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Abstract  The effect of turbulence manipulators on the 
turbulent boundary layer above a flat plate has been inves- 
tigated. These turbulence manipulators are often referred to 
as Large Eddy Break Up (LEBU) devices. The basic idea is 
that thin blades or airfoils are inserted into the turbulent flow 
in order to reduce the fluctuating vertical velocity component 
v' above the flat plate. In this way, the turbulent momentum 
transfer and with it the wall shear stress downstream of the 
manipulator should be decreased. In our experiments, for 
comparison, a merely drag-producing wire also was inserted 
into the boundary layer. 

In particular, the trade-off between the drag of the tur- 
bulence manipulator and the drag reduction due to the 
shear-stress reduction on the flat plate downstream of the 
manipulator has been considered. The measurements were 
carried out with very accurate force balances for both the 
manipulator drag and the shear stress on the flat plate. As it 
turns out, no net drag reduction is found for a fairly large set of 
configurations. A single thin blade as a manipulator performed 
best, i.e., it was closest to break-even. However, a further 
improvement is unlikely, because the device drag of the thin 
blade elements used here has already been reduced to only that 
due to laminar skin friction, and is thus the minimum possible 
drag. Airfoils performed slightly worse, because their device 
drag was higher. A purely drag-producing wire device per- 
formed disastrously. The wire device, which consisted of 
a wire with another thin wire wound around it to suppress 
coherent vortex shedding and vibration, was designed to have 
(and did have) the same drag as the airfoil manipulator with 
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which it was compared. The comparison showed that airfoil 
and blade manipulators recovered 75-90% of their device drag 
through a shear-stress reduction downstream, whereas the wire 
device recovered only about 25-30% of its device drag. 

Conventional LEBU manipulators with airfoils or thin blades 
produce between 0.25% and 1% net drag increase, whereas the 
wire device (with equal device drag) produces as much as 
4% net drag increase. These data are valid for the specific plate 
length of our experiments, which was long enough in 
downstream extent to realize the full effect of the LEBU 
manipulators. Turbulence manipulators do indeed decrease 
the turbulent momentum exchange in the boundary layer 
by "rectifying" the turbulent fluctuations. This generates 
a significant shear-stress reduction downstream, which is 
much more than just the effect of the wake of the manipulator. 
However, the device drag of the manipulator cannot be 
reduced without simultaneously reducing the skin friction 
reduction. Thus, the manipulator's device drag exceeds, or at 
best cancels, the drag reduction achieved by the shear-stress 
reduction downstream. A critical survey of previous 
investigations shows that the suggestion that turbulence 
manipulators may produce net drag reduction is also not 
supported by the available previous drag force measurements. 
The issue had been stirred up by less conclusive measurements 
based on local velocity data, i.e., data collected using the 
so-called momentum balance technique. 

List of symbols 

lateral breadth of test plate 
chord length of turbulence manipulator 
diameter of wire manipulator 
distance of the elastic center from the leading edge 
of the manipulator airfoil 
height of manipulator above test plate 
dynamic pressure of the potential flow above the 
test plate 
spacing of turbulence manipulator elements 
thickness of turbulence manipulator elements 
fluctuating velocities in downstream, plate- 
normal, and lateral directions 
distance from the leading edge of the test plate in 
the downstream direction 
location of the trailing edge of the first manipulator 
distance from test plate center in the lateral direction 
drag coefficient 
lift coefficient 
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drag of manipulated plate including device drag 
and shear stress, calculated from manipulator 
location to downstream location 
drag of unmanipulated plate boundary layer, 
consisting of the shear stress calculated from 
manipulator location to downstream location 
drag force 
total skin friction force, measured over a distance 
from 0.4 m upstream of manipulator to 6.35 m 
downstream of manipulator, measured without 
turbulence manipulator 
device drag force of the LEBU, i.e., the turbulence 
manipulator 
total drag force of manipulated plate, consisting of 
FLEBU and skin friction force, measured over 
a distance from 0.4 m upstream of manipulator to 
6.35 m downstream 
skin friction force as measured by the floating 
element balance, manipulated case 
skin friction force, as measured by the floating 
element balance, unmanipulated case 
skin friction saving, defined as AFq=Fc/--F~fo 
cumulative skin friction savings, i.e., the sum of 
the skin friction savings AFcf, added up from the 
location of the manipulator to the downstream 
location 4, as shown in Fig. 11. In Fig. 13 the 
cumulative skin friction savings are summarized 
up to their asymptotic value, reached at ~ ~ 200 
Reynolds number of the manipulator elements, 
calculated with the chord length c and the local 
velocity in the boundary layer 
Reynolds number at the location Xo of the 
manipulator, calculated with the momentum 
thickness 0 of the boundary layer and the mean 
flow velocity U~ 
mean flow velocity in the potential regime of the 
wind tunnel test section 
angle of attack of the manipulator airfoils 
boundary layer thickness at the location Xo of the 
manipulator 
dimensionless distance from the manipulator in 
the downstream direction, defined as 
~- (x -xo ) /~o  
density of the air 
local skin friction shear stress, unmanipulated case 
skin friction shear stress, average value over the 
lateral span (b =2  m) of the test plate, 
unmanipulated case 
local skin friction shear stress, manipulated case 
momentum thickness of the undisturbed turbulent 
boundary layer at the location xo 

1 
Introduction 
The suggested possibility of large net drag savings has drawn 
many researchers into the field of turbulent boundary layer 
manipulation. The most common outer layer manipulation 
device consists of one or more thin flat ribbons or airfoils 
immersed in the boundary layer. The devices are suspended 
above the primary flat plate at a height between 0.46o and 

\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ ! \ \ \ ~ \ \ \ \ \ \ \ \ \ \ \ \  

X-Xo 

Fig. 1. Schematic of LEBU device showing relevant parameters, 
= angle of attack, c = chord length, t = thickness of the LEBU, 

h = height above the plate and s = spacing. The location of the elastic 
center of the LEBU is e - 0.42c from the leading edge for the airfoil and 
e-0.5c for the ribbon LEBU. xo is the location of the trailing edge of 
the first LEBU; 6 o is the thickness of the boundary layer at xo 

0.9 6o, where 6o is the unmanipulated boundary layer thickness. 
The devices generally have a chord length on the order of 6o 
and a thickness between 0.16o, for airfoils, and 0.005-0.016o, 
for ribbon-type devices, see Fig. 1. 

There exists a large body of reliable data documenting the 
effects of LEBU manipulators on the structure of a turbulent 
boundary layer. Some of the most commonly reported effects 
on boundary layer structure are presented in Table 1. The 
majority of these effects have been measured using either 
single or multiple hotwires, crossed wires or a combination of 
them. Over the range of possible LEBU configurations these 
alterations are generally self consistent in that they can be 
reproduced easily by different laboratories and they follow 
logically changes in LEBU geometry. 

The interpretation of these effects on the boundary layer has 
in most cases been made with the apriori assumption that a net 
drag reduction was a real phenomenon. The determination of 
a net drag change hinges critically on the accurate measure- 
ment of total drag on two different systems: on a simple 
fully developed flat plate boundary layer and, on the other 
hand, on an altered boundary layer containing a manipula- 
tion device having an inherent drag of its own. The most 
commonly used method of determining total drag is the 
so-called "momentum balance" requiring the measurement of 
velocity profiles along the streamwise axis. The determination 
of the total drag on two different systems using momentum 
balance techniques (which can be made to work on standard 
normal boundary layers reasonably well) is not a straight- 
forward proposition, resulting in fairly large systematic errors in 
net drag determination. A brief critical discussion of this issue 
can be found in Bandyopadyay's (1986) review article. These 
systematic errors have led to widely varying drag reduction 
results obtained for nominally similar LEBU configurations. 
Figure 2, which shows the local skin friction distributions 
obtained by different research groups using relatively simple 
"ribbon" type LEBUs in nominally similar configurations, 
indicates the degree of scatter in the published data. 

One proposed explanation for the large scatter in the 
published data has been the low chord Reynolds numbers 
characteristic of these devices. It is well known that low chord 



Table 1. Observed LEBU effects on the boundary layer 
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Reynolds n u m b e r  airfoils are very sensitive to small spanwlse 
variat ions affecting laminar  separation, result ing in a some- 
what sporadic behavior (reflected in the drag coefficient Co; 
Anders  1986). An examinat ion of the available data on the 

effects of chord Reynolds n u m b e r  on the performance of all 
types of LEBUs, including airfoil-shaped devices, was under-  
taken. The results are shown in Fig. 3, where the degree 
of drag reduct ion found is plotted against chord Reynolds 
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Fig. 2. Local skin friction distribution downstream of ribbon-type 
tandem LEBU's obtained by both direct and indirect methods. Wall 
shear stresses: % = unmanipulated, %, = manipulated. LEBU 
parameters: ~ = 0 ;  h/5 o ~ 0.75; Rec ~- 30,000; C/6o ~ 1; 7 <s/(5o < 12 
(Symbols: Oil-film interferometry: �9 Westphal (1986); Drag force 
balance: A Lemay et al. (1985), V present data; Sublayer fence: 
�9 Lynn (1987); Momentum balance: .. Corke (1981), ... Corke 
et al. (1982), Bertelrud et al. (1982), - -  - -  - -  Hefner et al. (1983), 
. . . .  Plesniak (1984); �9 Anders and Watson (1985)) 

number of each device. As Fig. 3 shows, there is indeed a large 
scatter at low Reynolds numbers, but only among the data 
acquired with the indirect momentum balance. 

A much stronger correlation is obtained, however, when the 
method of measuring net drag reduction is considered. 
Although both net increases and decreases have been found in 
experiments using indirect methods of measurement (e.g., 
momentum balance), the experiments using direct methods 
(i.e., drag balances), indicated by circles in Fig. 3, have not 
found a net drag reduction at any chord Reynolds number. ~ 
Direct LEBU performance measurements in other config- 
urations than a flat plate boundary layer show no explicit 
hints on loss reductions either; see, e.g., the experiments by 
Prabhu et al. (1987) carried out in a narrow two-dimensional 
channel and the data by Pollard et al. (1989), collected in 
a circular tube. Notice also that as shown in Fig. 2, the 
variation within the momentum balance data is considerably 
larger than the variation within the results obtained with other 
techniques to measure turbulent shear stress, although the 
differences in LEBU geometry are equivalent between the two 
groups. 

The large range of drag reductions reported in the literature 
has led to the general overestimation of the magnitude of the 

Although the data published in Anders (1989) indicate that at the 
lowest Reynolds number tested a small reduction is possible 
(approximately 3% ), the author pointed out that due to the large wave 
drag in the towing tank at these speeds, the error bars were much 
larger than the drag reduction. 

20% 

Net drag 
increase 

0 

Net drag 
reduction 

-20% 1 
104 

0 Drag balance (total drag) 
/X Drag balance(cf drag only) 

5 
410 3 9 5 

8 15 

I l I I I [ l l l  I I ! 
10 s 

Chord Reynolds number 

Fig. 3. Net drag performance of LEBU manipulators versus chord 
Reynolds number for all types of LEBU's. 
1 Corke (1981); 2 Hefner et al. (1981); 3 Bertelrud et al. (1982); 
4 Hefner et al. (1983); 5 Anders et al. (1984); 6 Mumford and Savill 
(1984); 7 Nguyen et al. (1984); 8 Plesniak (1984); 9 Anders and 
Watson (1985); 10 Coustols and Cousteix (1985); 11 Lemay et al. 
(1985); 12 Poddar and van Atta (1985); 13 Bandyopadhyay (1985); 
14 Papathanasiou and Nagel (1986); 15 Rashidnia and Falco (1986); 
16 Sahlin et al. (1986); 17 Westphal (1986); 18 Lynn (1987); 19 Poll 
and Westland (1987); 20 Sahlin et al. (1988); 21 Anders (1989); 
22 Lynn et al. (1989); 23 Present data 

effect to be expected from LEBU manipulators. For example, 
the device drag of a tandem NACA 0009 LEBU is typically 
5% of the total skin friction drag on the test plate. In their 
opt imum configuration these devices produce a net increase 
in total drag of only I%. It is this range of a few percent 
that reflects the effect of LEBU manipulators in a turbulent 
boundary layer, and it is with this proper view to the mag- 
nitude of the effect that is expected that experiments need 
to be designed. The uncertainty of momentum balance 
techniques for normal boundary layers is typically quoted as 
4-5%. Therefore, many of the conclusions about "opt imum 
configuration" and mechanisms of drag reduction based on 
indirect methods need to be reexamined using accurate direct 
drag measurements. 

Unfortunately, the body of direct drag measurements is 
relatively small and limited mostly to water towing tank 
measurements at higher chord Reynolds numbers. In 
particular, accurate measurements at lower and medium 
Reynolds numbers are lacking, 2 in a regime where the most 
spectacular net drag reductions had been claimed previously. 
With this in mind, we have undertaken to make direct drag 
measurements using both NACA 0009 airfoil LEBUs and 
ribbon-type LEBUs at chord Reynolds numbers from 30,000 to 
100,000. For our measurements, the momentum thickness 
Reynolds number of the boundary layer at the location of the 
first LEBU was between Reo = 3,000 and 8,850. These experi- 
mental conditions are comparable to previous ones. However, 
our experiments are different in as far as we have carried out 
both device drag a n d  shear stress distribution measure- 
ments simultaneously and by direct force measurements. 

2 Except Poll and Westland's (1987) data which were, at that time, at 
variance with most other published results. 
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The error bars for the direct drag measurements 
made here are estimated to be ca. __0.5%. 

Finally, it should be noted that the percentage drag reduc- 
tion (or increase) depends directly on the drag force used 
to normalize the data (i.e., the drag on the flat plate), and is 
thus directly dependent on the length of the test plate. We have 
chosen a plate length long enough to allow the wall shear stress 
in the manipulated boundary layer to return to unmanipulated 
values. This means, in real terms, that the maximum effect has 
been extracted from the manipulators. For longer plates, the 
percentage drag reduction or increase (i.e., measured drag 
change normalized with the unmanipulated flat plate drag) 
would indeed be smaller, the sign of the change will not be 
affected, and the absolute value of the force savings remains 
constant. When comparing drag reduction data, it is important 
to keep this fact in mind, and comparisons among data from 
different test plates must account for plate length differences. 

2 
Experimental set-up 
The experiments presented here were conducted in two 
groups: a "high speed" set using either NACA 0009 profiled 
LEBUs or a WIRE device and a "low speed" set using ribbon 
type LEBUs. The "high speed" tests were run at free stream 
velocities of 22.4 and 37.9 m/s, the latter being the highest 
possible velocity in our low speed wind tunnel. The LEBU- 
airfoil in these tests, NACA 0009, has been used in pre- 
vious high Reynolds number towing tank experiments (Sahlin 
et al. 1986, 1988; Anders 1989). Our wind tunnel has a test 
section 2 m x 1.4 m and 10 m long. The test plate (see Fig. 4) is 
suspended horizontally along the center line of the wind 
tunnel. As the closed test section has constant rectangular 
cross-section in the streamwise direction, a weak favorable 
pressure gradient is generated on the test plate, see Fig. 5. 

A second "low speed" (15.6 m/s) test series was then carried 
out in order to match the flow conditions of the earlier ex- 
periments in which conspicuously high net drag reductions 
had been reported (references see Fig. 3). In order to make our 
data as conclusive as possible we thought it preferable to have 
zero pressure gradient on the test plate. Therefore, the wind 
tunnel test section was fitted with a slightly divergent upper 
wall to achieve this (see Fig. 5). 

The aluminium flat plate test surface (see Fig. 4) could be 
varied in length from 2.55 to 9.76 m by adding or removing 
segments. Each segment was constructed as a 5 cm thick 
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Fig. 5. Dynamic pressure q =pU2/2 in the potential flow above the 
plate, normalized with q taken at the reference position xo (where the 
device is located for the manipulated case). Symbols: A ="high speed" 
experiments with wind tunnel walls parallel to the plate. The mean 
flow is slightly accelerated due to the displacement effect of the 
boundary layers. �9 = "low speed" experiments with almost zero 
pressure gradient, produced by a non-parallel upper wall of the wind 
tunnel 

hollow "sandwich", with a 6.35 mm thick ground ALCOA 
aluminium plate as the top surface and a 3 mm aluminium 
sheet forming the bottom layer. After segments were added or 
removed, the segment joints were carefully adjusted to ensure 
that no steps or gaps existed larger than 0.05 mm. The leading 
edge of the test plate has a cross section of a half-ellipse with 
a 1 : 4 axis ratio. The two turbulator strips are DYMO plastic 
adhesive tapes 12.6 mm wide and 0.4 mm thick, with embossed 
V-letters pointing in the upstream direction. The embossed V's 
protrude 0.5 mm above the plastic strip and have a letter size of 
5 mm. The flat plate is equipped with two accurate indepen- 
dent drag balances, one measuring the skin friction drag 
and the other measuring the device drag. The skin friction drag 
balance is a floating wall element type measuring 75 cm in the 
streamwise direction and 60 cm spanwise. (For a complete 
description, see Bechert et al. 1985). By this arrangement, the 
measurements are confined to the inner region of the test plate 
where no distortion of the boundary layer by side wall effects 
can occur. The device drag balance consists of a steel frame 
suspended on spring steel rods. The LEBU tensioning devices, 
specially designed to allow adjustment of height, angle of 
attack, and separation, are attached to the steel frame. The 
displacement of the frame due to drag on the manipulators is 
registered by twin differential inductive displacement 
transducers (Hottinger-Baldwin Ql l )  with a maximum 
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displacement of 0.2 mm. The entire balance is located below 
the flat plate, with only the arms of the tensioning devices 
protruding above the plate. Streamlined fairings enclose the 
entire balance both above and below the plate so that only the 
LEBU device is subject to drag forces. 

The flat plate segments each have a streamwise extent 
matching that of the skin friction drag balance. The device drag 
balance is affixed to one such segment, and therefore, by 
adding additional segments between the device drag balance 
and the skin friction balance, the complete integrated skin 
friction drag along the streamwise axis can be measured while 
simultaneously measuring the device drag directly (see Fig. 4). 

The symmetric NACA 0009 LEBU elements with a chord 
length c of 40 mm and thickness t of 3.6 mm were milled out of 
solid tempered aluminum using a specially manufactured 
milling tool. A more practical technique for producing 
aluminum NACA 0009 profiles in 2 m lengths by cold extrusion 
was also used. The drag characteristics of the two types of 
NACA 0009 profiles were compared; there was very little 
difference, although the extruded LEBUs had a somewhat 
blunter trailing edge. Since one hypothesized mechanism for 
LEBU interaction, namely the interaction of the vorticity shed 
from the device railing edge due to instantaneous changes in 
C L as turbulent eddies pass (vortex unwinding), requires 
a sharp trailing edge, all subsequent high speed net drag 
measurements were made using the milled NACA 0009 
profiles. 

The LEBU devices used for the low speed experiments were 
of the thin ribbon type, constructed of either 0.15 mm x 60 mm 
or 0.20 mm x 30 mm polished spring steel stock. (The thicker 
bands were used for the 30 mm LEBUs to eliminate flutter 
problems.) Each LEBU was carefully prepared by clamping the 
spring steel stock between two steel plates and hand-grinding 
the edge, using first a coarse sharpening stone followed by 
a fine stone, and finishing with fine polishing paper. This 
process was repeated on each edge at two angles, 45 ~ and 20 ~ 
resulting in a compound angle with no sharp corners. The 
number of passes with each stone at each angle was varied to 
obtain either a rounded or a tapered edge (see Fig. 7, inset). 
The resulting edges were then inspected under a microscope to 
ensure that they had the proper shape and were uniform over 
the entire span. 

The WIRE device used in the "high speed" experiments 
consisted of two 0.5 mm diameter spring steel wires, each 
wrapped by a 0.2 mm spring steel wire to help prevent vortex 
shedding from exciting resonances in the wire. The Reynolds 
number R e  C is here calculated with the diameter of the center 
(0.5 mm) wire. 3 The wire diameter combination was chosen so 
that the device drag of the WIRE device would match that of 
the LEBU device. A comparison of the skin friction reductions 
produced by the LEBU and WIRE devices provides infor- 
mation on the relative contributions due to the wake effects 
and the chord length effects. 

Strain gauges fitted to each end holder of the LEBU's were 
used to ensure that the devices were not vibrating during a test 

3 We admit that this definition of Reynolds numbers (albeit common) 
is counterintuitive, because quite different numbers occur for bodies 
experiencing identical mean flow and drag conditions. 

run. The output from the strain gauge bridge was frequency 
analyzed to ensure there were no strong discrete peaks, which 
would have indicated flutter. The strain gauges were also used 
to determine the tensioning force. For each ribbon type LEBU 
set-up, the LEBU tension was adjusted so that the first string 
resonance mode was 50 Hz (T=300 N/mm2), see Morse and 
Ingard (1968). The profiled LEBUs required only a tension of 
70 N/mm 2 to eliminate flutter. 

For each plate configuration, the skin friction balance, 
the device drag balance, and the LEBU strain gauges were 
recalibrated using weights. The skin friction drag and the 
device drag were then measured for each of the LEBU con- 
figurations as well as for the unmanipulated case. The appa- 
rent device drag registered with no device mounted was 
used as a correction for aero-elastic flexing of the device drag 
segment as well as a check for errors caused by small leaks in 
the fairing. Additionally, the skin friction drag was measured 
both before and after the manipulated cases, in order to obtain 
statistics on the reproducibility of the skin friction measure- 
ments and the overall total accuracy of the drag reduction 
estimates. To minimize thermal effects due to heating of 
the wind tunnel, the experiments were run in a timed 
sequence: ramping the wind tunnel speed from zero to the 
desired speed, allowing the drag balances to reach a stable 
value, noting the balance readings and the flow conditions, and 
then ramping back to zero. This allowed for zero-drift cor- 
rection, resulting in an average standard deviation for both 
force measurements of approximately 0.1% of the measured 
force. For the "high speed" experiments each data point was an 
average over four cycles. In the "low speed" experiments three 
cycles were averaged, because the data scatter was lower there, 
due to a smaller temperature drift of the wind tunnel. 

The combined data from the "high speed" and "low speed" 
experiments are presented in Tables 2a, b and c. Three types of 
manipulators were investigated: NACA 0009 profiles, WIRE 
manipulators and ribbon-type LEBUs. The manipulator 
parameters were chosen after the published data were analyzed 
to determine the characteristics of LEBU devices for which net 
drag reductions have been reported, and thus those most likely 
to result in a net drag reduction when measured directly. The 
WIRE manipulator was then chosen to have the same device 
drag as the NACA 0009 LEBU device and was configured 
identically. This provided an excellent control experiment to 
isolate the wake effects of manipulators from other possible 
mechanisms. 

The data in the last two rows of Tables 2a, b and c were 
collected as follows: The drag force on the manipulators is 
FLEBU. This drag force is measured on LEBU's of ca. 2 m length 
and is normalized to the lateral extent of the shear force 
balance, i.e., 0.6 m. The shear force on the unmanipulated test 
plate is F o. It consists of the sum of 9 z-measurements under 
and downstream of the manipulator location (xo) ,  collected 
with the floating element skin friction balance (see Fig. 4). The 
leading edge of this r-sensitive regime starts at 0.4 m upstream 
of the location of the first manipulator xo and it extends over 
a total length of 6.75 m ( =9  x 0.75 m) in the downstream 
direction. This configuration of the skin friction measurements 
is valid for all of our data. The ratio FLEBu]F o highlights the 
relative magnitude of the effect that can be expected from 
devices such as these. In the last row, F m represents the sum of 



Table 2a. LEBU Parameters Investigated - NACA 0009 Airfoil ("high speed" experiments) 

Type NACA 0009 

Config. TANDEM 

U, 22.4 m/s 37.9 m/s 

Re o 5,760 8,850 

S/ go 7.78 8.00 

c/~)o 1.15 1.18 

h/Qo 0.49 0.77 0.50 0.80 

Re c 52,000 57,000 88,000 96,000 

t/go 0.104 0.104 0.107 0.107 

0 --2 ~ 0 +2 ~ 0 --2 ~ 0 +2 ~ 

FL~BU/Fo 0.0521 0.0656 0.0576 0.0582 0.0469 0.0608 0.0511 0.0537 

F,,/Fo 1.0135 1.0266 1.0212 1.0243 1.0100 1.0275 1.0170 1.0234 
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Table 2b. LEBU Parameters Investigated - WIRE Device ("high 
speed" experiments) 

Type WIRE 

Config. TANDEM 

U~ 22.4 m/s 37.9 m/s 

Reo 5,760 8,850 

Silo 7.78 8.00 

cl3o 0.0144 0.0148 

h16o 0.49 0.77 0.50 0.80 

Rec 650 713 1,100 1,200 

t/go 0.0144 0.0144 0.0148 0.0148 

0C . . . .  

FLEBu/Fo 0.0478 0.0551 0.0515 0.0594 

Fm/Fo 1.0367 1.0390 1.0388 1.0409 

the 9 shear stress measurements with the manipulator  in place 
plus the manipulator  drag force (FLEBU). Thus the ratio Fm/F o 
represents the total drag of the manipulated LEBU + plate 
system divided by the drag of the unmanipulated plate. We see 
an effect of the order of a few percent, as expected. The 
implications of these data will be discussed in the results 
section. 

3 
Results and discussion 
Prior to conducting the net drag experiments, it was first 
necessary to investigate the flow over the fiat plate without 
manipulators. An important  aspect of this qualification was the 
verification that the stepwise extension of the fiat plate is 

a reasonable equivalent to moving the skin friction balance 
along the streamwise axis of a flat plate of fixed length. (In 
order to achieve the required accuracy, the skin friction drag 
balance had to be stably mounted in one location and could not 
be moved). The development of the boundary layer over the 
flat plate was investigated by measuring velocity profiles along 
the centerline of a flat plate configuration of various lengths, as 
well as directly over the skin friction drag balance for plates of 
successively longer lengths. It was found from the boundary 
layer and momentum thicknesses that the boundary layer 
growth is a function only of the distance from the leading edge, 
not of the specific plate configuration. 

To address the issue of two-dimensionality of the boundary 
layer, the local skin friction was measured across the flat plate 
in the low speed configuration with a Preston tube at various 
streamwise distances, see Fig. 6. The data cover the inner part 
of the flat plate where the floating element balance is located. 
The lateral dimension z is normalized with the test plate 
breadth b--  2 m (see Fig. 4). The variations across the flat plate 
were on the order of 5%. There was a systematic elevation of 
skin friction along the centerline, indicating that there was 
most likely some very weak secondary flow in the wind tunnel 
test section.* This three-dimensionality of the boundary layer 
would have an effect on net drag measurements made using 
local skin friction determinations and in fact points to one of 
the drawbacks to local measurements. The net drag deter- 
minations made here use a skin friction drag balance 1/3 
the span in extent and therefore are relatively insensitive to 

4 As a matter of fact, local shear stress variations of much higher 
magnitude are common and have been reported previously also for 
nominally constant mean flow distributions (see Head and Rechenberg 
1962). Thus, these variations should not be confused with the proper- 
ties of our mean flow, which has a very even distribution. A fairly 
detailed series of measurements on mean flow properties, boundary 
layer and shear stress distribution has been performed by Bruns, 
et al. (1992) for the present facility. 
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Table 2c. LEBU Parameters Investigated 
Ribbon Type Device ("low speed" experi- 

ments) 

Type 

Config. 

V~, 

Reo 

SlSo 

C16o 

hlSo 

Rec 

t/5o 

3~ 

FLEBuIFo 

FJFo 

RIBBON 

TANDEM SINGLE 

15.6 m/s 15.6 m/s 

2,930 2,930 

ii,5 

1.276 1.276 2.552 

0.5 0.75 0.5 0.75 0.5 0.75 

27,000 30,000 27,000 30,000 54,000 60,000 

0.0085 0.0085 0.0085 0.0085 0.0064 0.0064 

0 0 0 0 0 0 

0.0420 0.0470 0.0220 0.0246 0.0318 

1.0062 1.0143 1.0024 1.0087 1.0062 

0.0339 

1.0125 

1.1 

& 

,2 1.0 
,2 

0.9 

o 

r r 
-0.120 -0.1 0 O. 1 

z / b  

6 
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0.05 

0.01 
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. . . . .  , , , r  
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Fig. 6. Spanwise variation of local skin friction measured at various 
streamwise locations, using a Preston tube of 1.2 mm diameter, 
unmanipulated boundary layer. Symbols for the streamwise location x: 
O ~ 0.645 m, A & 1.395 m, V ~ 2.145 m, [] ~ 2.895 m, C> ~ 3.645 m, 
+~4.395 m. The data cover the lateral extent (60 cm) of the floating 
element shear stress balance 

Fig. 7. Drag coefficients for ribbon-type and airfoil LEBUs in freestream 
flow as a function of chord Reynolds number. The curves for laminar 
and turbulent skin friction drag are given according to Schlichting 
(1982) 

spanwise distribution of skin friction. Furthermore, since 
a direct comparison is made between manipulated and 
unmanipula ted  drag, the exact nature of the boundary  layer is of  
interest only in determining that its development is normal. 

After the boundary  layer was determined to be satisfactory, 
the prepared LEBUs were tested in the freestream flow above the 
boundary  layer. All of the NACA 0009 profiled LEBUs had 
a CD approximately 30% above that expected from laminar  skin 
friction drag. This was identical to previously published 
data on thin airfoil LEBUs (Anders 1986), see Fig. 7. The 
ribbon-type LEBUs with various edge shapes were also tested in 
the freestream above the flat plate. It was found that the tapered 
trailing edge LEBUs had a slightly lower CD than the LEBUs with 
rounded edges (see Fig. 7). Although the difference amounted to 
only 2%, all "low speed" experiments reported here were run 
using the tapered trailing edge LEBUs. The drag data for the 
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Fig. 8. Spanwise distribution of local skin friction reduction, measured 
with Preston tube. Data given for various downstream locations 
~ = (x - xo) 15~ Solid symbols indicate span averaged value. O ~ ~ = 31, 
G-~ ~=63, ~q ~ ~-95,  O ~ = 1 2 7  
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Fig. 9a, b. Skin friction drag savings AFcf as a fraction of 
unmanipulated skin friction drag Fcfo, versus normalized distance 

downstream. The drag force F is measured with the drag balance 
shown in Fig. 4. Ribbon manipulator: A ~ single, c = 1.2766o = 30 mm. 
[] ~ single, c=2.5523o=60 mm. �9 =tandem, c= 1.2766o =30 mm, 
s= 11.56o. U= 15.6 m/s, Re 0 =2,930�9 

Airfoil (NACA 0009) manipulator: tandem, c = 1.155o = 40 mm; 
�9 c~=0, U=22.4 m/s, Reo=5,760, Rec=52,000 , s=7.786o; 

- -  c~=0, U=37.9 m/s, Reo=8,850 , Rec=96,000, s =8.06o; 
Wire manipulator: tandem, d = 0.5 + 0.2 mm diameter; c = 0.5 mm; 

U=37.9 m/s, Reo=8,850, Rec= 1,200, s=8.06o. 

a All devices: height: h=0.56o; 
b Ribbon manipulator: h=0.755o; 
(Airfoil (NACA 0009) manipulator: 

--  h=0.776o, 
- -  h=0.86o; 
Wire manipulator: 

h=0.86o) 

LEBUs used here lie within 1% of the empirical curve of A.F. 
Messiter (see Schlichting 1982), indicating that the device drag 
is due primarily to laminar skin friction drag. In this res- 
pect, ribbon-type LEBUs perform considerably better than the 
NACA 0009 profiles used at higher Reynolds numbers (Lynn 
et al. 1989; Anders and Watson 1985; Sahlin et al. 1988). 

The accurate determination of net drag in an experimental 
set-up other than a towing tank, where the total drag is 
measured directly, is not a trivial matter. Assuming that the flow 
is suitably two-dimensional before a manipulator is intro- 
duced into the flow, there is no reason a priori to assume that 
the flow will remain so once a manipulator is introduced. This 
is possibly a source of error in previous point-wise mea- 
surements made along the center line. To illustrate this point, 
Preston tube measurements were made across the span at 
various streamwise locations with and without the tandem 

Fig. 10. The influence of the angle of attack on the skin friction 
reduction. The figure shows skin friction savings as a fraction of the 
tmmanipulated skin friction drag, versus the normalized distance 
downstream of a NACA 0009 tandem LEBU. "High speed" case with 
U= 37.8 m/s, Reo = 8,850, Re c = 96,000, h = 0.8 3o, s = 860, 
c=l.1830=40 mm. - - -  a= - 2  ~  ~  ~ = + 2  ~ 

30 mm chord ribbon manipulator at h = 0.5 bo. The results, 
presented in Fig. 8, show that not only is the magnitude of 
reduction not uniform across the span, but this non-uniformity 
varies with downstream distance. In our flow, the span-averaged 
mean agrees well with the centerline point (as well as with the 
drag balance measurement) for each location. This will not, 
however, necessarily be the case in all flows, and when de- 
termining total drag reduction by local measurements, any 
error will be reflected in the calculation of the total drag. It 
should be pointed out here that since direct measurements 
indicate that the net change in total drag is a less than 1% 
increase, any measurement technique must be accurate to better 
than 1%. Due to the inherent difficulties of Preston tube 
measurements in manipulated flows as well as the above 
mentioned problems of three-dimensionality, we do not rely on 
them in any way for determining net drag; we have made these 
measurements only to illustrate one possible source of error 
when making net drag determinations using pointwise mea- 
surements. 

Our experiments rely on our floating element balance. With 
this device, the shear force Fcfis determined on the test plate in 
9 different locations under and downstream of the LEBU. 
Without the LEBU, the undisturbed boundary layer produces 
a higher shear force Fc/o in the same 9 locations. The difference 
AFd= (F,f--Fcfo) represents the skin friction savings and is 
normalized in our plots with the undisturbed value Fcfo. 

The skin friction distributions obtained for the LEBU devices 
shown in Fig. 9a and b indicate that by the end of the test plate 
the local skin friction has returned to within 1% of its un- 
manipulated value in all cases, indicating that the recovery 
length for the skin friction distribution downstream of LEBU 
manipulators is on the order of 2006 o. The skin friction dis- 
tributions also show that the WIRE device produces a smaller 
reduction in local skin friction relative to the LEBU device, 
with the maximum reduction occurring at approximately the 
same location downstream of the device. There appears to be 
little variation between the two "high speed" cases. The skin 
friction distribution measured for the h = 0.75 60 tandem 
ribbon device agrees well with the other published direct 
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Fig. l la ,  b. Recovery of the device drag. Cumulative skin friction 
savings as a fraction of device drag, versus downstream distance. 
Manipulator height (a) h = 0.56o, (b) 0.755o ~< h ~< 0.80(5o. Symbols for 
the ribbon manipulators as in Fig. 9: /k ~ single blade 30 mm; 
[] ~ single blade 60 mm; �9 ~ tandem, 2 blades with 30 mm chord 

measurements of skin friction distributions for ribbon LEBUs, 
plotted in Fig. 2. The maximum skin friction reduction was 
obtained in the tandem 0.5 3o case, and is on the order of 
12 13% (averaged over 3030). (Correcting for this averaging 
effect indicates that the maximum local reduction is ap- 
proximately 15 16%). 

The relaxation distances and the maximum skin friction 
reductions for the LEBU devices with angles of attack of + 2 ~ 
and - 2  ~ are rather similar to the 0 ~ case; see Fig. 10. However, 
the upstream effects are very different. The + 2 ~ case shows an 
upstream decrease in skin friction, whereas the - 2  ~ case 
shows an upstream increase in skin friction. This effect has also 
been measured using sublayer fences for ribbon type LEBUs at 
angles of attack (Lynn 1987). 

The integral of the skin friction drag savings as a fraction of 
the device drag is shown in Fig. l l a  and b, indicating that in 
spite of its relatively small skin friction reduction, the most 
efficient LEBU configuration is the 30 mm chord single LEBU at 
h = 0.5 3o. This configuration, which has the lowest device drag, 
results in approximately 90% of the device drag being recovered 
in skin friction savings. This result is contrary to the widely- 
held belief that a "tandem" configuration performs best? The 

5 The same observation has been made by Sahlin et al. (1988). 

NACA 0009 results indicate that due to their larger device 
drag (30% above laminar skin friction value), their best perfor- 
mance was a recovery of 75-80% of their device drag. 
Comparison with the WIRE devices shows that a merely 
wake-producing device recovers only about 25-30% of its 
device drag. 6 The next-to-last row in Tables 2a, b, and 
c (FLEBu/F o) shows the total drag force on the manipulator 
(F~.EBU) as a fraction of the total measured skin friction drag on 
the unmanipulated flat plate (Fo). The device drag ranges from 
approximately 6.6% of the skin friction drag in the worst case 
(large angle of attack and thick device) to as little as 2.2% for 
the single ribbon device. At non-zero angles of attack the LEBU 
performance was in all cases poorer than in the zero angle of 
attack cases, with the difference becoming more pronounced at 
the highest speed. This is entirely due to the device drag 
increase; the integrated skin friction reductions are identical. 

The fact that the single ribbon type LEBU is the most 
efficient configuration is reflected also in the ratios of the total 
drag on the LEBU system to the drag on just the flat plate, see 
Fig. 12. The resulting best performance, obtained for the 
30 mm single LEBU h = 0.5 3o configuration, is a net increase of 
0.25% in total drag. The WIRE device produced a consistent 
net increase of 4% in all configurations. These plots show 
clearly which type of LEBU most efficiently recovers its own 
device drag and reveal that varying the distribution of the 
device chord (i.e., 60 mm "single" versus 30 mm "tandem") 
affects the drag recovery distribution very little. In the last row 
of Tables 2a, b, and c, the final realized performance for each 
manipulator is presented as the ratio of the total drag on the 
manipulator plus fiat plate system (F,,) to the total skin friction 
drag on the unmanipulated flat plate (Fo). 

When the integrated skin friction reduction is plotted 
against the device drag 7 for all cases tested here, some sense 
can be made of the variation in LEBU performance between the 
different configurations. Figure 13 reveals that, within 
a "family" (determined by device height), the skin friction 
reduction is proportional to the device drag. The ribbon data, 

6 The aspect of "blade" versus "wake" effect of the blade and wire 
LEBU's is discussed in some detail in the work of Narasimha and 
Sreenivasan (1988). 
7 The idea that the skin friction reduction varies with device drag was 
first suggested by Sahlin et al. (1988). 
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c = 2.552 c~ o, Re c ~ 60,000: [] ~ h = 0.5 c5 o, ~ & h = 0.75 6o 

NACA 0009 tandem LEBU's: 
c =  1.156o, 
h=0.49~o; Rec=52,000: O--~ ~ = 0  ~ 
h=0.77c5o; Rec=57,000: I=~ = +2~ x =c~=0~ A ~ a = - 2  ~ 

c =  1.18c~ o, 
h=0.50C5o; Rec= 88,000: (]1 - ~ g = 0  ~ 
h=0.805o; Rec= 96,000: r~ ~c~= +2~ O~c~=0~  V-~ c~= - 2  ~ 

Wire tandem devices: 
c=0.0144c5o, Rec ~ 700: [] ~ h  =0.496o, [] ~ h  =0.77c5 o 
c = 0.014860, Rec "~ 1200: ~ ~ h = 0.50c5 o, ~ = h = 0.808 o 

for example, then separates into two groups: The LEBUs at 
h=0.56 o lie on a line closer to the zero-net-change line (45 ~ 
line) than do those at h = 0.75 5o, indicating better performance 
at h =0.530, independent of LEBU configuration. Within each 
family, increasing the duration of the manipulation (i.e., the 
length of the device), either by increasing device chord length 
or increasing the number of devices, results only in additional 
skin friction savings equal to and thus offset by the additional 
device drag. Changing the device height shifts the entire curve 
relative to the 45 ~ line, although it did not shift the curve into 
the net drag reduction region above the 45 ~ line. 

The data from the NACA 0009 LEBUs show again that within 
a height family, the skin friction reduction is directly 
proportional to the device drag. As expected, the NACA 0009 
profile LEBU data is displaced to the right (worse net drag 
performance), due to the higher device drag (the NACA 0009 
profiles used had a C~ above the laminar skin friction value). 
The trend is the same; the h=0.55o configuration is again 
better and angles of attack other than zero result in a shift 
further to the right. 

The data for WIRE devices, also shown in Fig. 13, plot even 
further to the right. This poor performance is independent of 
the device height, indicating that the relatively small contri- 
bution of the wake to skin friction drag reduction is most 
likely a function of the momentum defect and is not due to 
coherent-structure-wake interactions. If only local measure- 

ments of skin friction are made, the performance of WIRE 
devices appears to improve as the device height decreases, 
due to the larger local skin friction reduction. The integrated 
skin friction reduction, however, remains proportional to 
the device drag. 

The finding that LEBUs do not produce net drag reduction 
could be furnished only by precise measurements: There is in 
fact no theory available to reject this idea a priori. For example, 
if one considers a flow with a strong and well correlated 
fluctuation of its flow angle, it is conceivable that an airfoil may 
be able to reduce drag. This would require that the device drag 
be, at least partly, eliminated by the Katzmayr effect (Katzmayr 
1922). Because it cannot be assumed that this particular effect 
is well known, a short explanation is given here: the Katzmayr 
effect can reduce or eliminate the drag of an airfoil if it is 
exposed to a flow of varying angle of attack. The maximum 
angle should not be small but should also not exceed the angle 
at which the flow on the airfoil separates. Under these cir- 
cumstances the force vector of the airfoil can move into the 
forward quadrant, i.e., the airfoil can even generate thrust 
instead of drag. For this effect to be realized, the fluctuations 
must be well correlated over several chord lengths in the 
spanwise direction. However, as it turns out, the turbulence 
levels and the coherence of the angular fluctuations in a 
turbulent boundary layer are not sufficient for this effect to 
occur .  

4 
Conclusion 
We have shown that ribbon type LEBUs perform better than 
NACA 0009 profile LEBUs, due to the ribbon LEBU's lower 
device drag. Both types of devices are far superior to wire type 
devices, which merely produce drag. Wire devices recover only 
about 25-30% of their device drag; NACA 0009 devices 
recover almost 80% of their device drag; and ribbon devices 
recover as much as 90% of their device drag. The difference in 
performance between wire type devices and devices with 
a chord length on the order of 5o is most likely due to the 
effective destruction of large scale turbulent structures by the 
latter devices. The LEBU manipulators effectively prevent 
energetic turbulent events from reaching the outer boundary 
layer interface over a length on the order of a few device chord 
lengths, thus interrupting the turbulence production cycle 
(Mumford and Savill 1984). The reduction in skin friction due 
to this decoupling has been shown here to be roughly 
proportional to the device chord and hence to the device drag 
(i.e., there is no added benefit to repeated manipulation or 
increasing the chord length of the device beyond c=  60). 
This result disproves the belief that a tandem configuration is 
the optimum configuration for LEBU manipulators. The 
better performance of ribbon devices as compared to NACA 
0009 devices appears to be due simply to their lower device 
drag. This improvement, however, merely reduces the 
amount of net drag increase. Even the most efficient 
ribbon type LEBU configuration resulted in a 0.25% net 
increase in total drag. The possibility of successfully 
achieving a net drag reduction is small. All reasonable 
extrapolations of the data in Fig. 13 appear to intersect the 
break-even line at the origin, indicating that while performance 
can be improved up to a point by reducing device drag, further 
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reducing the device drag simply reduces the net drag increase 
proportionally.  It looks as if the best that can be achieved is 
a zero drag increase. 
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