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Abstract

An integrating wake rake concept is discussed here as véigbkifor in-flight profile-drag measurements on
gliders. The experimental setup is in essence the same dsmitheother integrating wake rakes, which uses a
series of Pitot tubes that feed into a single manifold to mesathe averaged total pressure deficit in the wake of
an airfoil. The difference compared to those conventiamalgrating wake rakes lies in the post-measurement data
reduction. In an iterative approach, the measured presaveeorrected in order to account for the unknown shape
of the wake-deficit region and other unidentified paramet#fith this approach, the possible accuracies in profile
drag are similar to those obtained using a traversing wakesgisystem. Thus, in contrast with conventional wake
rakes, it is possible to measure accurate absolute dragsamftaal section of a wing in flight that can be compared
with previous wind-tunnel results and/or theoretical cedns. The general theory of this drag measurement
device is discussed in this paper. Furthermore, the expetahapparatus developed at Saint Louis University is
introduced. Preliminary results of a comparison study destrate the capability of the system and the approach

to measure profile drag during flight.

Nomenclature
airfoil chord
section drag coefficient
tube diameter
integration factor
number of tubes of wake rake
static pressure
total pressure
dynamic pressure
Reynolds number
thickness ratio
angle of attack
nondimensional maximum total pressure deficit
in the wake
u absolute viscosity
P density
& distance behind training edge
( rake height
{wake Wake height
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Subscripts
av average
i inside

0 outside
0 freestream conditions
r registered by the integrating wake rake
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Introduction

Drag is a dominant concern in sailplane design as reduced
drag translates to improved interthermal cruise perfogaan
Improved interthermal cruise performance leads to an asze
in average cross-country speed [1]. In order to assess tfape
mance of the aircraft, accurate drag measurements are theede
This paper introduces a relatively simple method to deteemi
profile drag during flight.

Total drag can be decomposed into several components, the
two largest being profile drag and induced drag. Profile dsag i
primarily a function of the shape and surface quality of thegwv
section. Induced drag is a result of the production of lifteby
wing with finite span and can be related to the downwash that
alters the incoming freestream velocity.

Figure 1 depicts the change in sink rate with forward flight
speed of a sailplane due to the presence of various drag compo
nents. The figure shows that wing profile drag is the major com-
ponent of drag at higher interthermal flight speeds. Theifrac
of total drag associated with the induced drag is highesivat |
velocities. Since there is no thrust generated on a saéplian
is important to reduce the amount of profile drag to improwe th
glide performance of the sailplane at cruising velociti€bus,
for a successful, modern, high-performance sailplanegdesi
is important to assess the impact of geometric section noadifi
tions on profile drag correctly, using methods that prodecea
rate drag measurements.

Profile drag can further be broken up into the combination of
pressure drag and skin friction drag. Skin friction dragris p
marily due to viscous effects inside the boundary layer tiear
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Figure 1 Sink rate contributions of various elements of a typical
high-performance sailplane (Courtesy of L.M.M Boermarnis, T

D .
=i Figure 2 Pressure coefficient distribution with laminar separa-
tion.
surface of the airfoil. Inside the boundary layer, the flohoge
ity decreases from free stream conditions to zero at theceirf
due to the no-slip condition. The subsequent velocity gnaidi _ Transition
at the surface is directly related to skin friction forces. — — ___ _LlominarFlow- | — Turbulg?gw
Laminar flow has less skin friction than turbulent flow be- 7 ' : "'»‘;‘*—'—;:::;T;{:':.‘:;-t:.:.?r\
cause of its lower veloc!ty gradient at the surfacg withia th' Laminar Separation Point “*-‘»;,;,;2;1_,@\ \
boundary layer. In a laminar boundary layer the fluid moves ir '\{*‘,\
smooth streamlines parallel to the surface. In a turbuleahd- |
ary layer, fluid particles exhibit random flow perturbatidns Turbulent b
Reattachment

addition to their main flow velocity. Due to the higher degree
of mixing, the velocity profile of turbulent flow is “fuller’htan
that of a laminar boundary layer. This results in steepesoigl ~ Figure 3 Flow conditions of a laminar separation bubble [2].
gradients at the surface that contribute to higher sheassts

and skin friction drag than laminar boundary layers. Thdse v

cous effects within the boundary layer play an importane rol tion bubble results in an increase in pressure drag. Evigntua
with respect to flow separation. the outer, detached laminar flow transitions to turbulenw,flo

Favorable pressure gradients promote the existence afigami thUS regaining energy to reattach to the surface.
flow and prevent flow separation. Adverse pressure gradients The challenge for the airfoil designer is to minimize profile
decrease the velocity of the flow along the airfoil and evelfyu  drag by extending the laminar flow region as much as possible
reduce the momentum until it separates from the surface. Th&hile avoiding significant flow separation before transitiéor
plot shown in Fig. 2 depicts the pressure coefficient digtiim  typical sailplane airfoils, it is possible to tailor the wgrpsur-
over the upper surface of an airfoil with the presence of atam  face pressure distribution in such a way that little or no flow
separation bubble. The constant pressure that is assbeigte ~ Separation occurs and any associated drag penalty is iglig
the separation region leads to an increase in pressure tirag. However, the same treatment is difficult to achieve on theelow
addition, the turbulent boundary layer after reattachniemds ~ surface. Here, the designer uses favorable pressure gtadie
to have significantly larger skin friction drag than if triimn  until a boundary layer tripping device is used to force titors.
occurred without separation. Figure 3 depicts the flow condiThe subsequent turbulent flow overcomes the adverse peessur
tions inside the laminar separation bubble. Prior to thédam gradient to the trailing edge. Without the tripping devitiee
separation bubble, the boundary layer is dominated by lamin laminar flow separates. Although the boundary layer trips ca
flow and thus low skin friction drag. Around the laminar sepa-prevent laminar separation bubbles, it remains unknowhef t
ration point, the flow under the influence of the adverse piress additional skin friction drag of the extended turbulent fleav
gradient detaches from the surface. It can be seen thatfijust 4ess than the additional drag of the laminar separationleubb
ter the separation point that the flow is nearly stagnant &ad e Forced transition from laminar to turbulent flow before the
reverses its direction. The lower pressure of the lamingaise  occurrences of a laminar separation bubble takes advanfage
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the higher momentum mixing of the turbulent boundary layel
to overcome the adverse pressure gradient. This eliminla¢es
additional pressure drag caused by laminar separationldsibb
butincreases skin friction drag because of the extendedemt
flow. There are several types of tripping devices or turlouat
Zig-zag tape, bump tape, or pneumatic turbulators. Oneadeth
to assess the changes in profile drag from the introduction ¢
turbulators requires measuring the pressure or momentssn o
in the wake. Several methods are currently used in wind tsnne
and flight tests to determine the impact of turbulators.

In order to advance the performance of current sailplands ar

promote the development of new ones, accurate experimental

tools are needed that allow assessing wing sections in.fligig
particular interest is to be able to make a judgment aboutfthe
fectiveness of turbulators. In addition, being able to meathe
drag of wing sections on an existing sailplane holds vakabl
formation for the designer. For example, a better undedstan
of the impact of fabrication related variations on the drég o
wing section provides information about how forgiving or-un
forgiving a design might be. In addition, the comparisonha t
drag values of a wing section obtained under free-flight cond
tions with the values derived using either in wind-tunnstdeor
theoretical means, provides the adjustment of those geglic
tools for future sailplane developments.

This paper discusses wake survey methods for drag determi-

nation with a special emphasis of the use of integrating wak
rakes. The theory of an iterative drag estimation is explathat

enables drag measurements with accuracies similar to e on
obtained with traversing probes. Such an extended profédg dr

measurement device was developed at Saint Louis Universii = i

(SLU) and tested in wind-tunnel tests at The PennsylvariteSt
University (PSU). The system and its elements are explainet
At the end of this paper, experimental results demonsthae t
capability of the entire system.

Wake survey method for profile drag
measurements
General theory
Wake surveys are a common method for measuring profil
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Figure 4 Momentum loss of flow over an Airfoil [3]

wake and decrease moving outward until freestream momentum
is achieved as can be seen in Fig. 5. These losses occur becaus
of the boundary layer interaction with the airfoil. Whilastdif-

ficult to measure the velocities in the wake, Bernoulli’s &ipn
provides a relationship between velocity, static pressure dy-
namic pressure.

1

p=p+5pVi=p+q (1)
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drag. The wake survey measures static pressures and the de-
crease in total pressure within the wake and compares tlabse vFigure 5 Typical traversing Pitot-static probe and measured
ues to the freestream total pressure. This pressure deficit, pressure deficit in wake.

essentially the momentum loss of the flow, can then be dyrectl
related to the profile drag. An excellent and more complete di

Using this relationship, the deficit in total pressyse,within

cussion of how to extract drag from wake pressure deficits cafi'® Wake can be related to profile drag of the wing section.

be found in Ref. 3. Nevertheless, a brief review of the gdnera

approachiis listed in this section.
Figure 4 shows a pictorial representation of the veloclies
fore, station 0, and aft of the airfoil, stations 2 and 1. Tiaded

1
= —p)d
cqo/wake(p“’ pr) dy

The wake pressure deficit has to be measured sufficiently far

1%

Cd (2

area represents the total moment loss and integrating ithés a enough from the trailing edge to allow the static pressureto
gives the profile drag. A wake survey measures drag by cokover to freestream conditions. Because of the laws of €onti
lecting pressure readings in the wake and in the freestrd@m; nuity in the freestream flow, static and total pressures asdye
difference in these pressures translates to the loss of momemeasured and may be taken anywhere in the freestream. Furthe
tum in the flow. The losses are greatest in the center of theorrections can be applied to adjust for the static presaute
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and creates the challenge of ensuring constant flight dondit
while the probe is surveying the wake. In that case, piloting
skills begins to play a large effect in the error of the pressu
readings.

Integrating wake rakes

Integrating wake rakes are much more suitable for flight test
applications due to their relative simplicity. An integrafwake
rake is similar to the conventional wake survey system excep
that the individual tubes lead to a single manifold in whibb t
pressures are collected and “pneumatically” averagedorec
ing to Silverstein and Katzoff, under equilibrium conditg the
manifold pressure equals the averages pressures of thefsum o
the tubes [5]:

1

Ptay = n ; Pty ©))

Figure 6 Typical traversing Pitot-static probe as used in WindWherep[av is the manifold pressure, the number of rake tubes,
tunnel tests and p,,, is the total pressure of each tube. A sufficiently large
manifold minimizes any internal flows, which, otherwisenca

wake not having fully recovered at the location of the wake su result to measurement errors that depend on free streartityelo

vey [3]. The individual samples of total pressures in the eyak and angle of attack.

pr, can then be integrated across the width of the wake and re- A similar wake rake design was used by Ref. 6, although this
lated to profile drag. device was attached directly to the trailing edge. Thatigait

lar rake, however, exhibited rather large errors as a caesesg
of the large pressure differences between the upper and lowe
Wake survey systems surface flows [7]. Reference 8 uses an integrating wake rake,

Each type of wake rake operates using the same general thgrimarily to detect changes in drag due to the placementrof tu
ory. The difference is the method used to collect pressui@ da y|ators.

In general, three different types of wake surveys are usea: c
ventional wake rake, traversing probe, and integratingewak
rake. The conventional wake rake is a series of Pitot probeld-flight wake measurements
that span the entire wake and collect pressure data. Indil/id  In-flight measurements of airfoil drag are of great intefest
collections of pressure are accomplished through the use oforder to improve the performance of the fabricated wing. Of
manometer, individual pressure transducers or scanivdlve particular interest is the ability to quantify the influerafetur-
dividual readings within the wake can be accurately meaksurebulators and flap deflections on drag, as well as how well the
before they are averaged. An advantage of a conventiona wakving as built duplicates what was previously designed asteé tk
rake is that it can clearly determine the height and shapkeof t in wind tunnels. The effects of turbulators and flap deflectio
wake and accurately calculate drag. The disadvantage ®f thare primarily changes in drag. The comparison of the actual
method is the amount of equipment necessary. Separatgytubiwing section in flight with previous theoretical or experime
for each pressure probe and individual pressure transslacer tal results requires the measurement of absolute dragerDiff
some sort of scanivalve make this method less feasible for irences may be due to differentinflow conditions during freghfli
flight measurements. or due to shape deviations that result from fabrication angg

In the case of a traversing wake probe, a mechanical actuéctors. Ideally, the designer wants the ability to measineg
tor moves the wake-survey probe along the width of the wakeluring free flight with similar accuracies as achieved in d-we
and enables individual pressure readings at each locafion. maintained wind tunnel.
example is the PSU wake survey system shown in Fig. 6. The For in-flight measurements the integrating wake rake is the
readings can be completed in as little as 5-10 seconds diegend preferred tool because of its relatively simplistic desagal the
on the traversing mechanism. An example is of such measureiinimal instrumentation it requires. Such a wake rake chke ta
ments is given in Fig. 5 The traversing survey system uslize data at a single instance in time, whereas in the case ofers-av
one pressure transducer, eliminating the need for sevezat p ing system, maintaining steady conditions during the diomatf
sure transducers, while also maintaining accuracy of tad-re the traverse of the wake probe can become challenging. $he le
ings. A traversing survey system can also be employed intflighcomplex equipment required for tests using an integratiakew
tests [4]. The traversing mechanism, however, adds coritylex is another significant advantage.
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On the other hand, the integrating wake rake provides onljreestream pressure tubes are combined to yield an average t
very limited accuracy in drag estimation. This is in part ¢oe tal pressure reading from above and below the airfoil. Altjio
the fact that the wake rake captures the deficit of the toedpr the freestream total pressure theoretically is equal, arege of
sure behind a wing section rather than the momentum deficithe two freestream pressures helps to eliminate possitdeser
which is related to drag. In order to measure drag accuratehAlternatively, the two total pressures can be used as a diieck
the size and shape of the wake deficit region must be knowithe wake rake covers the entire total pressure deficit redion
Further corrections are needed to account for a static ymess any case, the height of this wake rake becomes very important
that has not fully recovered to free-stream condition atlthe as both of the outer free stream total pressure tubes must be i
cation of the wake rake. Although various approaches can hie freestream in order to yield good results.
used to account for the static pressure [3], it is very diffitm The middle tubes are designed to collect the total pressidires
actually measure the static pressure near the trailing eflge the wake. The tubes feed directly into the main collectingah
wing. Another potential error, which leads to an undereatim ber or manifold, from which the averaged pressure of the wake
tion of the measured drag, is given when the wake rake onlypnade available with a single port. The strength of the meakur
partially covers the deficit region of the wake. Increasing t average pressure signal is weakened as more of the wake rake
wake rake height in order to ensure the entire pressure tefidubes record pressure values of the undisturbed freestegsm
region is captured increases the influence of the measuesd pr To a certain extent, however, this can be remedied by claxing
sure by the unaffected free stream values of the “tails.” ute  pressure tubes as needed.
sequent averaged pressure deficit signal becomes weaker and
therefore, possible errors are introduced due to insuffic&so-  prag estimation

lution of the corresponding pressure transducer. At thescert Reference 5 considers that the drag acting on an airfoikis pr

this paper is an in-flight section-drag measurement deviae t portional to the average total head loss across the wakea-Equ
combines the simplistic design and implementation of a€oRv  tjon 4 shows this relationship:

tional wake rake with the accuracy of a traversing probe sys-

tem. The actual wake rake is very similar to other integratin {r Py — Pray

wake rakes, such as the one by Ref. 8, that consist of a séries o = FE Jo “)
Pitot probes attached to a common manifold. During the post-

measurement data reduction, corrections and estimatierspa Without knowing the exact shape of the wake as, for example,
plied to the measurements that lead to predicted absolafibepr in Fig. 5 certain corrections must be applied in order to accu
drag values with accuracies very similar to those of a wake surately predict profile drag. Reference 5 introduced a ctioec
vey system. The general workings of such an integrating wak@" integrating factorF, that assumes a cosine-square distribu-

rake and the special data reduction method are discusshd in tfion of the pressures across the wake. Wake widfhye, and
following sections. the nondimensional maximum loss of the total pressure in the

wake, n, are determined based on empirical relationships that

depend on chord Reynolds number and several airfoil charac-
Principles of the integrating wake rake teristics. In wind tunnel experiments, Plaisance [9] shobtteat

Figure 7 shows a picture of the integrating wake rake thausing this approach yields good drag prediction resultsaiior

was developed at SLU. The wake pressure tubes are locaté@ils with extended laminar flow.
in the middle and are attached to the main manifold while the The factorF, as is shown in Eq. 5, is the integral of the
freestream pressure tubes are located on either end. The tweessures in the wake using estimated wake dimensions and an
assumed cosine square shape of the total pressure distnibut
The equation also considers the impact of a static preskate t
has not yet fully recovered to freestream conditions bexafis
the location of the wake rake relatively close behind thé-tra
ing edge. Moving the rake farther back could allow time fa th

Freestream Total Pressure

- static pressure to recover, but has physical limitationgplied
Individual Pressures to the integrating wake rake, Eq. 5 can be integrated nuairic
““w fairly simply using the trapezoidal rule.
Mam Collectloﬁ“ B F=
C o ] Q 4 1—p_p°—r1co§( ny> :
: - — N wake Jo {wake
- wake
. . . , e 1—4/1-ncog v dy )
Figure 7 Integrating wake rake built at Saint Louis University. Cwake
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It should be noted that the wake width and maximum pressure
deficit estimate in Egs. 6 and 7, respectively, require tlo&lpr
drag coefficient. Therefore, an iterative process is engadg
compute the profile drag coefficient based on an initial gtmss
the profile drag and is is summarized in Fig. 8. The iterative
process refines the integration of the momentum loss urgil th
criteria for convergence is met for the change in drag caefftc

p; Po 1 oy

€)

Integrating wake rake implementation

Wake rake design and manufacturing process

A wake rake was constructed at SLU and is shown in Fig. 9.
The height of the rake is 8 inches (203 mm) so as to fully captur
the wake and provide more versatility for its future use dfedi
ent aircraft sizes and in wind tunnels. For significantly kena

The termsn and Juake are further functions of the distance wakes, some of the outer tubes can be blocked off. Pressure

from the trailing edge, thickness ratio of the airfoil, arfe t

tube sizing was determined from past reports with an outer di

chord Reynolds number. These functions help to determime tfMeter of 1/16 inch (1.6 mm) and an inner diameter of 1/20 inch
overall shape of the wake and maximum pressure deficit. Plafl-3 mm) [9]. A total of 64 tubes were used with a spacing of

sance developed empirical relations fpand{yake, @s shown in
Egs. 6 and 7, for laminar airfoils [9].

n = (-1.08-10 Re& +
106 Vedy/t/c
3.35-10 Re+4.15)7é+ K (6)
Zwake

(0.34-10 1%Re? —
1.07-10 %Re+3.21),/c4\/t/c\/E +0.15 (7)

1/16 inch (1.6 mm) between each tube. Each tube was 3 inches
(76 mm) long so as to reduce interference and disturbances to
the flow caused by the main pressure collection chamber. Ad-
ditionally, two pressure tubes were placed at either endhef t
8 inch (203 mm) main pressure collection chamber, closer to
the free-stream, so as to record total pressure readingsseTh
outermost pressure tubes are directly connected to theyees
transducer using vinyl tubing. The 64 wake pressure tubes ar
connected to the main collection chamber that has a singte po
for measuring the average pressure in the wake.

Materials for construction of the wake rake were chosen for
their overall strength and stiffness, weight, corrosiorgzing

~ Since the rake is located a relatively short distance (aPpro rgquirements, and cost. Stainless steel was chosen faghs h
imately Q2c away from the trailing edge), Silverstein and Kat- grength to weight ratio. It provided the required rigiditywith-

zoff derived an empirical equation for the change in statésp
sure in the wake behind an airfoil [5].
Silverstein’s expression for static pressure differerastsveen

stand stresses experienced during flight, will not corraahe]

Plaisance extendedas recommended for its ease of brazing.

An example of how the rake is mounted is shown in Fig. 9.

freestream and wake with an expression that also captues §faference 5 suggests that the wake rake is located approxi-

fects due to changing chord Reynolds numbers [9].

P=Po _ (_133.10%Re+436)—LC

Jdo ((774+3.18)2 ®)

A final correction for compressibility is applied. This cecr
tion is added into the previously calculated drag coeffician
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mately 0.2 airfoil chord lengths behind the trailing edgein
der to yield the best results. Based on the wing chord typical
for modern sailplanes, a distance of 7 inches (178 mm) appear
desirable [9]. To maintain this distance, a supporting agipa
similar to that in Fig. 9 attaches to the wing. The wake rake is
then fastened to the horizontal bar of the apparatus via a sim
ple screw and nut connection. Five different slots allowiker
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Figure 10 Instrumentation setup of integrating wake rake.

probe, the average total pressure in the wake is measurbd wit
the wake rake and the freestream temperature is measuted wit
thermocouple. Measuring the freestream static pressunerie
involving since the presence of the wing and aircraft caases
perturbation of this value. Thus, for flight tests, eithez Hir-
Figure 9 Integrating wake rake and its mounting behind wing. ¢raft static system will be used (which has its own inhereratr

or a trailing probe will be employed.

the option of varying the height if necessary for specifitings
needs.

The wake rake needs the flexibility to adjust to different .
heights and angles in order to capture the wake at diffenent aThe PSU low speed wind tunnel and model

gles of attack. Each hole secures the wake rake with a scréw an To calibrate and validate the wake rake and to refine the inte-
nut connection. The horizontal bar has the ability to rosate ~ 9ration factorf, drag measurements were performed on a two-

lock to allow the wake rake to operate at different angles. dimensional airfoil model in the PSU low-speed, low-tuénde
wind tunnel. The SLU integrating wake rake and the PSU wake

. i survey system were compared side by side at Reynolds numbers
Data acquisition and reduction _ _ typical to the ones expected in flight tests with sailplanes.

For the data reduction process it was decided to use a simi- The psy low-speed, low-turbulence wind tunnel facility is a
lar code as in [9], which incorporates the drag coefficiertt an ¢5sed.-throat, single return, atmospheric facility. Tast sec-
correction factor calculations discussed previously. Atl tion is 3.3 ft high x 4.8 ft wide with filleted, rectangular crs.
program reduces the pressure data to drag coefficients.at@e drhe maximum attainable test section speed is 220 ft/s. Asisho
reduction procedure is integrated in a LabVIEW program thaf, rig 11, an S406 airfoil model that was used in the tests was
also manages the data acquisition and provides a usedfyien 1, nted vertically in the test section and attached to caerpu
interface. The sensor signals are preconditioned befdrgbe .qngjied turntables that allow the angle of attack to tieEee
reduced in order to minimize the amount of error from elealri 416 rake was attached and aligned with the bisector of the flo
noise. As part of the current data reduction setup, the TONVe;oming off the trailing edge.
genc_e_criteria of the iteration as indicated in Fig. 8 is agdra The flow quality of the PSU wind tunnel has been measured
coefficient change of less than 0.00001. and documented [10]. At a velocity of 150 ft/s, the flow angula

ity is below +0.25 degrees throughout the test section. At this
Sensor integration velocity, the mean velocity variation in the test sectiobésow

There are three separate pressure readings that are fed int0.2%, and the turbulence intensity is less than 0.045%. The
the data acquisition program. The hardware set up is shown iRSU tunnel measurements made on the laminar-flow S805 wind-
Fig. 10. The freestream total pressure is measured with la Ki¢urbine airfoil [11] are compared with those obtained udimg

Wind tunnel, model, and preliminary data
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Figure 12 Comparison of drag measurements of traversing
probe system (PSU) and integrating wake rake.
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same wind-tunnel model at Delft University of Technolog2].1

These data demonstrate excellent agreement. _ . _
Figure 13 Comparison of drag differences due to turbulator

measured using traversing probe system (PSU) and integrati

Preliminary data n\%v-ake rake (SLU).

Figure 12 shows the total drag measured at a Reynolds nu
ber of 1,000,000 comparing drag measurements of the PSU
wake survey systems with those of the integrating wake rake upared between the PSU wake survey system and SLU integrating
ing different integration factor constants. After coriegtsev-  wake rake. Across most of the low drag region of the airfaé! th
eral inconsistencies in the data reduction described by R éf integrating wake rake is very sensitive to small changesagsl
was possible to reproduce the results presented thereiad-In  and agree well with the PSU drag surveys.
dition, the subsequent results that are shown in Fig. 12 show These results demonstrate the ability of the wake rake te mea
reasonable agreement between the drag values evaluated usiure the impact of turbulators accurately but also of atieolu
the PSU drag survey system and the SLU integrating wake rakrag. A more complete discussion of the experiment and the
with the iterative approach discussed herein. subsequent data will be presented in a future paper.

A test was also performed to analyze the sensitivity of the _
wake rake and the ability to measure small changes in drag due Error analysis
to the introduction of a turbulator. As shown in Fig. 13, tiesan During testing at PSU, it became obvious that a more effectiv
airfoil drag was measured using both the PSU wake survey andethod for adjusting gains and offsets of the pressuredtans
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