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Experiments on the Stability of the Flat-Plate
Boundary Layer with Suction

G.A. Reynolds* and W.S. Sarict
Virginia Polytechnic Institute and State University, Blacksburg, Virginia

Experiments have been conducted in the Virginia Polytechnic Institute and State University Stability Wind
Tunnel on a flat plate fitted with porous suction panels. Detailed hot-wire measurements were conducted in the
laminar boundary layer to investigate the stabilizing effects of suction on the growth of Tollmien-Schlichting
waves, which were introduced into the boundary layer using a vibrating ribbon. Special care was taken to
minimize external disturbances and to avoid extraneous experimental bias. The measurements, which included
mean-flow and disturbance-amplitude profiles across the boundary layer, showed that suction applied through
discrete porous strips can be as effective as suction applied continuously over a much longer streamwise length.
The measurements also showed that suction is more effective when placed forward, nearer to the region of
neutral stability, than when placed in the region of maximum growth rate. These results also provided mean-
ingful comparison with recent theory.

Nomenclature
A(x) = disturbance-amplitude function; integrated

amplitude of the Tollmien-Schlichting wave:
[Eq. (1)]

Cp = pressure coefficient, = 2(p—p00)/pL/l0
F = dimensionless frequency, = (lirvf/U2^) x 106

/ = dimensional frequency, Hz
p = static pressure
R = Reynolds number based on 8r, = U^r/v = Rlf
Re' = unit Reynolds number, =(U00/v)x 10~6/m
Rx = Reynolds number based on Jt, = U^x/v
RI,RU - neutrally stable Reynolds numbers R for

branches I and II
t/oo = freestream velocity
u,v = mean boundary-layer velocity along x andy

I u' I , I v' I = rms of fluctuating velocity along x and y
vQ = suction velocity
x,y,z = rectangular coordinates along the streamwise,

normal, and spanwise directions, respectively
d = boundary-layer thickness, =5dr
dr — boundary-layer reference length, = (vx/U^Y2

77 — boundary-layer variable in the direction normal
to the wall, = y/dr

p = air density

I. Introduction

T HE feasibility and effectiveness of viscous drag reduction
in aircraft via laminar flow control (LFC) have been

demonstrated over the last 30 years.1 LFC acts to alter the
mean-velocity profile in such a way that it is more stable with
respect to Tollmien-Schlichting waves. The implementation of
LFC involves proper wing design to minimize the inviscid in-
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stabilities due to crossflow and curvature, as well as efforts to
control the viscous instability so that laminar flow can be ex-
tended to Reynolds numbers one or two orders of magnitude
higher than otherwise possible. The most effective LFC
method to date has been boundary-layer suction applied
through a large number of spanwise suction slots on the wings.
Full-scale, in-flight tests have been conducted employing a
wing glove with suction slots.2 These tests obtained an overall
drag reduction of 25%.

One of the first controlled wind-tunnel experiments examin-
ing boundary-layer stability in the presence of suction slots
was done by Kozlov et al.3 They made detailed mean-flow and
disturbance measurements over a single slot on a flat plate and
showed a large reduction of the disturbance amplitude in the
neighborhood of the slot.

Recent improvements in wing surface materials for suction
have resulted in a trend away from the suction-slot configura-
tion and toward several types of porous skin materials. These
porous surfaces provide the needed surface quality without the
extensive machining needed for the suction-slot configuration.

The goal of the present work was to provide experimental
support for the development of theoretical capabilities needed
to incorporate suction in an LFC aircraft design. Experimen-
tal evidence was needed to identify the important controlling
parameters for optimum stabilization, whether suction was
applied through discrete spanwise slots or porous strips. The
experiments to be described here were conducted on a flat
plate with porous suction panels. Detailed hot-wire
measurements were conducted in the laminar boundary layer
to investigate the stabilizing effects of suction on growing
Tollmien-Schlichting (T-S) waves. These two-dimensional
waves were introduced into the boundary layer using a
vibrating ribbon. Suction through the two porous panels was
applied to a number of discrete, porous suction-strip con-
figurations that included the continuous distribution. The
results showed details of the mean-flow and disturbance-
amplitude behavior with suction. These experiments are
described in Sec. II and the results are discussed in Sec. III .

II. Description of the Experiment
The experiments were performed in the Virginia Polytechnic

Institute and State University Stability Wind Tunnel. The
facility is a closed-loop tunnel having a 9:1 contraction ratio to
the test section which is 1.83 m square and 7.31 m long. Seven



FEBRUARY 1986 BOUNDARY LAYER STABILITY EXPERIMENTS 203

turbulence damping screens, having an open-area ratio of 0.6,
are located in the settling chamber. The flow is driven by a
4.3-m-diam fan with eight constant-pitch blades. Turning
vanes are located at each corner of the flow loop and those
vanes located in the settling chamber are spaced every 0.076 m
to help reduce any large-scale turbulence in the flow. The
resulting flow in the test section is very uniform and steady,
with a turbulence level of \u' I = Q.Q2%U<30 at velocities of 16
m/s.

The experiments were conducted on a flat-plate model hav-
ing a 1.83-m span, 3.66-m chord, and 0.021-m thickness. The
model was a laminated panel that consisted of a 19-mm paper
honeycomb core sandwiched between two 1-mm 6061-T6
aluminum sheets. This design was chosen for its light weight,
strength, and very flat surface that was insensitive to
temperature and humidity changes. A carefully contoured
leading edge was used which had an elliptical profile with a
major-to-minor axis ratio of 67:1. Chordwise and spanwise
static pressure measurements were made with a total of 77
static pressure ports imbedded in the surface of the plate along
one chordwise and two spanwise arrays. Differential pressures
were measured via scanivalves and a ±0.5-mm-Hg
differential-pressure transducer. The pressure over the length
of the plate deviated from zero pressure gradient no more than
&Cp= ±0.5%, except near the leading- and trailing-edge
regions. Local pressure gradients were always less than

As shown in Fig. 1, the flat plate was constructed to accom-
modate four suction panels having 0.3-m chord and 0.91-m
span. In these experiments, porous-surface panels were
located at positions 1 and 2, whereas solid-surface panels were
located at positions 3 and 4. The test surfaces of the model and
leading edge were carefully polished to a rms surface
roughness of 10 /*m. Special care was taken at the leading-edge
junction and around the panels to provide flat continuous sur-
faces. A contoured variable-deflection trailing-edge flap was
used to control the position of the attachment line on the
leading edge. In the absence of suction, transition was found
aft of the porous panels at Rx = 3AxlQ6. Transition was
defined as the chordwise location where the sign of du/dx at
fixed y changed from negative to positive. The details are con-
tained in Refs. 4 and 5.

The porous-panel surface material, Dynapore, is a woven
stainless-steel material of 80 x 700 mesh with an 80 x 80 mesh
backing layer. Two porous panels were used in the suction ex-
periments and these were designed and constructed based on
the work of Pearce.6 A chordwise cross-sectional view of the
porous-panel assembly is shown in Fig. 2. Utilizing the span-
wise flute construction, the suction distribution was varied on
each panel from continuous suction over 254 mm to
"discrete" suction of one 16-mm-wide strip. The total suction
mass flow rate itself was held constant by an in-line sonic
choking nozzle that also acted to isolate the panels from
acoustic disturbances from the vacuum system.

The introduction of controlled disturbances into the bound-
ary layer was accomplished using the vibrating-ribbon tech-
nique. The vibrating span of the ribbon was generally 0.4 m and
was located above the plate surface, a distance y/dr = 0.17 in
boundary-layer coordinates. Careful placement of the ribbon
made it possible to operate at freestream velocities of
Uw = 15-20 m/s without exciting a flow-induced vibration of
the ribbon. Measurements of ribbon amplitude and phase were
accomplished by means of an inductance probe flush-mounted
on the surface of the plate beneath the ribbon. These diagnostic
measurements in the wind tunnel were combined with more
detailed laboratory experiments to precisely determine the
various vibrational characteristics of the ribbon. These
characteristics were especially important when nonlinear vibra-
tional response of the ribbon could be confused with nonlinear
disturbance behavior in the boundary layer. It was also found
that the ribbon could easily be excited in its torsional mode if
special care was not taken in tensioning and clamping the
ribbon.

Extensive measurements of mean and fluctuating velocities
within the laminar boundary layer were conducted along the
midspan of the plate using hot-wire anemometry in conjunction
with a two-dimensional remotely controlled traversing
mechanism. Computer control of the traversing mechanism,
and data-acquisition system allowed consistent and efficient
collection of mean, rms, and spectral velocity information.
Further details concerning the freestream flow quality and
boundary-layer two-dimensionality are documented in Ref. 4.

The local pressure disturbance due to the traversing mech-
anism and the associated anemometer interference effects
were evaluated first by surface static-pressure measurements.
Local traverse blockage effects were minimized such that
traverse-strut-mounted probes were well within the zero
pressure gradient region ahead of the traverse. This was
validated by observing the sensitivity of Tollmien-Schlichting
waves to traverse motion. The disturbance wave amplitude, as
measured by a fixed anemometer, did not change as a traverse-
strut-mounted probe was moved upstream to a position cor-
responding to that of the fixed probe. These measurements
demonstrated that two-dimensional T-S waves could be
generated, allowed to grow, and be measured within a zero
pressure gradient boundary layer, without interference from
the traversing mechanism.

III. Procedures and Results
The basic state of the flat-plate experiment was established

by the verification of zero pressure gradient and the deter-
mination of a high-transition Reynolds number. Verification
of the stability experiment for the Blasius boundary layer was
the foundation for extended work and this was established
through measurements of the neutral stability points as a func-
tion of Reynolds number and frequency. Those results agreed
very well with linear stability theory and previous experiments.

Fig. 1 Flat-plate suction model (without trail-
ing-edge flap) showing porous panel locations
as well as pressure ports •, inductance
probe for ribbon monitoring <•: and smoke wire
locations for flow visualization -•-. Panel loca-
tion 4 shows manifold arrangement on the back
surface of the plate. Distances shown in cen-
timeters from the leading edge.
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Further details concerning those comparisons are contained in
Ref. 5. Throughout the experiment special care was taken to
minimize external disturbances in the flow and to ensure that
only two-dimensional linear disturbances were introduced
(see, for example, Ref. 7).

Since pressure gradient effects were present ahead of the
vibrating ribbon, near the leading edge, it was necessary to
establish a virtual leading-edge position for the Blasius bound-
ary layer. At each measurement station, detailed mean-
velocity profiles were used to determine the local Reynolds
number R based on the measured reference length dr. This
procedure ensured that the appropriate Reynolds number was
established at each stream wise measurement station.

Throughout the series of tests, the total suction flow rate
was kept constant at 10 ~3 mVs. This provided a range of suc-
tion velocities of i>0 = 2.4x 10 ~3 m/s for spatially continuous
suction over both panels to z;0 = 73xlO~ 3 m/s for suction
through a single suction strip. The available suction flow was
divided almost equally between the two suction panels, depen-
ding only slightly on the number of strips opened on each
panel.

In establishing the appropriate test conditions for the ex-
periments, a number of factors were considered. While suc-
tion may have dramatic effects in the low Reynolds number
region of the stability curve, in particular with regard to the
minimum critical Reynolds number, it was recognized that

r
SPANWISE

/ FLUTES

HONEYCOMB COMPOSITE
PLATE

- DYNAPORE POROUS
SURFACE

Fig. 2 Cross-section of porous-panel construction and assembly in
the model.

CASES 1,11
F = 20

Re' = .974

CASES III,
IV.V.VII
F=25

Re' = .924

CASE VI
F=25

Re' = .769

panel locations
R°-max

R,,

Fig. 3 Suction-panel placement relative to the neutral stability curve
for seven suction cases. The maximum growth rate is at /?amax-

Table 1 Seven suction test cases and corresponding
suction-strip configurations

Case
No.

I
II
HI
IV
V
VI
VII

Frequency,
F

20
20
25
25
25
25
25

Unit Reynolds No.,
Re'

0.974
0.974
0.924
0.924
0.924
0.769
0.924

No. of
Panel

0
1
1
3
7
7
15

strips opened
1 Panel 2

1
0
0
3
3
3
15

high-frequency, low Reynolds number measurements do not
have practical importance. Therefore, the experiments were
conducted at the relatively low dimensionless frequencies of
F= 20 and 25, where F= (2-Kvf/L^) x 106. Disturbances in this
frequency range exhibit growth over a relatively large range of
Reynolds numbers, from approximately Rl=9QQ to
/?n=2300. Linear waves in this region experience a total
growth of approximately &i(A/A0) = 12, where A0 is the wave
amplitude at the Branch I neutral stability point. Suction may
then be applied in the region between R{ and Rl{ with the ob-
jective of limiting the wave growth, preferably keeping
amplitudes in the linear regime, Iu' I /U^ ^ 1 %,

Seven test cases were conducted where suction was
distributed in the region of growth for waves at F=20 or 25.
These test cases are listed in Table 1 and described by Fig. 3,
which shows the porous-panel locations relative to the
unstable region from Rl to Ru. These relative porous-panel
locations depended on the unit Reynolds number of the test.

lu'l

V W/ SUCTION

THEORY8

VELOCITY

Fig. 4 Comparison of theory and experiment with suction. Data at
R = 1376 from test case III. A single suction strip is located at R = 1339
with v0 = 5.7xlO~3f/0 0 .
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Fig. 5 Effects of suction on the mean- and disturbance-velocity pro-
files when compared to the no-suction data. Both disturbances pro-
files are normalized to 1.
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The mean-flow and disturbance measurements for these ex-
periments were obtained by a single hot-wire probe traversed
across the boundary layer by the two-dimensional traverse.
Typically, these measurements included mean velocity u, rms
disturbance velocity \u' I , and the relative phase 0, where the
phase is referenced to the vibrating-ribbon voltage. The rib-
bon in this case was 1.20 m from the leading edge. Examples
of these data taken with and without suction are shown in
Figs. 4 and 5. These profiles were obtained downstream of a
single suction strip located at x= 1.94 m. The suction velocity
was v0 = 5.1x 10~3U(X at a freestream velocity of 15 m/s.
Measurements in the absence of suction, taken 2.05 m from
the leading edge, showed good agreement between the mean-
flow theory and experiment. The solution of the Orr-
Sommerfeld equation in this case also showed good agreement
between theory and experiment for the disturbance-amplitude
distribution. In the case with suction, shown in Fig. 4, the
theory of Reed and Nayfeh8 is compared with the data for
both the mean and disturbance flows. The maximum distur-
bance amplitude was 0.1 % and was used to normalize the
data. The agreement is very good. When a composite of the
no-suction and suction data is formed, as shown in Fig. 5, we
observe a slight filling of the mean-velocity profile that is
characteristic of the role of suction. A more pronounced
distortion of the normalized disturbance profile is observed as
the disturbance energy is redistributed toward the wall to a
region of higher dissipation. Both of the disturbance profiles
have been normalized so that their maxima are unity. The un-
normalized data show the amplitude of the no-suction case to
be over three times the amplitude of the suction case.

The behavior of growing T-S waves under the influence of
suction will now be described. With the traverse control and
hot-wire measurements handled by the computer, it was possi-
ble to obtain much more detailed information of the distur-
bance amplitude and phase distribution at each streamwise
station in the boundary layer. Because of this capability, the
disturbance amplitude at a given streamwise station was ex-
pressed in terms of the integral of \u' I across the boundary
layer by

A(x)=(
Jo

\u'(xy)\
ul dy (1)

This integration was carried out to the point of phase reversal
since, by continuity and the fact that the phase is relatively
constant except for the 180-deg shift at \u' I =0, this area
must be equal to the area beyond the point of phase reversal.
Integration of the disturbance profile provided a more com-
plete evaluation of the disturbance amplitude than the usual
single-point measurements for a number of reasons. First, the

A(X)

nonparallel effects in the boundary layer were minimized
when compared with single-point measurements conducted
along constant y or constant r? (see, for example, Refs. 9 and
10). In addition, the experimental errors inherent in a single-
point measurement were reduced by integration of the distur-
bance profile. Finally, profile integration allowed profile
shape changes due to suction to be included in the
measurement.

The experimental results obtained with various suction con-
figurations were compared with the recent theory of Reed and
Nayfeh.8 This theory involves the use of a three-layer, or
triple-deck, model of the boundary-layer flow with suction
strips. The resulting linearized equations used the dimen-
sionless suction level at each strip as a small parameter.
Closed-form solutions describing the boundary-layer flow
were then obtained. The solutions consisted of a mean flow,
Blasius flow, and linearly superposed corrections due to each
strip. Using these solutions for the streamwise velocity com-
ponents, stability calculations were performed to obtain the
disturbance behavior.

In all of the following plots, the disturbance amplitude at
each station has been expressed in terms of the integrated
streamwise rms component, Eq. (1). The resulting values have
been normalized to the initial or lowest Reynolds number
measurement, A(x0). In all cases, the initial disturbance
amplitude in terms of the maximum of the disturbance pro-
files (near q = 1) was \u' I sO.OSVol^.

The disturbance-amplitude behavior for the single-strip suc-
tion configuration of test case III as a function of Reynolds
number is shown in Fig. 6. Good agreement exists with the
linear stability calculations for the Blasius data. In this test

1300 , 1400
v0= 1.0 x 10 U,.

Fig. 7 Disturbance-amplitude function vs Reynolds number. Results
for suction case IV: F=25, Re' =0.924.

A(X)

Fig. 6 Disturbance-amplitude function vs Reynolds number. Results
for suction case HI: F=25, Re' =0.924.

Fig. 8 Disturbance-amplitude function vs Reynolds number. Results
for suction cases III, IV, V, and VII superposed: F=25, Re' =0.924.
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A(X)

Fig. 9 Disturbance-amplitude function vs Reynolds number. Results
for suction cases V and VI superposed: F= 25, Re' = 0.924 and 0.769.
Corresponding suction-strip locations for cases V and VI are shown
on the upper and lower horizontal axes, respectively.

A(X)

Fig. 10 Disturbance-amplitude function vs Reynolds number.
Results for suction cases I and II superposed: F= 20, Re' = 0.974. The
corresponding suction-strip locations for cases I and II are shown on
the upper and lower horizontal axes, respectively.

case, suction through a single strip of v0 = 5.7 x 10~3 U^ was
intense enough to stop the disturbance growth and cause decay
over a region beginning ahead of the suction strip and extend-
ing approximately 206 downstream of the suction strip. In this
case, the theory predicted a slightly greater downstream in-
fluence than the disturbance actually displayed, however, this
suction level is considered to be quite large. The single-slot
measurements of Kozlov et al.3 were conducted at F= 112 and
R = 560 with VQ = 0.14U0!). Thus, no experimental or
theoretical comparison with their results could be made.

Keeping the overall mass-flow rate constant, the effect of
multiple suction-strip configurations was tested in test cases
IV-VII. In case IV, suction was applied through six suction
strips, three on panel 1 and three on panel 2, (3/3). For case IV
the suction velocity was f0 = 1 x lO"3^, and the correspon-
ding disturbance behavior is shown in Fig. 7. Compared to the
single-strip case, a reduced upstream influence was observed
ahead of the leading suction strips, with good agreement be-
tween theory and experiment over panel 1. As in case III, the
agreement was not as good downstream of panel 1 where the
theory predicted a slightly greater downstream influence.

The number of suction strips was increased again in suction
cases V and VII, where the suction configurations on panels 1
and 2 were 7/3 and 15/15, respectively. The case with 15 strips
opened on each panel was accomplished by opening all span-
wise flutes, and so was a continuous suction case. The results
of these multiple-strip cases were qualitatively similar to the
3/3 suction case already discussed. This is evident in Fig. 8
where all of the multiple-suction-strip cases at F=25 and

Re' =0.924 are shown superposed along with the single-strip
case III. In each of the three multiple-strip configurations, in-
cluding continuous suction, the suction flow was divided
almost equally between panels 1 and 2, where, in case III, the
suction flow was concentrated through one strip on panel 1.

These results give some insight into the effect of various suc-
tion distributions on otherwise growing T-S waves. While it is
apparent that suction becomes slightly more effective in cases
V and VII as the distribution becomes more continuous, there
is no general direction indicated as to the preferred suction
distribution. The optimization scheme proposed by Reed and
Nayfeh8 suggested a preferred distribution of suction strips
for a given suction mass-flow rate. The scheme minimized the
total growth, n = ̂ i(A/A0), of a wave from branch I to branch
II of the neutral stability curve. The results showed it to be
preferable to concentrate suction in the initial region of
growth near Branch I, and not at the region where the wave is
most highly amplified. It was also suggested that any remain-
ing suction be placed in the amplified region near Branch II.

The optimization scheme was tested directly by repeating
the experiment of case V at the same dimensionless frequency
of jF=25, and at the same suction mass-flow rate, but at a
reduced unit Reynolds number. The resulting shift in the suc-
tion panel locations for case VI were shown in Fig. 3. The
results of test case VI are shown superposed with the higher
unit Reynolds number case V in Fig. 9. Here the relative
suction-strip locations for cases V and VI have been indicated
on the upper and lower horizontal axes, respectively. Agree-
ment between theory and experiment is quite good here, with
the theory accurately predicting the 55% reduction in distur-
bance amplitude from the aft-suction case to the forward-
suction case.

The comparison drawn in Fig. 9 is not entirely complete;
however, since the reduction of Re' in case VI caused a cor-
responding increase in the relative suction velocity v0.
However, this inconsistency in the comparison of cases V and
VI resulted in only a very slight change in the disturbance
behavior, as noted by the two theoretical curves shown for
suction case VI. The dashed curve predicts the disturbance
behavior if the suction flow had been reduced in case VI. To
make the comparison of forward vs aft suction more com-
plete, we may consider the two single-suction-strip cases I and
II. In these cases, the suction mass-flow rate remained the
same, but the tests were run at F=20 and Re '= 0.974, as
described in Table 1 and Fig. 3. The results of these two tests
are shown combined in Fig. 10. The benefit of this fairly small
shift forward of the suction strip can be readily observed. As
in cases III and IV, the theory appears to overpredict the
downstream effect of suction.

IV. Conclusions
Detailed mean-flow and disturbance-amplitude measure-

ments have been conducted in a laminar boundary layer with
suction applied through a number of porous suction-strip con-
figurations. Measurements of the disturbance profile
downstream of a single suction strip showed the profile distor-
tion due to suction. The profile was shown to be moved
toward the wall into a region of higher dissipation.

Experiments were conducted with a number of multiple-
suction-strip configurations, including 3/3, 7/3 and 15/15 on
panels 1 and 2, respectively. The relative merits of each were
compared by maintaining the overall suction mass-flow rate
constant throughout the test series. While the effect of suction
in stabilizing the T-S waves was significant, the qualitative
behavior of the data for these multiple-strip configurations
varied only slightly from one configuration to the next. It is in-
teresting to note that these comparisons showed the single-
strip case III to be almost as effective as any of the multiple-
strip cases.

The experimental and theoretical results have shown that
the optimum forward vs aft-suction placement can be more
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important than obtaining optimum interstrip spacing. The op-
timization scheme developed by Reed and Nayfeh8 suggested
that suction be concentrated not in the region of maximum
growth rate, but further upstream in the weakly amplified
region near branch I. The results of these experiments con-
firmed this hypothesis; assuming that suction not be concen-
trated forward at the expense of exceedingly high suction
levels. Observed departures of the measured disturbance levels
from the theoretical prediction in cases I-IV seem to suggest an
upper limit on the acceptable suction velocity. Given that an
upper ceiling is placed on the allowable suction velocity, the
optimization scheme suggests that any remaining suction flow
not used near branch I should be used in the region near
branch II. This remains to be verified experimentally.

The generally good agreement between experiment and
theory shows that the two-dimensional linear stability of the
flat-plate boundary layer with suction can now be predicted.
This holds for a wide class of suction distributions where the
maximum suction velocity is held within prescribed levels.
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volumes emerged from the laboratories of countries around the world, from work that is seldom brought to their attention,
with the result that new concepts are often found, different from the familiar mainstreams of scientific thinking in their
own countries. The editors recommend these volumes to physical scientists and engineers concerned with energy systems
and their applications, approached from the standpoint of gasdynamics or combustion science.
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