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Skin-Friction Reduction on Body of Revolution Using
Boundary-Layer Alteration Devices

Vladimir I. Kornilov∗

Russian Academy of Sciences, 630090, Novosibirsk, Russia

The effect of boundary-layer alteration devices (BLADEs) on the characteristics of a turbulent boundary layer
on an axisymmetric body of revolution in nominally zero pressure gradient incompressible flow is experimentally
studied. The Reynolds numbers based on momentum thickness at the BLADEs’ position were varied from 2610
to 6500. All BLADE configurations that were examined, including single-element ones, are shown to be capable of
reducing skin friction in the downstream region. A tandem BLADE configuration is found to be more advantageous
than the single-element configuration. The tandem configuration, formed by two flat ring elements with a chord
length within 75% of the boundary-layer thickness, reduces the net drag by at least 15% compared to the regular
flow. An enhanced drag reduction is also observed for small positive angles of attack of the BLADE. Finally it is
found that an increase in the chord length of ring elements degrades the BLADE’s effectiveness.

Nomenclature
C f = local skin-friction coefficient
CP = static-pressure coefficient, (P − P∞)/q∞
Et = nondimensionalized thickness of the excess kinetic

energy; Eq. (4)
G = Clauser nonequilibrium parameter; Eq. (3)
H = boundary-layer shape factor, δ∗/θ
h = wall-normal position of ring element in the

boundary layer
L = overall length of body of revolution
l = ring-element chord length
P∞ = reference static pressure
q = dynamic pressure, ρU 2/2
R = lateral radius of curvature
ReL = reference Reynolds number, U L/ν
s = streamwise spacing between tandem ring elements
U∞ = reference freestream velocity
u′ = streamwise velocity fluctuation
v∗ = dynamic velocity,

√
(τw/ρ)

x = streamwise coordinate
y = crosswise coordinate, distance from wall
α = ring-element angle of attack
�CF = net drag reduction coefficient; Eq. (5)
�x = downstream distance from the ring-element trailing edge
δ = boundary-layer 99% thickness
δ∗ = boundary-layer displacement thickness
θ = boundary-layer momentum thickness
ν = kinematic viscosity
ρ = density
τ = shear stress

Subscripts

e = boundary-layer edge conditions
L = based on the body length
w = wall conditions
0 = BLADE location conditions or total pressure
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1, 2 = first or second ring element
∞ = freestream conditions

Superscript

(−) = time-averaged value

I. Introduction

T HE topic of energy conservation, which has been of consider-
able interest over the past two or three decades, is a motivation

for studies aimed at aircraft drag reduction. Undoubtedly, aircraft
drag reduction will remain a challenging topic in the future, too. It
is known that the skin-friction drag of long-range airliners is a sub-
stantial portion of the total drag: at cruise this contribution amounts
to 50%. For submarines and torpedoes, the skin-friction contribu-
tion is 65–70% of the total drag. Thus, skin-friction reduction offers
tremendous potential in energy savings.

There are two approaches to skin-friction drag reduction. The
first, traditional approach is aimed at improving the aerodynamic
shape and surface finish. Within this approach, most of the methods
for drag reduction have been exhausted. The second approach is the
application of artificial management methods to affect the structure
of the near-wall turbulence.

Starting from the mid-1970s, researchers have gained consider-
able insight into turbulent skin-friction reduction by various passive
and/or active control methods in turbulent shear flows.1−5 The hi-
erarchy of these methods is shown pictorially in Ref. 6. It is shown
that active methods based on reactive and feedback control, or ad-
vanced adaptive systems, have in recent years been the primary
focus. Nonetheless, passive control methods are still of significance
and remain in use because drag reduction can be achieved with no
energy input. In addition, the typical operating costs of passive con-
trol methods are much lower than those of active control methods.

This paper reports the results of an experimental investigation
of the effect of eddy breakup devices on the characteristics of a
turbulent boundary layer over an axisymmetric body of revolution.
The eddy breakup devices are employed to reduce the skin friction.
Previous studies show that the mechanisms underlying the drag
reduction are more diversified and complex than simply the breakup
of large eddies. For this reason, we use the term boundary-layer
alteration devices (BLADEs) to describe these control effectors.

The use of passive devices called BLADEs to reduce skin friction
in turbulent shear flow is not new. The basic approach of such de-
vices is to suspend horizontal, streamwise-oriented, thin ribbons (or
other elements) within the turbulent boundary layer. The objective
is to use these devices to break up the large vortical (coherent) struc-
tures that are of comparable scale to the boundary-layer thickness.
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The reduction of the characteristic turbulence length scale by such
devices modifies the mechanism of mass transfer between different
layers of fluid, thus reducing the skin friction.

In the overwhelming majority of previous studies,7−15 the effec-
tiveness of the BLADE was examined in two-dimensional, flat-plate,
boundary layers and the BLADEs consisted of one or two (tandem
configuration) elements. In some cases, the devices are found to be
effective in reducing the friction drag by 10–30% (Refs. 8, 11, and
15). As for the net drag reduction, this very seldom exceeds 7–8%
(Refs. 7 and 8). The experiments performed at NASA Langley Re-
search Center have been more successful in skin-friction reduction,
with a net drag reduction of up to 10%. These results are reported
by Hefner.2 However, in some cases, notably that of Sahlin et al.,9

a net drag reduction was obtained of no more than 2% because of
the high device drag. Bertelrud et al.10 observed that the net drag
reduction is dependent on both device drag and device geometry.
Whereas fuselagelike bodies are of much practical interest, to the
author’s knowledge, this configuration was studied only in Ref. 16.
Unlike wing surfaces, on which an extended region of laminar flow
normally arises and for which a broad range of control is avail-
able, the boundary layer on bodies of revolution is turbulent almost
from the very beginning of its development; this boundary layer is,
therefore, hard to manipulate.

Unlike the papers just cited, the primary focus in the present
study is the effect of flow parameters and geometric characteristics
of BLADEs on the effectiveness BLADEs installed on a body of
revolution. The need for such studies is obvious. It is known4 that
the classical list of relevant parameters for such devices includes a
number of geometrical parameters such as the BLADE chord length
l, the wall-normal position h of BLADE in the boundary layer, the
BLADE’s thickness t , the streamwise spacing s between the two
ring elements in the tandem configuration, the gap g between the
ring elements, and the boundary-layer thickness δ0 at the position
of the upstream BLADE element. An analysis shows that, even for
the case of a flat plate, the majority of reported data on BLADE
optimization are obtained for different experimental conditions; for
this reason, these data lack a systematic character and consistency.
Possibly for this reason, no attempts have been made to general-
ize the available data set. For instance, in several works12,13 the
optimum BLADE chord length l is recommended to be the same
order as the boundary-layer thickness δ0. A decrease in the ratio
l/δ0 is reported to have a smaller influence on the drag reduction
than the wall-normal position of the BLADE. In this regard, in the
present study, we focus on the effect of h on the effectiveness of
the BLADE. On the whole, we confirm that the wall-normal po-
sition of the BLADE is of significance. However, it is found that
the previously reported (e.g., Ref. 11) optimum ratio, l/δ0, is not
applicable to bodies of revolution; in fact the effect of the BLADE

Fig. 1 Body of revolution schematic and BLADE geometric configuration, not to scale; all dimensions in millimeters.

chord length is also pronounced. As for the streamwise spacing s
between two elements in the tandem configuration, the majority of
previous authors find that a spacing s of order (10–12)δ0 is optimum.
Preliminary experiments17,18 on a body of revolution confirm this
finding, and thus, it is possible to compile a list of the geometric
parameters that determine the effectiveness of BLADEs.

II. Experimental Conditions and Procedure
The tests were carried out in the closed-return subsonic low-

turbulence wind tunnel at freestream flow velocities U∞ = 8, 15, 25,
and 32 m/s, yielding Reynolds numbers, based on the length L of the
model, ReL = 1.44 × 106, 2.61 × 106, 4.35 × 106, and 5.54 × 106.

The experiments were performed on a body of revolution of length
L = 2600 mm (Fig. 1). This model is sting mounted in the test sec-
tion of the wind tunnel on a rigid pylon. The model consists of
a leading part, which is an ellipsoid of revolution, whose major
semi-axis was 300 mm, and a cylindrical part that is 100 mm in
diameter. To avoid problems with model bending and to suppress
vibrations that could emerge in the flow, the model is provided with
an additional streamlined support. The boundary layer on the model
is artificially tripped. This is done using a boundary-layer tripping
ring made from a wire that is 1.6 mm in diameter and positioned
300 mm downstream of the nose of the body. There are 22 static
pressure orifices 0.4 mm in diameter located along a generatrix
of the body of revolution; the locations of the orifices are listed
in Table 1.

The BLADEs are either one or two ribbon rings manufactured
from 0.13-mm-thick ground spring steel and positioned equidis-
tantly from the surface of the model. The leading and trailing edges
of each ring are wedge shaped with a wedge angle of 40 deg. A fixed
BLADE position in the boundary layer is ensured by using six radial
cylindrical supports, 0.7 mm in diameter, whose angular separation

Table 1 Pressure orifice locations

Number Location, mm Number Location, mm

1 109 12 900.3
2 150 13 950.1
3 194.3 14 1000.3
4 244.8 15 1100.5
5 294.5 16 1200.3
6 350.2 17 1400.3
7 420.3 18 1600.5
8 500.2 19 1800.3
9 650.4 20 2000.7
10 800.2 21 2200.5
11 850.1 22 2400.7
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Table 2 Major geometric characteristics of BLADEs

Configuration l1/δ0 h1/δ0 h1v∗/ν l2/δ0 h2/δ0 h2v∗/ν s/δ0 α, deg

1 0.77 0.31 274 0
2 0.77 0.44 384 0
3 0.77 0.60 527 0
4 0.77 0.76 673 0
5 0.77 0.87 765 0
6 0.77 1.03 914 0
7 0.77 0.44 381 0.85 0.50 431 10.6 0
8 1.02 0.43 380 1.11 0.49 410 10.4 0
9 1.37 0.43 380 1.48 0.49 413 10.4 0
10 0.77 0.44 381 0.85 0.50 431 10.6 1.8a

aFor second BLADE element.

is 60 deg. The position of the supports across the boundary layer
could be adjusted, and their diameter is chosen to minimize any
possible support-induced drag. Several sets of BLADEs of various
chord lengths, diameters, and angles of attack were manufactured.
In all tests, the BLADEs are carefully aligned to be concentric with
the axis of the body of revolution. The angles of attack relative to
the model surface are controlled using a fine-line mask. The dis-
tances from the nose of the model to the midpoint of the upstream
and downstream rings are 800 and 930 mm, respectively, in all
experiments. The main geometric parameters of the BLADEs, nor-
malized by the thickness δ0 of the undisturbed boundary layer at the
station where the first ring is installed, are given in Table 2. (The
boundary-layer thickness δ0 is taken to be at the location where
U/U∞ = 0.99.) The wall-normal position of each of ring within the
boundary layer is also given in the law-of-the wall variables hv∗/ν.
The tabulated data are presented for the experimental conditions
with ReL = 4.35 × 106, which is the test condition for the most of
the experiments.

Note also that the wall-normal position and chord length of the
second ring (at the station x = x0 + s) are selected to account for the
boundary-layer thickening between the first and the second ring.
That is, the characteristic parameters of the second ring when nor-
malized with respect to the local boundary-layer thickness are ap-
proximately the same as those of the first ring.

The boundary-layer traverses are carried out by using a remotely
controlled traverse gear having three degrees of freedom; the tra-
verse gear is mounted on the sidewall of the wind-tunnel test section
(Fig. 1). Because of limited length that could be traversed by the
gear in the x direction, the model is designed to allow its displace-
ment along the wind-tunnel test section using a guide rail. Precise
positioning of the model relative to the freestream velocity vector
is achieved by measurement of the total pressure P0 from four ge-
ometrically identical Preston tubes installed at the wall of the body
of revolution at the cross section x = 2000 mm in two diametrically
opposite planes.

The dynamic pressure q∞ in the freestream flow is determined
from the difference between the total, P0, and static, P∞, pressure
registered by a pitot–Prandtl tube, mounted at a distance of about
five model diameters downstream of the body nose. The dynamic
pressure is also determined from the difference (P0s − Pts) between
the stagnation pressure in the settling chamber of the wind tunnel
and the static pressure near the exit of the contraction.

The mean velocity U and the rms streamwise component of ve-
locity fluctuations

√
u′2 are measured using a DANTEC 55M single-

component hot-wire constant temperature anemometer. The setup
of the anemometer apparatus includes a 55M01 hot-wire bridge with
a 55D10 linearizer connected to its output. The constant component
of the linearized signal, corresponding to the mean flow velocity, is
measured using a 55D31 digital dc voltmeter. The variable compo-
nent of the signal, corresponding to the rms value of the streamwise
velocity component

√
u′2, is filtered by a 55D25 auxiliary unit and

is measured by a 55D35 rms voltmeter. The fluctuating signal is
visually observed using a C1–73 oscilloscope. As a primary mea-
surement transducer, a miniature hot-wire probe with a single sen-
sor made of tungsten wire with diameter of 5 µm and active length
1.2 mm long is used.

To determine local values of the skin-friction coefficient C f , sev-
eral methods are employed. In the cases where the flow velocity
profile followed the law-of-the-wall (case with the initial model
configuration), the well-known Preston tube method19 was used.
Depending on experimental conditions, two tubes with outside di-
ameters of 1.06 and 1.61 mm and inner-to-outer diameter ratio of
0.62 are used. The skin-friction coefficient is calculated using the
calibration method of Patel.20 For manipulated boundary layers, we
use the Clauser chart method, and in several cases, the momentum
integral equation for a body with lateral curvature R:

dθ

dx
+ θ

U∞

dU∞
dx

(2 + H) + θ

(
1

R

dR

dx

)
= τw

ρU 2∞
(1)

where θ is the momentum thickness, H is the shape factor of the
boundary layer, and τw is the wall shear stress. The integral quan-
tities in the momentum integral equation are determined from the
measured boundary-layer profiles.

The random error in measuring the primary quantities of inter-
est (the distance from the wall y, the streamwise coordinate x , the
pressure coefficient Cp on the surface of the model, the dynamic
pressure q∞, the mean flow velocities U∞ and U , the skin-friction
coefficient C f , and the rms value of velocity fluctuations

√
u′2)

are y ± 0.005 mm, x ± 0.2 mm, Cp ± 0.3%, q∞ ± 0.25%, U∞ ±
0.5%, C f 3 − 5%, U ± 0.5%, and

√
u′2 ± 2%.

III. Results and Discussion
The goal of the present experiments was to examine the effective-

ness of BLADE for drag reduction. Thus, it was necessary to first
confirm the turbulent state of the boundary layer on the initial test
configuration, that is, model without BLADE.

A. Characteristics of Regular Flow
Therefore, the initial stage of the study was an analysis of

the state of the boundary layer on the initial model configura-
tion. It was shown previously17 that, starting from the distance
x̄ = x/L ≥ 0.3, on the body of revolution there is a stabilized flow
region with uniform (within the experimental error) static pressure,
CP = (Pi − P∝)/q∞ ≈ −0.007. This means that a gradient-free flow
is achieved over most of the model; this condition is maintained
throughout the series of experiments.

To gain better insight into the regular boundary-layer flow, we ex-
amined in detail the profiles of mean flow velocity and streamwise
velocity fluctuations, in the frequency band of 1–50,000 Hz, and
the skin-friction measurements at 14–15 stations over the length of
the model. The ratio of the boundary-layer thickness on the body
of revolution to the cross-sectional radius of the body varied in the
range 0.27–0.52, that is, this ratio is such that the analysis of char-
acteristics of the shear flow could not made using the traditional ap-
proach that is applied to flat boundary layers. Therefore, our analysis
takes into account the effect of lateral curvature.21 Figure 2 presents
semilogarithmic plots of experimental profiles of flow velocity in
the law-of-the-wall variables U+ = f (log η+),

U+ = U

v∗
, η+ = 4η(

1 + √
1 + η/η0

)2

where η = yv∗/ν and η0 = Rv∗/ν are the nondimensional coordi-
nates normal to the wall and v∗ = √

(τw/ρ) is the dynamic velocity.
For comparison, Fig. 2 also shows the canonical velocity profile
U+ = A log y+ + B, with the values A = 5.62 and B = 5.0, as rec-
ommended in Ref. 22. It is seen that for all values of x̄ the profiles
are as expected and correlate well with the canonical profile. This
allows us to conclude that, to a first approximation, a developed
boundary layer is established downstream of the second measuring
station.

Figure 3 shows the streamwise variation of the momentum thick-
ness,

θ =
∫ δ

0

U

Ue

(
1 − U

Ue

)(
1 + y

R

)
dy (2)
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Fig. 2 Streamwise mean velocity profiles in law-of-the-wall variables
for regular boundary layer at ReL = 4.35 ×× 106; x/L = 1, 0.252; 2, 0.308;
3, 0.327; 4, 0.346; 5, 0.365; 6, 0.385; 7, 0.423; 8, 0.461; 9, 0.538; 10, 0.615;
11, 0.692; 12, 0.769; and 13, 0.846: ——, U+ = 5.62 log y+ + 5, following
Ref. 22.

Fig. 3 Different test runs, log Reθ vs log Reeff for regular boundary
layer.

a quantity that is analogous to the flat-plate momentum thickness;
the data are obtained in different series of tests and are presented
here in the form log Reθ = f (log Reeff), where Reeff is the Reynolds
number based on the coordinate xeff. (Here xeff is the coordinate that
characterizes the virtual origin of the turbulent boundary layer. It is
defined from the condition of equality at the first measuring station
between the experimental value of θ and its value obtained from
the Spalding procedure23 and from a subsequent calculation in the
upstream direction to the point x where the momentum thickness
is zero.) It is seen that over the range of Reynolds numbers that are
examined there is a linear dependence, which is indicative of the
formation of a developed turbulent flow even at the lower values of
Reynolds number Reeff.

The distributions of all other integral characteristics also show the
expected features. Nonetheless, there arises the question as to what
extent these distributions are similar to the analogous distributions
on a body with the same lateral curvature. In this regard, Fig. 4 shows
a comparison, in the form C f = f (log Reeff), of the experimental
and predicted values of the local skin-friction coefficient C f . It is
seen that the data determined using the method in Ref. 24, which
requires no empirical data except for the radius of curvature of the
body, agree within approximately 5% of the experimental values of
C f . On the other hand, the measured results derived from the veloc-
ity profiles (according to the Clauser method) show generally good
agreement with the Preston tube results to within approximately 3%
(Ref. 17).

Fig. 4 Variation of local skin-friction coefficient with log Reeff for regu-
lar boundary layer: symbols, experiment, ReL = (1.44 −− 5.54) ×× 106 and
——, calculation according to Ref. 24.

Fig. 5 Nonequilibrium Clauser parameter for regular boundary layer
at ReL = 4.35 ×× 106; – – –, location of second ring element for manipu-
lated boundary layer.

The nonequilibrium Clauser parameter

G =
√

2/C f [(H − 1)/H ] (3)

is roughly uniform along the coordinate x̄ = x/L (Fig. 5). This is
indicative of the formation of an equilibrium turbulent boundary
layer from at least the station where the BLADE is installed (as
shown by the dashed line). Note, however, that the observed value
of G is approximately 13% smaller than on a flat plate under similar
conditions, where it has a value of 6.7 (Ref. 25).

Other experimental results, including the distribution of turbulent
velocity fluctuations, confirm that the characteristics of the flow on
the body of revolution without BLADE are quite consistent with that
of a turbulent boundary layer that develops in nominally gradient-
free flow over a body with lateral curvature.

B. Characteristics of Manipulated Flow
With BLADEs installed in the boundary layer, the pressure distri-

bution displays no extra-ordinary features except in the close vicinity
of the device. In this region where the BLADE is deployed, the pres-
sure coefficient Cp decreases, presumably due to flow acceleration
in the region between the ribbon ring and the surface of the body. In
addition, there is a short region of increased pressure immediately
in front of the BLADE. On the whole, although the magnitude of
Cp goes beyond the experimental error at several points over the
length of the model, over the most of the body the distribution of
pressure is quite regular, and the pressure data agree with the data
in the regular flow.

As an example, Fig. 6 shows the boundary-layer velocity profiles
U/Ue = f (y) of the tandem configuration BLADE 8 for various
nondimensional distances �x/δ0 measured downstream of the trail-
ing edge of the second ring element. It is seen that a distinct narrow
wake exhibiting a velocity defect at the BLADE height (shown by
the horizontal dashed–dotted line) forms in the region downstream
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Fig. 6 Boundary-layer streamwise mean velocity profiles behind
BLADE 8 at ReL = 4.35 ×× 106; values of ∆x/δ0: �, 0.059; �, 0.230;
�, 0.452; �, 0.748; �, 0.970; �, 1.711; �, 2.452; �, 4.674; 	, 12.081;

, 19.489; +, 26.896; �, 34.304; ∗, 49.119; ××, 63.933; -, 78.748; and |,
93.563.

Fig. 7 Boundary-layer rms streamwise velocity fluctuation profiles
behind BLADE 8; symbols same as in Fig. 6.

of the BLADE; this wake smoothly dissipates in the downstream di-
rection. The rate of smearing of the velocity defect along the stream-
wise coordinate decreases with increasing height of the BLADE in
the boundary layer.17 This observation provides additional indirect
evidence that there is a longer memory in the outer part of the bound-
ary layer in relation to the flow disturbances.

A similar effect is seen in the profiles of streamwise velocity
fluctuations

√
u′2/Ue = f (y) (Fig. 7); the only difference is that

the characteristic deformation of the profile of
√

u′2 persists to a
more downstream distance. Nevertheless, a pronounced suppres-
sion of velocity fluctuations is observed downstream of the BLADE
(Fig. 8) in the region between the wall and the height of the BLADE.
Note also that, in the flow region above the BLADE, no substantial
increase of the turbulent fluctuations is observed. This observation
is consistent with the previously reported mechanism,3 namely, that
a thin ribbon hampers the momentum exchange between the outer
and inner layers of the boundary layer, thus resulting in a delay of
the growth of the momentum thickness over the length of the model
and, therefore, promoting turbulent skin-friction reduction.

Note also that the difference between the profiles of
√

u′2 in the
presence of the BLADE and the initial configuration decreases in
the downstream direction. Nonetheless, the “suppressing” action of
such ring manipulators, in the tandem configuration, is observed up
to a distance of 62δ0.

Fig. 8 Comparison of streamwise velocity fluctuation profiles for
regular and manipulated boundary layer at ∆x/δ0 = 1.07 and
ReL = 4.35 ×× 106: �, no BLADEs and �, BLADE 7.

Fig. 9 Variation of excess kinetic energy downstream of BLADE 8,
ReL = 4.35 ×× 106.

It is also of interest to evaluate the integral effect due to the
change in turbulent velocity fluctuations, including the region over
the BLADE. This evaluation is made in terms of the nondimen-
sionalized thickness of the excess kinetic energy for the fluctuating
velocity u′2:

Et =
∫ 1

0

(
u′2

blade − u′2 )
d(y/δ)∫ 1

0
(u′2) d(y/δ)

(4)

where u′2
blade and u′2 are the fluctuating velocity in the manipulated

and regular boundary layer, respectively and the overbar denotes a
time mean value. The results are presented in Fig. 9 for the BLADE
8 configuration and the streamwise distribution Et = f (�x/δ0) is
shown. Here, the value Et = 0 (abscissa axis) refers to the initial
state (regular flow), and the deviation from Et = 0 can be interpreted
as either an increase or a decrease of integral turbulent velocity
fluctuations downstream of BLADE due to the manipulation of the
flow.

It can be seen that there is a distinct decrease in Et up to a
distance of �x = 25δ0 downstream of the BLADE. Farther down-
stream, �x ≥ 25δ0, the value of Et increases somewhat in excess of
the corresponding value for the regular flow. At present it has not
yet been clearly determined whether this difference is within the
experimental error or indeed there is an opposite effect in this flow
region. In any case, the uniformity of the experimental data shows
no anomalous distribution of Et = f (�x/δ0) in this region.

The distributions of the displacement thickness δ∗, the momen-
tum thickness θ , and the boundary-layer shape factor H for all
BLADE configurations show features that are different from the reg-
ular flow only in a short region behind the BLADE. For example,
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Fig. 10 Streamwise mean velocity profile in the law-of-the-wall vari-
ables at ∆x/δ0 = 1.07, BLADE 2: ——, U+ = 5.62 log y+ + 5, according to
Ref. 22.

in the tandem BLADE configuration, the value of θ increases by
approximately 5% at the first measurement station, �x = 0.5 mm.
Apparently, this increase is caused by the BLADE-induced drag.
However, the rate of increase of θ in the downstream direction is
lower than on the initial configuration; this is, of course, the factor
that provides for the observed skin-friction reduction. Although the
curve θ = f (�x/δ0) for single-element BLADEs shows a sim-
ilar behavior, the difference from the initial configuration is less
pronounced.

One of the main indications of effectiveness of BLADE is the local
skin-friction coefficient. It was shown in Ref. 17 that most methods
(especially empirical methods) are not very reliable in estimating
the effectiveness of the BLADE for flows with appreciable (over
the length of the model) gradients of C f downstream of BLADE.
Direct measurement of the local skin friction is very sensitive to
the drag balancing instrument, whereas the other common methods
of indirect determination of C f are subject to other types of er-
rors. It is, therefore, necessary to measure the drag with a sensitive
enough instrument. The preferred methods are the Preston method
and the Clauser chart method, which normally yield similar results.
Note, however, that one can use the Clauser chart method to analyze
skin friction at BLADE heights h below some minimum value. As
an example, Fig. 10 shows the experimental profile of flow velocity
directly behind the BLADE trailing edge in the law-of-the-wall vari-
ables. It is seen that there is a distinct narrow wake (log η+ ≈ 2.6)
with a velocity defect at the BLADE height. However, this wake has
almost no effect on the logarithmic region of the boundary layer. In-
deed, except for the narrow wake region, the profile closely follows
the classical profile (shown by the solid line). This validates the use
of the Clauser chart method, which is known to be applicable if
the law-of-the-wall holds in the boundary layer. In support of this,
the results of Bertelrud at al.,10 where the values C f are obtained
by Preston method, can be considered. With these C f known, the
experimental velocity profiles are presented in this paper in law-of-
the-wall coordinates. As seen from these results, from �x/ l = 0.1
downstream, the profiles rapidly become similar. For our test cases,
the value �x/ l = 0.1 corresponds to the value �x/δ0 ≈ 0.07–0.13
depending the BLADE length. This means that the streamwise re-
gion without similarity is less than �x/δ0 ≈ 0.13.

The data obtained using the Clauser chart method are reported
in Ref. 17 for a single-element BLADE whose position h is varied
over the height of the boundary layer. In all cases, the value of
C f decreases sharply immediately downstream of the BLADE; the
location of the minimum C f shifts in the downstream direction with
increasing h. In this respect, the distribution of C f is similar to the
case of a flat plate.11,15 As regards a tandem arrangement, in most
previous studies of two-dimensional, flat-plate, boundary layers,
the use of this arrangement usually leads to further improvement in
drag reduction (for example, Ref. 10). Figure 11 shows experimental
skin-friction coefficient data for the tandem configuration BLADE
8. For comparison, here we also show averaged data obtained on
the initial configuration (dotted line). As in the earlier cases, here
the value of C f at �x/δ0 ≤ 15 is much smaller than in the regular

Fig. 11 Local skin-friction distribution downstream of BLADE 8 at
ReL = 4.35 ×× 106: - - - -, regular boundary layer (averaged data).

Fig. 12 Effect of wall-normal position on drag reduction for a single-
element BLADE (configurations 1–6) of fixed chord length l/δ0 = 0.77;
ReL = 4.35 ×× 106 and ∆x/δ0 = 62.6: �, tandem configurations with and
without angle of attack.

boundary layer. With increasing �x/δ0, C f first sharply decreases
and, then, gradually, approaches that in the regular boundary layer.
Clearly, in this region there is an energy exchange from the external
flow to the inner part of the boundary layer, which results in fuller
velocity profiles and, hence, in increased skin friction. With this
BLADE, the maximum reduction in turbulent skin friction is about
16%.

Of interest is an estimate of the effectiveness of the BLADEs in
terms of net drag reduction. This quantity is known to be the sum
of two components, the first being the skin-friction reduction due
to BLADE and the second the device-induced drag. It is common
practice to characterize the effectiveness of the BLADE in terms of
the drag reduction ratio �CF (Refs. 3, 10, and 11):

�CF (x) =
[

Re∗∗(x) − Re∗∗(x0)
]

blade

Re∗∗(x) − Re∗∗(x0)
(5)

This measure of the drag reduction includes the BLADE-induced
losses. Here Re∗∗

blade and Re∗∗
0 are the Reynolds numbers based on

the momentum thickness at stations x and x0 for the model with
BLADE (in the numerator) and for the initial configuration (in the
denominator). A �CF of less than unity indicates a net drag reduc-
tion, whereas a �CF greater than unity indicates a net drag increase.

It is seen that, although the magnitude of �CF decreases with
distance from the BLADE trailing edge, most of the single-element
BLADEs do not yield a beneficial net drag reduction (Fig. 12).
As can be seen, the minimum of �CF is attained for h/δ0 = 0.45.
This observation casts doubt on the practicability of positioning the
BLADE near the outer edge of the boundary layer, as would be
suggested from the results of flat-plate experiments.

The results of the tandem configurations are shown in Fig. 13.
In this configuration, from �x ≈ 15δ0 downstream to 90–100δ0, a
reduction in the net drag is observed. This reduction is as much
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Fig. 13 Effect of chord length on drag reduction of tandem BLADE
configuration at ReL = 4.35 ×× 106; values of device chord length: �,
l1/δ0 = 0.77 and l2/δ0 = 0.85; �, l1/δ0 = 1.02 and l2/δ0 = 1.11; and �,
l1/δ0 = 1.37 and l2/δ0 = 1.48 (BLADE configurations 7–9).

Fig. 14 Drag reduction for �, tandem BLADE 10 (α= 1.8 deg) com-
pared to �, tandem BLADE 7 (α= 0 deg); ReL = 4.35 ×× 106.

as 15% at �x/δ0 ≈ 50. The minimum in �CF is caused by the
reduction of the skin-friction component, which is a minimum at
this point. Also note the marked effect of the BLADE chord length
l. An increase in l makes the net drag reduction less pronounced.
An explanation of this may be given as follows. Because, with all
other conditions constant, the contribution due to pressure forces
also remains approximately constant as l is varied, it is evident that
the less pronounced net drag reduction is caused by an increase in
the parasitic device drag. Note, however, that, generally speaking,
this behavior of �CF with respect to the chord of the BLADE
is different from results of flat-plate experiments.11 The reasons
for the observed difference still remain unclear. Most probably, the
underlying causes are related to specific features of the flow around
a body with appreciable lateral curvature.

The results of the experiments suggest that the effectiveness of
the tandem BLADE configuration maybe increased by installing
the BLADE at a small positive angle of attack (α = 1.8 deg). In
Fig. 14, the �CF distribution for tandem configuration BLADE 10
at α = 1.8 deg and its counterpart BLADE 7 (α = 0 deg) are shown
together. Both distributions indicate an initial sharp decrease in �CF

at small �x/δ0, culminating with a maximum reduction of 10% at
(35–45)δ0 for BLADE 7 and a corresponding reduction of 40% at
(5–8)δ0 for BLADE 10. Thus, it can be seen that the effect is quite
considerable. At larger �x/δ0, �CF for both distributions increase
monotonically to the no-BLADE configuration (�CF = 1). Note
that the random measurement error in �CF is significantly larger
at smaller �x/δ0. This increased error arises because the random
error in the determination of value θ is ± 0.025 mm; therefore,
the contribution of this error into integral increases with decreasing
�x/δ0. Nevertheless, there is a smooth distribution of �CF that
suggests that the results are reliable. Also note that the effect of the
small positive angle of attack is quite pronounced when the BLADE
is placed at h/δ0 = 0.75 (Fig. 12, vertical arrow).

Fig. 15 Effect of Reynolds number on drag reduction for tandem
BLADE 7 at ∆x/δ0 = 65.3.

Fig. 16 Distribution of subintegral function for BLADE 8 at
∆x/δ0 = 1.07.

It is also of interest to examine the Reynolds number effect
on the effectiveness of the tandem BLADE configuration. The
tandem configuration BLADE 7 (Fig. 15) shows the dependence
�CF = f (ReL) observed at �x/δ0 = 65.3. (Here, the Reynolds
number was varied by changing the freestream velocity; the charac-
teristic length in the Reynolds number is the length L of the model.)
Although the range of Reynolds numbers ReL is not very large,
the observed behavior of the curve suggests that, with increasing
Reynolds number, the effectiveness of the BLADEs does not de-
crease. On the other hand, the highest-Reynolds-number data of our
work are close to the minimum-Reynolds-number data of the An-
ders paper,26 where the dependence of drag reduction on Reynolds
number was documented from a test on an axisymmetric body in a
tow tank. At higher Reynolds numbers, the skin-friction reduction
in the Anders data is small. This means that the expectation of drag
reduction on a full-scale vehicle is uncertain.

Finally we clarify the mechanism that is responsible for skin-
friction reduction in the manipulated boundary layer. The skin-
friction reduction [Eq. (5)] is dependent on the subintegral function
U/Ue(1 − U/Ue) that appears in the expression for θ , Eq. (2). The
presence of two symmetrically located maxima in the subintegral
function measured behind the BLADE (Fig. 16) and the discrete
tone observed in the frequency spectra of velocity fluctuations in-
dicate that there is a vortex street in the wake of the BLADE. For
the present experiments, the Reynolds numbers Ret based on the
local freestream velocity and the thickness t of the ribbon ring are
in the range from 174 to 206, which is within the range whereby
the formation of a von Kármán street is possible. Because the von
Kármán vortex street has a well-ordered structure, the presence of
this flow feature may be a necessary condition for turbulent skin-
friction reduction (see Ref. 10). Specifically, the eddies in the wake
of the BLADE interact with the turbulence in the ambient flow to
change the characteristic scale of high-energy vortices. This change
promotes the redistribution of the turbulence energy, which results in
the skin-friction reduction. The data presented in Ref. 18 show that,
with increasing wall-normal distance of BLADE, the “intensity” of
the vortex street is significantly weakened. This observation sug-
gests that it is not prudent to position BLADEs near the outer edge
of the boundary layer, at least in the case of bodies of revolution.
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IV. Conclusions
An experimental study of the effectiveness of BLADEs installed

in the developed incompressible turbulent boundary layer formed
on an axisymmetric body of revolution in nominally gradient-
free flow was conducted. The measurements lead to the following
conclusions:

1) All BLADE configurations, including single-element ones,
show a reduction in skin-friction. The maximum reduction is 7.5–
16%, and this magnitude depends on the wall-normal position of
the BLADE. Most of the single-element BLADEs do not result
in a net drag reduction compared with regular boundary layers.
An exception is the single-element BLADE that is positioned at a
distance of 0.45δ0 from the wall. This is different from the results
that are obtained in a two-dimensional, flat-plate, boundary layer,
where the optimum is observed at a height of 0.75δ0.

2) The tandem BLADE configuration provides an effective means
for altering the near-wall turbulence and, therefore, results in a net
drag reduction. From �x ≈ 15δ0 downstream of the trailing edge of
the second ring element and up to 90–100δ0, a significant net drag
is observed. The maximum reduction of 15% occurs at �x/δ0 ≈ 50.
The effectiveness of the BLADEs decreases appreciably with in-
creasing relative BLADE length and increases when the BLADE
has a small positive angle of attack, α = 1.8 deg.

3) The effectiveness of the BLADEs does not decrease with in-
creasing Reynolds number. However, the results of the Anders paper,
where the dependence of drag reduction on Reynolds number was
documented from a test on an axisymmetric body in a tow tank,
show that the skin-friction reduction is strongly reduced at higher
Reynolds numbers. This means that the expectation of drag reduc-
tion on a full-scale vehicle is uncertain.
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