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Artificial Thickening of High Subsonic
Mach Number Boundary Layers

L. J.Ottenlll*
NASA Ames Research Center, Moffett Field, Calif.

and

J.T.VanKurent
Air Force Flight Dynamics Lab., Wright Patterson Air Force Base, Ohio

A wind-tunnel experiment was performed to examine the effect of turbulence enhancers on the growth of a
flat-plate turbulent boundary layer. The freestream Mach number was varied from 0.6 to 0.9 with unit Reynolds
numbers of 6.56xl06/m and 13.12xl06/m. Several configurations of high drag objects were mounted near
the leading edge of a long flat plate to introduce momentum losses. Measurements of both mean and time
variable flow parameters were made at downstream locations to quantify the influence of the turbulence enhan-
cers. A configuration consisting of two parallel rows of alternately spaced, 0.317-cm diam cylinders that were 16
and 12 diam in length produced 1/9 to 1/7 power velocity profiles. Fluctuating total temperature, velocity, and
static pressure profiles were found to be similar to natural turbulent boundary-layer profiles. The techniques
presented here can be useful whenever thick turbulent boundary layers are required but where the natural growth
of the layer is limited by the test facility.

Introduction
Background

FOR a number of ground-based aerodynamic in-
vestigations, it is desirable to conduct tests with boundary

layers that are full scale. For example, large-scale diffuser or
inlet studies1 and, more recently, laser light transmission in-
vestigations, inherently require boundary layers that are
relatively large. In evaluating the sources of a thick boundary
layer, a wind tunnel wall boundary layer was rejected because
of the difficulty in characterization and control associated
with an upstream history of pressure gradients, wall cur-
vatures, heat transfer, and, for most transonic flow facilities,
mass transfer through a slotted test section. A natural flat-
plate boundary layer was also rejected since, for any flat plate
of reasonable length suspended in a wind tunnel, the boun-
dary layer is relatively thin and the associated turbulence ed-
dies are small compared to those existing in a full-scale air-
craft boundary layer. The only practical alternative approach
is to enhance the growth of the flat-plate boundary layer with
artificial thickeners.

Artificial thickening of boundary layers has been the sub-
ject of sporadic investigation since the early 1950's. Klebanoff
and Diehl2 reported some early low speed (w0 0<33 m/sec
where u^ = freestream velocity) artificial thickening effects.
More recently, investigations have also been conducted at low
speeds3 or at supersonic speeds.4'5 The objective of this in-
vestigation was to extend the artificial thickening effort to
high subsonic speeds and to quantify the variations in both
the mean and unsteady flow parameters for comparison to
similar natural boundary-layer parameters.
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To evaluate the effectiveness of the thickeners, certain
criteria are required. For this investigation, the following
criteria were applied: 1) there shall be no variations in mean
flow parameters nor a velocity component in the crossflow
direction parallel to the plate surface; 2) the mean velocity
profile shall be approximately a power low profile with ex-
ponent between 1/4 and 1/9, depending on the Mach number
and Reynolds number; 3) the frequency spectrum of fluc-
tuating static pressure shall have a random distribution
without discrete energy spikes; and 4) the measured fluc-
tuating variables associated with a thickened layer shall agree
with those measured in natural boundary layers.
Facility and Model

The tests reported here were performed in the NASA-Ames
Research Center 1.83- by 1.83-m (6x6 ft) pressure tunnel.
Tunnel Mach number was varied from 0.6 to 0.9 and the
Reynolds number was maintained at either 6.57xl06 /m or
13.14xl06/m. The test model was a flat plate 2.08 m long
and 0.76 m wide (Fig. 1). The plate was mounted on the side
of the tunnel on a center pylon far enough from the wall to in-
sure that the plate was not immersed in the tunnel boundary
layer. An elliptic leading edge, with the major axis four times
the minor axis, was used to preclude separation and to reduce
the mass flow and blockage beneath the plate. Pressure
orifices on the lower surface of the plate always showed the
flow between the plate lower surface and the tunnel wall to be
subsonic. A 0.6 cm wide strip of No. 80 grit was placed 1 cm
aft of the leading edge to ensure early and uniform transition
to turbulent flow. Boundary-layer measurements were nor-
mally made over a 0.50- by 0.12-m surface, located on the
centerline of the plate, 1.22 m aft of the leading edge. Surface
instrumeqtation consisted of mean and unsteady static
pressure transducers located both along and off the cen-
terline.

The mean static pressure ports were connected to a Scani-
vale while the unsteady pressures were measured with 0.24-cm
diameter solid-state, diaphragm-type transducers having a
frequency response of 0 to 40 kHz. Measurement above the
surface of the plate were made using a remotely controlled
probe with a variety of instrumented tips. This probe was
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Fig. 2 Instrumentation holder and instrumented tips.

movable over a distance of 25 cm in the flow direction (jcaxis)
and of 15 cm normal to the plate (z direction) with a
resolution of better than 0.25 cm. Long, thin, tapered tip
holders were used to reduce probe interference in the local
area of the measurements. Figure 2 is a sketch of the holder
and the instrumented tips. (The holder and the tips were
designed by K. R. Raman of Raman Aeronautics, Research
and Engineering.) As seen in Fig. 2, tips were made to hold
a steady-state static orifice, an unsteady static pressure
transducer, and a hot wire that functioned as a fluctuating
total temperature transducer. Testing of the unsteady static
probe showed that the fundamental Helmholtz resonance of
the cavity was in excess of 25 kHz when the diaphragm of the
pressure transducer was moved to a position 0.02 cm aft of
the port. The hot "wire used for the total temperature
measurements was 0.0005 cm in diameter and 0.16 cm long.
The Wollaston wire had a resistance of 5 to 7 Q and a frequen-
cy response in excess of 50 kHz. Thermocouple data recorded
during the test showed that the plate temperature followed the
tunnel temperature to within a few degrees; a near adiabatic
plate is therefore assumed.

The technique used to thicken the boundary layer was to in-
troduce an added momentum deficit through the placement of
cylindrical pins normal to the surface of the plate. The details
of how the pins were designed are discussed later. Four
variations of pin size and placement were tried (Fig. 3). The
first configuration tested (configuration 2, with configuration
1 being the clean flat plate) was a series of three sets of upright
pins, 1.27, 1.905, and 2.54cm long and 0.32, 0.47, and 0.635
cm in diameter, respectively.6 Each set consisted of between 8
and 13 rows of about 10 cylinders with the upstream row of
each set being located at 17.3, 45.2, and 70.6 cm aft of the
leading edge. The large number of pins was used to ensure
thorough mixing of the shed vortices while the increase in size
for each set was designed to equal the approaching thickened
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Fig. 3 Model configurations.

boundary-layer momentum thickness. Configuration 3 con-
sisted of two rows of pins, nominally 0.317 cm in diameter
and 4.9 cm long, mounted 17.3 and 19.2 cm aft of the leading
edge. The remaining models Were variations of configuration
3. In configuration 4, a horizontal row of 0.07 -cm diam wire,
tied between each of the pins in configuration 3, was used.
This wire was 0.64 cm from the plate on the upstream row,
and 1.27 cm from the plate on the downstream row; it was
designed to add a momentum loss in the velocity profile ob-
served in configuration 3. The last model consisted of two
rows of nominal 0.317-cm diam pins, the first one being 4.9
cm long and the second one 3.8 cm long.

The coordinate system used is such that x is in the direction
of the flow, y is parallel to the plate and normal to the flow
direction, and the z axis is normal to the plate; z is measured
positive toward the mainstream.
Pin Design

To create an artificially thickened boundary layer, it is
necessary to reduce the momentum of the flow in a prescribed
distribution above the surface. This can be done with a
distribution of high drag objects sufficiently far upstream of
the experimental region to allow for the momentum to
equilibrate to a smooth distribution. One method for deter-
mining the size and placement of the high drag objects is to
determine how much momentum must be removed from the
flow to obtain the desired boundary-layer thickness and to
then equate that to the drag of the blunt objects. Since the
desired boundary layer was a turbulent boundary layer with a
classical power-law profile, mean velocity profiles could be
expressed by

n (1)
where u is the local velocity in the stream wise direction, u^ is
the freestream velocity, and b is the z distance for w = 0.98
u^.1 The drag per unit width of a boundary layer on a flat
plate is

(2)

where p and px are the local and freestream densities, respec-
tively. By definition, the term under the integral is the
momentum thickness, 0, so

Drag = (3)
Following the reasoning of Ref. 4, the thickness of the boun-
dary layer can be increased by adding drag from objects in the
flow. The added drag is

Added drag = P~CDA (4)
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where CD is the drag coefficient of the object, and A is the
frontal area per unit width. If Cf is the skin friction coef-
ficient, the momentum thickness can then be expressed as

(5)

Thus the momentum thickness becomes a linear function of
the amount of drag added by an upstream disturbance if the
integral in Eq. (5) is small.

Using Eq. (1), the drag per unit width for the boundary
layer can be expressed as

Drag=/c (6)

In an isentropic perfect gas, the compressible Bernoulli
equation can be placed in the following form (as found in Ref.
8)

(7)

where 7 is the specific heat ratio and M^ is the freestream
Mach number. In terms of,a power profile this becomes

ih-i
(8)

In the outer layer of a turbulent boundary layer, the transfer
of mass, momentum, and energy across the layer is by the
fluid mixing process and the thermodynamic process can be
assumed locally isentropic. Under this condition, Eqs. (3) and
(8) can be combined with Eq. (2) to obtain

Let z/6 = w, 7 = 1 .4, and a = 1 /n, then Eq. (9) becomes
Drag=p00i*i6/;(A,oo ( m ) (10)

where

can be calculated numerically. This expression can now be
equated to the momentum loss imposed by high drag objects,
and a pin design parameter a can be calculated. For circular
cylinders this becomes

(12)
CD,cyl

where N=number of pins per unit width, R = pin radius, and
h = pin height.

Using this pin design, a plot of predicted boundary layer
thickness for a 1 /7 and 1 /9 power profile was calculated as a
function of freestream Mach number using the pins of con-
figuration 3; these data are shown in Fig. 4 as solid lines. The
circled data points are the measured boundary-layer
thickness. The agreement between predicted and measured
heights indicates that the momentum loss technique just
described is applicable to high subsonic flow if com-
pressibility is accounted for.
Decay Of Wakes

Discrete disturbances from the pins must be damped out by
the time the flow reaches the measuring station if the ar-
tifically thickened layer is to be similar to a natural boundary
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Fig. 5 Velocity profiles for various model configurations.

layer. Reference 7 (p. 494) gives the following expression for
the decay wakes behind two-dimensional bodies:

(10):/

180
-1/2

(13)

where ur is the unsteady velocity, d is the body diameter, and
0 = 0.18. For an*/GT=416andCD= 1.29 (Ref. 9), such as was
the case in this model, u' lu should be less than 5%. The con-
clusion is that either very long distances are required or very
small diameters must be used to completely mix the wakes.

Results
In comparing the artifically thicknened layer to a natural

boundary layer, velocity profiles and surface static pressure
data were used to evaluate momentum addition and two-
dimensionality. Fluctuating static pressure, total temperature,
and streamwise velocity are used to quantify perturbation
decay. All boundary-layer thicknesses are made non-
dimensional by 6. Values for d were obtained by fitting a
polynomial to the data by means of least squares. The order
of the polynomial was chosen to minimize the mean deviation
of the data. Spatial presentation of surface pressure data has
been normalized by a pin diameter of 0.317 cm.

•Using the approach suggested by Klebanoff and Diehl,2

mean velocity profiles were used as a basis for initial com-
parison of various thicknesses. Figure 5 shows the variation in
mean velocity profiles for each configuration tested. The
freestream Mach number is 0.79 and the profiles are shown
for a station located 470 pin diameters from the leading edge.

The dependence of the mean velocity profile on Mach num-
ber is also shown in Fig. 5, where data for a Mach number
range of 0.7 to 0.9 are presented. The velocity profiles main-
tain their power profile characteristics over the investigated
Mach number region. Using these data, it is concluded that a
momentum loss mechanism such as configuration 5 will
generate thickened turbulent boundary layers that have
power-law, mean velocity profiles approximately 400 pin
diameters downstream at high subsonic freestream velocities.
A factor of 4.7 enhancement in the thickness of the boundary
layer was realized with this configuration.
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Table 1 Boundary-layer parameters (490 pin diameters downstream)

Configuration
1
1
2
3
3
3
4
5
5
5
5
5

Mach
number

0.78
0.70
0.78
0.90
0.80
0.70
0.79
0.79
0.79
0.70
0.90
0.69

RN/m 6* (cm)
6.57 xlO6 0.43
6.57 x lO 6 0.43
6.57 X lO 6 1.69
6.57 X l O 6 1.62
6.57 X l O 6 1.40
6.57X106 .31
6.57 X l O 6 .67
6.57X106 .51
6.57 XlO 6 .32
6.57X106 .18

13.14X106 .48
13.14X106 .16

0(cm) H
0.32 .34
0.32 .34
0.86 .98
1.00 .61
0.93 .51
0.88 .49
1.04 .61
0.90 .67
0.86 .53
0.80 .47
0.93 .59
0.79 .46

1.8 r

1.7 -

.1.6 -

1.5 -

1.4

1.3

17=1/5 .9 r

A MEASURED, RN/m = 6.57xi06

D MEASURED, RN/m=l3.l4x|06

.6 .9 1.0.7 .8
MACH NUMBER

Fig. 6 Velocity profiles for configuration 5 and 0.7 < M^ < 0.9.

An additional indicator of a properly established turbulent
boundary layer is the ratio of mass displacement thickness to
momentum thickness, //=6*/0, which is called the shape fac-
tor. For incompressible turbulent boundary layers on
adiabatic flat plates, the experimentally measured shape fac-
tors7 are approximately 1.34±0.05. For higher freestream
Mach numbers and nonadiabatic walls, the shape factor is a
nonanalytical function of Mach number, wall-to-freestream
temperature ratio, and the exponent of the velocity profile.
Hunt and Sibulkin10 have shown that a good approximation
to H for the general case can be obtained from an analytical
expression which is linear in the parameter m= [ ( y - l ) / 2 ]
M2

e where 7 is the ratio of specific heats and Me is the boun-
dary layer outer edge Mach number. The case at hand can be
approximated by a thermally insulated surface, such as the
one treated theoretically by Tucker,11 which shows a
variation in reciprocal velocity exponent from 5 to 11 for
Reynolds numbers from 104 to 109. In the range of Mach and
Reynolds numbers covered in these tests, the experimental
data for configuration 5 (Table 1) agree with the theoretical
results of Tucker for a velocity exponent that is approximately
between 1/7 and 1/9 (Fig. 6). These exponents also agree with
those measured for the thickened layer. It can be concluded
that the integral parameters of the thickened boundary layer
agree with theoretical and experimental results of natural tur-
bulent boundary layers.

Agreement between surface mean static pressures with and
without the artificial turbulence generators was used to
measure two-dimensionality of the flow. Freestream total
pressure PT has been used to make these data dimensionless.
Figure 7 shows that, except for an area near the pins, the
thickened flow has the same variation in surface static
pressure as the clean flat plate. Variations in pressure in the
aft region of the test area are associated with the probe
holders and were not present when the holders were removed.
The local Mach number generally varied ±2% over the test
area.
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An evaluation of the effect that the thickeners had on the
fluctuating surface static pressure required the use of a power
spectra analysis because of a high tunnel noise level.12 Figure
8 compares the static pressure power density spectra of most
configurations for M^ = 0.78 and Rn - 6.65 x 106/m.
Because the spectra were virtually unchanged for each surface
unsteady static transducer, only data from a transducer locate
373 pin diameters aft of the leading edge are shown. The spec-
tra have been made dimensionless by using a reduced frequen-
cy based on unit length L for the frequency, and by
multiplying the power squared per Hertz by u^Jq^L, where
tfoo is the freestream dynamic pressure.

The large spike at a/L/w = 1.2 represents the tunnel noise
and agrees very well with the discrete frequency seen in BuelPs
data in the clean tunnel.12 Since the rms static pressure is sim-
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ply the integral of the spectra, it is obvious that the energy in
the spikes will dominate the integral. This, in turn, accounts
for the small differences observed in the rms static pressures
for the various configurations. The other set of spikes at the
higher frequencies is associated with the artificial thickeners.
The energy at these frequencies is low compared to the lower
frequency energy, indicating that the pressures are well
damped after traveling 400 pin diameters downstream.

Power spectra taken for configuration 2 reflect the very
large number and varied length of the pins. The large number
of pins increases the disturbance and causes the spectra to be
generally higher, while the many pin lengths and close spacing
cause these disturbances to be well mixed. With the exception
of this multipin configuration, the static pressure spectra for
the artifically thickened layers agree with the flat plate spec-
tra, configuration 1. A second comparison to a natural boun-
dary layer can be made by using the data from Ref. 13 (plot-
ted as the circled points in Fig. 8). In reducing these data, the
convective velocity was assumed to be 0.8 u^ and a rms static
pressure coefficient of 0.006 was used. The agreement be-
tween this natural boundary layer and boundary layers
thickened in the manner discussed here is quite good up to
about 17,000 Hz, if the tunnel noise is ignored.

Hot wire measurements of the total temperature fluc-
tuations through the pin-induced bounary layer are shown in
Fig. 9. For both the Mx =0.78 and M^ =0.60 flows, the un-
steady temperatures increase from a low level near the wall to
a maximum at z/6 = 0.6 and then return to a low level
(Trms/T=Q.Q\2) outside the layer. Sandborn14 points out
that considerable variation is observed for temperature fluc-
tuation measurements in compressible flows. Recent results of
Laderman and Demetriades15 show that peak temperature

o M^O.6 LDV
• M^O.6 HOT WIRE
A Mo^O.8 LDV
A Mo^O.8 HOT WIRE

——— Mco=2.9 LDV
~ Moo=2.9 HOT WIRE

.8 1.2 1.6 2.0 2.4 2.8

Fig. 11 Fluctuating velocity in boundary -layer expressed in similarity
coordinates.

fluctuations are extremely sensitive to wall temperature. The
peak fluctuations measured in these tests were within a factor
of 2 of those reported by Kistler16 and correspond to the
cooled wall results interpolated from Laderman and
Demetriades. 15 From the data of Fig. 9, it can be concluded
that the pins do not seriously affect the fluctuating total tem-
perature. In Fig. 9, rrms is the root mean square of the fluc-
tuating total temperaure and T is the mean local total tem-
perature.

Velocity fluctuations through the thickened boundary layer
were obtained using a laser doppler velocimeter described in
Ref. 17. Figure 10 compares the mean velocity obtained from
the velocimeter and the pitot probe and also shows the fluc-
tuating freestream velocity as measured with the velocimeter.
The fluctuating velocity in the artificial layer to the fluc-
tuations found in a natural layer can be found in Fig. 7 of
Ref. 17; that figure is included here as Fig. 11. Here, the un-
steady velocity for the artificial boundary layer is presented in
similarity coordinates and is seen to compare favorably with
earlier data taken from M^ =0.0 to 2.9.17'18 In Fig. 11, aw is
the wall density and ur is the friction velocity. These data
(Figs. 10 and 11) indicate that the velocity disturbances in-
troduced by the upstream pins have dissipated and that the
thickened layer has flow characteristics similar to those of a
natural flat plate boundary layer.

Conclusions
The thickening of turbulent boundary layers by means of

thin upright cylinders can be accomplished at high subsonic
Mach numbers using the techiques presented here. It is
possible to reasonably predict the height of a thickened layer
using a simple momentum loss technique which, in turn,
allows one to choose a cylinder size and spacing for any
desired thickness. By using small cylinders, the turbulence in-
tensity of the disturbed flow can settle to normal boundary-
layer levels within reasonable flow lengths with boundary
layer thickness increased to desired values. Both mean and
time variable flow quantities for an aritifically thickened
boundary layer have been shown to resemble those of a
natural turbulent boundary layer at approximately 400 pin
diameters downstream; therefore, they satisfy the criteria
chosen for turbulent boundary-layer characterization. The
techniques presented here can be useful whenever thick tur-
bulent boundary layers are required but where test facilities
prevent the natural boundary layer from growing to the
desired thickness.
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