w0140 02965 25451
. 0207 +3525 . 6189 0200 03417 #6057
0302 °41C5 6856 0409 . 4484 . 7243
. 0517 s 4351 . 7695 .0597 .5054 L7751
- 0667 5423 . 8036 0711 . 5295 « 7942
. 0810 .57C8 . 8240 0899 . 5667 .8214
21127 2 6C74 . 8479 .1209 . 6239 +8582
1460 6594 .8781 1845 .7318 «9137
61762 +T112 « 9042 02480 08411 «9559
02451 +83C3 #9522 .3803 29974 » 9994
+3080 29325 G833 o5134 . 9986 29997
+3715 .9889 <9974 <7645 . 9997 + 9999
° 4302 +9999 1.0C00 1.1033 1.0008 1.0002
«90 64 » 9594 « 9999 1.4033 1.0030 1.0007
1.3859 1.0017 1.0004 1.7062 1.0036 1.0008

k = 0.0491 em; My = 4.109

¥, cm M/M5 ufug
0.0102 00,3278 00,5875
« 0169 ¢ 3857 + 6584
« G270 «+45C9 s 1264
«0423 «5256 « 79G9
. «G518 «5607 « 8170
« 0692 «5672 - 8415
. 0886 « 6164 + 8535
+1185 «6544 <8754
« 1537 .7038 +9007
+ 1807 « 7430 .9185
02416 «8347 «9537
« 3061 «9180 « 9794
3680 «5781 « 9949
+ 4360 +9954 « 9989
«9129 + 9666 1.0000
1.4075 1.0003 1.0001




TABLE IT.- SUMMARY OF PARAMETERS FROM PROFILE MEASUREMENTS

(5 = 3]

Runix Wi, |Grit k, Prs | T, Us, 6, o%, 3,
no. c%ﬁ crlr{l no. cm N/ng2 OE M m/séec cm cm cm i
32| - - - 10.000040.2 }%2213.078| 650 ]0.0174(0.101 |0.303]5.8
50| - - - | .0000]|40.3 224 [3.075] 652 | 0179} .103| .315(5.8
117 {0.00] 0.6k {2408 | .0079{40.3 |323{3.076| 651 | .0203| .116| .358(5.7
30 120 | .0091{40.1 |321]3.083| 650 | .0241} .139| .398|5.8
128 1208 | .0155(40.0 |323(3.088) 652 | .0221) .125| .393|5.7
29 80 | .019h [4k0.2 |321(3.084 | 650 | .0228] .129| .407|5.7
108 708 | .0286{40.5 {32313.084 | 652 | .0228! .13%30| .396{5.7
131 | 4o | L0491 |40.0 |{322(3%.085( 651 | .0295]| .165]| .534 (5.6
|
39 (0.64| 0.6 240 | .o0u6[h0.2 |32313.09k | 653 | .0175| 102 | .306(5.8
121 2408 | .0079]%9.9 |322(3.086 | 652 | .0186| .107| .33%5|5.8
38 120 | .0091(40.1 [3%2213.089| 652 | .0209| .121| .354 (5.8
127 1208 | .0155{40.1 |322]%3.087 | 651 | .0212| .122| .370(5.8
35 80 | .0194 (k0.3 |322(3.094 | 652 | .0223| .129| .370(5.8
1112 708 | .0286(40.3 |323(3.075 ) 651 | .0222| .127 | .390|5.7
122 4O | L0491 |40.0 |322]%.089 | 652 | .0230| .131| .400]|5.7
\ / '
2610.64]0.13|240 | .0046140.1 [322(3.054 | 649 | .OL74| .100| .313(5.7
124 240s | .007940.2 [32213.077 { 651 | .0173| 099 .317(5.7
2k 120 | .0091j40.1 {32313.080 | 652 | .0204| .1181{ .348]5.8
116 1208 | .0155 |b0.2 [32213.085 | 652 | .0203| .117| .361[5.8
23 80 | .0194 |40.1 |323]3.066 | 650 | .0223| .129| .371|5.8
104 708 | .0286|40.2 [317(3.072 | 646 | .0224| .129| .3791(5.8
20 60 | .0298|40.0 |32213.082 | 651 | .0232| .133| .395{5.7
133 \ 4o | .0491(39.8 |321(3.087 | 651 | .0209{ .1171| -399(5.6
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TABLE II.- SUMMARY OF PARAMETERS FROM PROFILE MEASUREMENTS - Concluded

[ = 4]

L

Run { Xy, |W., |Grit k, P+s | Te, Us; 6, 8%, o)
no. ,clr{n e | no. | em N/Em2 Oz% My m/'gec cm cm em | B
331 - - - 10.0000|71.5 | 335{4.109| 720 {0.0142[0.128[0.337|9.0
kol - - - | .0000{71.5 | 335[4.105| 720 | .01k2| .126§ .341}8.9
51) - - - | .0000]|71.6 | 335|4.211) 721 | .01lhk7] .13%2| .355{9.0
118]0.00}0.64|2h0s | .0079|70.2 | 328|4.101| 712 | .0139| .12k | .327]|8.9
31 120 | .009L|71.4 [335{4.110] 721 | .0188| .169]| .40L4{9.0
129 1208] .0155{71.6 | 331|4.107| 716 | .0173| .155] .396{9.0
28 80 | .0194{71.5 | 333|4.106| 718 | .0240| .214 | .507]8.9
110 708 | .0286|70.5 | 329|4.095| 714 | .0178] .159| .401]8.9
132 ho | .obko1|71.k | 330(4.096] 715 | .0229( .203| .507]8.9
1 |
120(0.64|0. 6412408 .0079|71.8 {331 {4.104} 716 | .01k1| .126| .337(8.9
37 120 | .0091{71.5 |333({4.114] 719 | .0149| .13k | .344]9.0
126 1208 | .0155|71.k |330(4.107| 715 | .0lk7| .132| .346(9.0
36 80 | .0194|71.6 |333{4.119| 719 | .0169| .152| .372]9.0
111 708| .0286]70.4 | 329{4.105| 714 | .017h| 157 .394]9.0
123 ho | .0k91L{71.5 | 33%0}4.131| 716 | .0170{ .154 | .397(9.1
\ \
125]0.6410.13]2408| .0079|71.5 | 330|4.087| 714 | .oikk| .128] .337(8.9
25 120 | .0091|71.k {335|4.098| 720 | .0145{ .131| .331]9.0
115 1208| .0155|70.4 |329|k.093]| 71% | .0142{ .127| .330{8.9
22 80 | .0194{71.k |335{k.202| 721 | .0162{ 147 | .35419.1
107 708 | .0286170.5 [329{4.109| 714 | .0167| .151} .337/9.0
21 60 | .0298|71.2 [334|k.114| 719 | .0167| 152 .37019.1
13h ) \ 4o | .0k91|71.6 |332|L.109] 717 | .0163| .143| .406|8.8
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Figure 1.- Diagram of the model in the 20-inch variable supersonic tunnel.
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Figure 2.- Concluded.
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d.
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(f) Grit No. 240

(e) Grit No. 120.

d.
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(d) Grit No. 120

1-69-5081

Figure 3.- Concluded.
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Figure 6.- Bar graphs showing distribution of measured heights of particles in a typical carborundum transition trip.
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Figure 12.- Effect of trip size on boundary-layer profiles at x = 21.6 cm. M/Mg, as a function of y/8; Mg = 4.
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@ xg = 0.0 cm; wy = 0.64 cm.
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Figure 12,- Continued.

(b} x¢ = 0.64 cm; wy = 0.64 cm.
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Figure 13.- Continued.
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Figure 14.- Effect of trip size on boundary-layer profiles at x = 21.6 cm. u/u6 as a function of y; Mg = 3.
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Figure 17.- Continued.
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Figure 18.- Effect of trip size on boundary-layer profiles at x = 21.6 cm, u/u5 as a function of y/8; Mg = 4.
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Figure 22.- Comparison of various methods of determining 8.
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