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Mechanisms Leading to Net Drag Reduction in Manipulated
Turbulent Boundary Layers

Y. G. Guezennec*
Ohio State University, Columbus, Ohio

and
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Turbulent boundary layers have been manipulated successfully using passive devices called BLADES
(boundary-layer alteration devices) leading to net drag reduction. Measurements of various turbulence quantities
including intermittency have led to the identification of some of the mechanisms involved in skin-friction reduc-
tion. Velocity and vorticity fluctuations associated with oncoming large scales are inhibited significantly by the
manipulator blades and the vorticity shed in their wake. The manipulated boundary layers exhibit a reduced in-
termittency in the outer part of the layer. The effects of manipulation relax with downstream distance and the
boundary layer returns toward normal conditions after 100 or 150 boundary-layer thicknesses.

Nomenclature

= skin-friction coefficient

=height of manipulator

=chord length of manipulator

=fluctuating component of quantity Q

=rms value of quantity Q

=long-time averaged quantity Q

=short-time averaged quantity Q

=Reynolds number, = U, 6/v

= streamwise spacing between manipulators

= manipulator thickness

= friction velocity

=streamwise component of velocity

= freestream velocity

=normal component of velocity

=streamwise coordinate

= downstream location of first manipulator

=normal coordinate

= spanwise coordinate

=flow angle, =tan~! (V/U)

=intermittency based on streamwise velocity
fluctuations

= intermittency based on spanwise vorticity
fluctuations

=boundary-layer thickness (99.5% of U,)

=displacement thickness

=momentum thickness

= kinematic viscosity

=nondimensional distance downstream of
manipulators, =(x—x,,)/6,,

=spanwise vorticity
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Introduction

N the past decade, a growing energy consciousness has
motivated a substantial amount of work aimed at viscous
drag reduction. Various schemes have been proposed to
alter the characteristics of the turbulent boundary layers in
order to decrease the skin friction, such as addition of poly-
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mers, alterations of the wall boundary condition by various
surface geometries, and modification of the turbulent struc-
ture of the boundary layer by flow manipulators. A compre-
hensive review of the various techniques employed as well as
potential applications is given by Bushnell.! Among the
various approaches investigated, the parallel plate manipula-
tors, also referred to as large-eddy breakup devices (LEBUs),
have been one of the most promising. A more appropriate ter-
minology for those devices is introduced here with the acro-
nym BLADES (boundary-layer alteration devices). Corke et
al.2? have shown that a carefully designed pair of two-
dimensional flat plates placed in a tandem configuration
within the boundary layer can yield local skin-friction reduc-
tion of up to 35% and net drag reduction of up to 20%. Com-
parable devices have been investigated with various degrees of
success by Hefner et al.,*> Bertelrud et al.,® Nguyen et al.,’
Walsh and Lindemann,® and others. Most authors report
comparable local skin-friction reduction, but the amounts of
net drag reduction achieved differ widely. More recent work at
the Illinois Institute of Technology by Plesniak and Nagib®
has extended the domain of validity of Corke’s results® and
showed that the effect of the manipulators persists for at least
150 boundary-layer thicknesses downstream. They found that
the key to net drag reduction resides in using high-quality ma-
nipulators associated with a low device drag.

Flow visualization? suggests that one of the key effects of
the manipulators is the suppression of the large scales. Brad-
shaw!? hypothesized that the strength of the large-scale mo-
tions is related directly to the shear stress of the wall. Hence, it
is reasonable to expect that the alteration or suppression of the
large scales will have a direct impact on the shear at the wall. It
is also of paramount interest to investigate the downstream ev-
olution of those ‘‘manipulated’’ boundary layers and examine
the possible relaxation of the manipulation and return toward
“‘regular”’ conditions. Various mechanisms have been pro-
posed? for the suppression of the large scales, such as inhibi-
tion of the vertical velocity component of the large eddies by
the manipulator blades. Other possible mechanisms for the
skin-friction reduction involve the interaction of the shed vor-
ticity in the wake of the blades with the turbulent eddies, the
redistribution of the turbulent kinetic energy away from the
wall, and the introduction of energetic new scales. Theoretical
models have been proposed!!!? to explain some of the effects
of the manipulators on the oncoming vorticity. Although
these analyses are purely inviscid, the models confirm the im-
portance of shed vorticity in the wake of the blades as a possi-
ble vortex unwinding mechanism to reduce turbulent fluctua-
tions in the wall region. The predicted effects of the device
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configuration seem to correlate with the parametric optimiza-
tion of Plesniak and Nagib.®

Some of the mechanisms already have been supported by
measurements or visualization, but more detailed measure-
ments of various unsteady quantities in the manipulated
boundary layers, especially in the immediate vicinity of the
blades, are necessary to identify and possibly quantify the
various mechanisms involved in the drag reduction process.
Since both the visualization and the theoretical models point
to the suppression of large scales as a plausible mode of ac-
tion, it was felt that the measurement of the intermittency dis-
tribution in the manipulated boundary layer would yield a
good statistical measure of the suppression of the large scales.
Numerous schemes have been proposed for the determination
of the intermittency function based on single or multiple com-
ponents of the velocity or vorticity fluctuations. A good
review of such methods is given by Hedley and Keffer.!? Since
the passage of large scales should be associated with substan-
tial spanwise vorticity fluctuations, the determination of the
particular vorticity component was deemed important for
evaluating the intermittency function. In addition, the docu-
mentation of other unsteady quantities such as streamwise and
normal velocity fluctuations and Reynolds stresses especially
in the near vicinity of the blades should help identify some of
the mechanisms outlined above and possibly lead to a better
design of the manipulators in terms of net drag reduction.

Experimental Procedure

The experiment was performed in the high-speed test section
of the M. V. Morkovin wind tunnel. The tunnel is operated in
a closed return mode and has a turbulence intensity of 0.1%
for velocities ranging up to 35 m/s. The 5.1-m-long test sec-
tion has a rectangular cross section 0.6 m wide and 0.9 m high.
The turbulent boundary layers were developed over a smooth
flat plate suspended in the test section at one-third of its
height. The leading edge of the plate was machined to a very
sharp edge slightly curved downward. A low-solidity perfo-
rated plate was placed at the downstream end of the test sec-
tion on the upper side of the flat plate, hence creating a slight
pressure difference between the two sides of the plate. This in-
sured that the stagnation streamline impinged on the measure-
ment side of the plate. A strip of No. 24. grit sandpaper was
placed 10 cm downstream of the leading edge to fix the transi-
tion at that location rather than to trip the boundary layer.
The freestream velocity used throughout the experiment was
nominally 18 m/s, with a slightly adverse pressure gradient in
the last 180 cm of the test section. All measurements were pre-
formed on the centerline of the plate at six stations, A-F. A
schematic diagram of the test plate showing the position of the
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Fig. 1 Schematic diagram of boundary-layer test plate and manipu-
lator configuration.
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measurement stations and of the manipulators is illustrated in
Fig. 1. A computer-controlled traversing mechanism placed
on the top of the tunnel supported the various probes used in
this investigation.

Three flow conditions were investigated:

1) A ““regular’’ case corresponding to a naturally developing
turbulent boundary layer, with Reynolds numbers based on
momentum thickness ranging between 3 and 8.8 X 10>,

2) A ““‘downstream manipulated’’ case corresponding to the
same boundary layer in which a pair of tandem flat-plate ma-
nipulators was placed at x,, =241 cm. The configuration of
the manipulator was chosen according to the findings of
Plesniak and Nagib® to yield optimal drag reduction. The geo-
metrical configuration of the manipulators is also shown in
Fig. 1. This positioning of the manipulators allowed the evolu-
tion of the manipulated boundary layer to be followed over 50
boundary-layer thicknesses. Most of the measurements re-
ported in this paper were obtained with this configuration.

3) An ““‘upstream manipulated”’ case for which the manipu-
lators were placed at x,,=98 cm. This case was primarily
designed to study the evolution of the manipulated boundary
layers at large distances downstream of the devices (up to 140
boundary-layer thicknesses) to assess the possible relaxation
of the boundary layer and return toward ‘‘regular’® condi-
tions.

Each case was first documented using a single hot-wire
probe to determine the mean characteristics of the boundary
layers. A series of profiles was taken on the centerline of the
plate at various downstream distances. A two-dimensional
momentum balanced technique® was used to compute the
local skin friction and the overall drag on the plate. The turbu-
lent characteristics of the boundary layers were then deter-
mined from a set of profiles taken with a four-wire transverse
vorticity probe similar to the one used by Foss.!* The probe
consists of an X array and a parallel array side by side. Special
attention was given to the design of the probe to minimize the
prong interference and the spatial extent of the probe.

All of the hot-wire signals, as well as the air temperature,
freestream velocity, and probe position were acquired digitally
and stored on magnetic tape for later processing. The sam-
pling rate was such that the time resolution was commensurate
with the spatial resolution of the probe (approximately 50-70
wall units). The record length was on the order of 100 outer
scales, and 50 records were acquired at each spatial location to
insure good statistical convergence. The hot-wire signals were
temperature compensated and calibrated using squared third-
order polynomials (see Ref. 3 for more details). The X array
of the vorticity probe was used to determine the streamwise
and normal velocity components. The parallel array yielded
the normal gradient of the streamwise velocity for the compu-
tation of the spanwise vorticity. The second term in the vorti-
city expression was estimated using Taylor’s hypothesis from
the time derivative of the normal component divided by the
convection velocity over the probe, i.e.,

g =0V_aoU _1 3V_aU
= =

ox dy U, a ay

The intermittency function was computed based on
<@U/3H*>, <u'v’'>, and <w’2> (see Ref. 13 for a
review of the various techniques). All methods involved sensi-
tizing the signal, averaging over a short interval, and
thresholding. Hence, a certain degree of arbitrariness is in-
herent to the determination of the intermittency function. To
alleviate this problem, a systematic investigation of the two
parameters (threshold and hold time) was performed for all
three schemes utilizing data taken in the regular boundary
layer. With an ‘‘appropriate’’ choice of the threshold and hold
time, the methods were found to be in good agreement. Arbi-
trarily, the ‘‘appropriate’’ values of the parameters were
defined as those values yielding an intermittency distribution
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stream manipulated boundary layers.

Station C, & = 4
_'—Ragul;"

= === Manipulated

0.100 Y T T

v'/U,

0.060

u'/u,

T

0.020

0.000
0.000 0.250 0.500 0.7s0 1.000 1.250 1.500

y/é

Station E, & = 24

0- 1m L] T ¥ ¥ T
———— Regular
== == Manlpulated

:

v'/U

0.060 |

u'/u,
=
g

0.020

Fig. 3 Comparison of skin-friction coefficient for regular and down-
stream manipulated boundary layers.

Station D, & = 14

D.100 T T

410

T
Regular
. = === Manlpulated
0.080 | 1

v'/U

0.060 |

u'/U

0.020 |

0.000
0.000 0.250 0.500. 0.750 1.000 1.250 1.500

y/s

Statlon F, & = 45
0.100 T T T T

L]
Regular
= === Manipulated

v/U,

0.060

s

$ 0.040 |

u'/U

0.020

0.000
0.000 0.250 0.500 0.750 1.000 1.250 1.500

y/é

Fig. 4 Comparison of streamwise and normal turbulence intensity profiles for regular and downstream manipulated boundary layers.

and associated time scales comparable to those reported by
other investigators!® in zero-pressure-gradient boundary
layers. This choice was deemed to be reasonable since the
pressure gradient in our ‘‘regular’’ boundary layer was ex-
tremely mild. Once chosen for a particular method in the
regular boundary layer, those values were kept constant (after
nondimensionalization by the appropriate outer variables) for
all of the cases investigated.

Results

Figure 2 illustrates the global effect of the manipulators on
the mean characteristics of the boundary layer. The various in-

tegral thicknesses are plotted vs downstream distance for both
the regular and downstream manipulated cases. The manipu-
lated case exhibits an initially higher momentum thickness in-
dicative of the device drag. However, the rate of growth of the
momentum thickness, 8, is substantially reduced and leads to a
reduction in the local skin friction. The displacement thick-
ness, 6*, follows a simnilar trend. A momentum balance tech-
nique was then used to correct for the very mild pressure gra-
dient and to compute the skin friction, C,. The implemen-
tation and validation of the momentum balance technique
used here can be found in Refs. 2 and 9. In particular, the
issue of three-dimensional effects was addressed in Ref. 9, and
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spanwise measurements of the various integral quantities were
performed. Skin-friction estimates based on such spanwise
measurements did not differ substantially from two-dimen-
sional centerline estimates. Figure 3 shows that a local skin-
friction reduction on the order of 40% is achieved and persists
for at least 45 boundary-layer thicknesses. The magnitude of
the initial skin-friction reduction is commensurate with that
observed by other investigators. The apparent lack of relax-
ation of the skin friction with downstream distance may be an
artifact of the momentum balance technique performed over
a limited downstream distance. Similar measurements per-
formed in the upstream manipulated case (see Ref. 15) do
show a slow relaxation of the skin friction over larger down-
stream distances.

The streamwise and normal turbulence intensity profiles are
shown in Fig. 4. These profiles are nondimensionalized by the
local boundary-layer thickness 6 (height at which the velocity
reaches 99.5% of its freestream value). The manipulators first
reduce the normal velocity fluctuations immediately down-
stream of the first manipulator (station C). After the second
manipulator (station D), the normal component is further sup-
pressed and, subsequently, the streamwise component is also
attenuated, especially below the wake of the manipulators.
The presence of energetic scales in the wake of the blades
clearly is identifiable in both components of the turbulence in-
tensity. By station E, the turbulence in the wake is no longer
distinguishable from the background turbulence. However,
both components are less energetic than their counterparts in
the regular boundary layer. By station F (¢ =45), the stream-
wise component has relaxed to a normal level, but the normal
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1.250

Y. G. GUEZENNEC AND H. M. NAGIB

AIAA JOURNAL

component still remains attenuated. This attenuation of the
normal component is in good agreement with the theoretical
models referred to earlier.

Figure 5 shows the downstream evolution of the profiles for
the mean flow angle o. The mean flow angle is positive, re-
flecting the growth of the boundary layer. The regular bound-
ary layer is characterized by a fairly constant angle throughout
the boundary layer, with slightly higher values in the inner
part. The manipulated boundary layer exhibits substantially
higher mean angles in the lower part. This could be interpreted
as a thickening of the wall layer, which is consistent with the
reduction in skin friction. This effect progressively relaxes
with downstream distance. Additional measurements were
performed in the immediate vicinity of the second manipula-
tor at 1,25, 2.5, and 5.0 cm downstream of the trailing edge,
respectively. A mild downwash is observed in the wake. This
downwash was conjectured by Plesniak and Nagib® and is be-
lieved to play a key role in obtaining net drag reduction by
providing a displacement control of the mean flow in the
boundary layer.

The Reynolds stress profiles are shown in Fig. 6 in non-
dimensionalized form. In the initial region downstream of the
devices, the Reynolds stress profiles exhibit a drastic reduction
below the wake of the manipulator. This large Reynolds stress
deficit persists as long as the wake is associated with energetic
scales. As the wake decays with downstream distance, the
Reynolds stress deficit is redistributed throughout the bound-
ary layer and gradually relaxes back to the normal values. This
evolution of the Reynolds stress in the manipulated boundary
layer illustrates the important role played by the wake in the
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suppression of the large scales, through either an interaction
of the shed vorticity with the large eddies (vortex unwinding)
or the redistribution of the turbulent kinetic energy by the
wake (turbulence pumping). This effect can be identified more
clearly by considering an estimate of the turbulence produc-
tion as shown in Fig. 7. A large pocket of near-zero produc-
tion is detected under the wake, while an excess production de-
velops above the wake. This effect redistributes some of the
turbulent kinetic energy away from the wall. The small region
of negative production can be attributed to the fact that the
sign reversals of the Reynolds stress and the mean shear do not
coincide exactly.

Figure 8 shows the comparison of the intermittency distri-
bution between the regular and manipulated boundary layers
at four measuring stations. The intermittency was evaluated
here from the streamwise velocity fluctuations (I',). The local
thickness of the regular boundary layer was used to non-
dimensionalize the vertical coordinate. At station C, imme-
diately downstream of the first manipulator, the intermittency
profile is not affected appreciably except for the locally higher
turbulence in the wake of the blade. The suppression of the
large scales becomes evident after the second manipulator.
The reduced intermittency spans the whole boundary-layer
thickness, indicating that the scales affected by the manipula-
tion process are of the order of the boundary thickness, i.e.,
the large eddies. This effect clearly persists up to station F, 45
boundary-layer thicknesses downstream of the manipulators.

The manipulated case is characterized by a steepening of the

intermittency profiles or, in other words, a less corrugated in-
terface between turbulent and nonturbulent fluids. This con-
firms the results of former visualization studies. The thinning
of the manipulated boundary layer with respect to the regular
case is also evident,

A similar comparison between the two boundary layers is
shown in Fig. 9 for the intermittency based on the spanwise
vorticity fluctuations (I',). The various effects are even more
clearly identifiable, i.e., a substantial reduction of the inter-
mittency in the outer part of the boundary layer and below the
wake, taking place immediately downstream of the manipula-
tors. The persistence of an organized wake for at least 25
boundary-layer thicknesses underlines the importance of the
shed vorticity in the manipulation process.

Figure 10 shows the comparison of turbulent, 7,, and
potential, T,, time scales associated with the intermittency
(average period of time during which the flow is turbulent or
nonturbulent, respectively). The time scales have been non-
dimensionalized by outer scales, namely, the boundary-layer
thickness and the freestream velocity. Figure 10 also shows
that the reduced intermittency in the manipulated case corre-
sponds mainly to a reduction of the turbulent time in the inner
part of the boundary layer and to an increase of the potential
time in the outer part.

The relaxation of the manipulated boundary layer toward
equilibrium is addressed in Fig. 11. This figure shows a com-
parison of the downstream evolution of the intermittency dis-
tribution, I',, between the regular boundary layer and the up-
stream manipulated boundary layer. In the regular case, the
intermittency profiles remain self-similiar in shape as the
Reynolds number, Re,, is increased from 3-8.8 x 10°. How-
ever, the profiles monotonically shift toward the left. This ev-
olution is consistent with the concept of ‘‘aging”’ of boundary
layers® also documented visually, by which large-sale motions
near the outer edge of the boundary layer are engulfed slowly
by wall turbulence. On the other hand, the manipulation
results in an immediate steepening of the intermittency profile
after the manipulators. Then, two effects take place with
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Fig. 11 Downstream evolution of intermittency profiles based on streamwise velocity fluctuations for regular and upstream manipulated

boundary layers.

downstream distance: a gradual shift to the left indicative of
the normal aging of the boundary layer and a slow relaxation
of the slope of intermittency profiles toward regular condi-
tions at the last measuring station, 140 boundary-layer thick-
nesses downstream of the manipulators.

Conclusions

In summary, the various mechanisms proposed earlier have
been confirmed and documented in detail, namely:

1) An immediate effect resulting from the inhibition of the
normal velocity component of the large scales by the manipu-
lators, as illustrated by the intermittency and normal turbu-

lence intensity profiles. The evidence of the suppression of
large scales is supported by the marked difference in the inter-
mittency profiles based on the transverse vorticity fluctua-
tions.

2) A persisting suppression due to the vorticity shed in the
wake of the manipulators that interacts with the oncoming
vorticity to reduce the normal velocity fluctuations near the
wall. This effect is in good agreement with the vortex unwind-
ing models mentioned earlier.

3) A redistribution of the turbulent kinetic energy by the
wake of the manipulators. This results in a lower turbulence
production in the wall region below the wake.
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4) A mild downwash generated by the circulation field
around the manipulators that contributes to the displacement
control of the mean flow and the thinning of the boundary
layer.

5) The introduction of new energetic smaller scales in the
wake of the manipulators that interact with the existing scales
in the boundary layer and affect the global energy production
and transfer between the wall region and the rest of the layer.

The mechanisms identified here provide an explanation for
the height optimization results of Plesniak and Nagib.” The
inhibition of turbulent velocity fluctuations and production
takes place underneath the wake of the manipulators. Hence,
by placing the manipulators lower in the boundary layer the
wall region is affected more directly. The skin friction de-
creases accordingly as a result of the relative quiescence in that
region.

In addition, the effect of the BLADES at large downstream
distances has been investigated. The direct and induced effects
of the manipulators on the streamwise turbulence intensity
and Reynolds stress profiles seem to relax after 50 boundary-
layer thicknesses. However, the attenuation of the normal
component persists longer. The intermittency profiles slowly
return to normal conditions after 150 boundary-layer thick-
nesses. These trends are consistent with the findings of
Plesniak and Nagib? indicating that the largest part of the net
drag reduction occurs over the first 50 boundary-layer thick-
nesses, althought the skin friction relaxes to normal at approx-
imately 150 boundary-layer thicknesses.

In summary, three regions of action of the BLADES have
been identified:

1) A local or “‘immediate’” effects region corresponding to
the location of the manipulators, where the effects are
governed mainly by the change in boundary conditions im-
posed on the flow (i.e., direct suppression).

2) A near or ‘“‘persistent’’ effects region spanning the first
20-40 boundary-layer thicknesses downstream of the manipu-
lators, where the effects stem from a balance between the re-
laxation of the immediate effects and contributions of new
flow alteration modules (e.g., shed vorticity in the wake, new
scales).

3) A far or ‘‘relaxation’’ region ranging up to 100-150
boundary-layer thicknesses, where the aforementioned mecha-
nisms are not active and the boundary layer gradually returns
to an equilibrium state.

Based on the preceding understanding, remanipulation of
the boundary layer as early as 50 boundary-layer thicknesses
downstream of the first BLADE is feasible although probably
not optimal. This concept was verified successfully by
Plesniak!® and led to an additional 10% net drag reduction.
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