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ABSTRACT

Transition is an important phenomenonin large scale, commercialwind tunnel
testing at low speedsbecause itis an exellent indicator of an airfoil performance. It is
difficult to estimate transition through numerical techniquesbecause of thecomplexnature
of viscous flow. herefore experimental techniques can be essentiaDve the transition
region the rate of heat transfer shows significant inceases which can be detected using
infrared thermography. This technique has been used predominantly at high speeds, on
small models made of insulated materials, and for short test runs. Large scale testing has not
been widely undertaken because the highemsitivity of transition to external factorsmakes
it difficult to detect.

The present study records the process undertaken to developimplement and
validate a transition detection system for continual use irthe Virginia TechStability Wind
Tunnel: alow speed, commercial wind tunnel where larg, aluminium models are tested. The
final system developedcomprises of wo high resolution FLIR A655sc infrared cameragour
63.5-mm diameter circular windows; auminium models covered in 0.8mm silicone rubber
insulation and atop layer of ConTac® paper; and aseries of 25.4mm wide rubber silicone
fiberglass insulated heaters mounted inside the model and controlled externally by
experimenters. This system produces images or videos of the model and the assocate
transition location, which is later extracted throughimage processingnethods to give a final
transition location in percentage chord

The system was validated using tw@U96-W-180 airfoils of different chord lengths
in the Virginia TechStability Wind Tunnel, each testedwo months apart. The systemproved
to berobust and efficient, while not affecting the airfoil performance or any other system in
use in the wind tunnel. Transition results produced by the system were compared to
measurements obtain& from pressure data and stethoscope tests as well as the numerical
predictions of XFOIL. Thetransition results from all four methods $owed excellent
agreement with each other for the two modelsfor at least two Reynolds numbers andor
several angles battack on both suction and pressure side of the model. The agreement of
data obtained under such different caditions and at different times suggeststhat the
infrared thermography system efficiently and accurately deted transition for large
aluminium modelsat low speeds.
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Chapter 1. INTRODUCTION

1.1 Motivation

The region over which laminar flow becomes turbulent is of utmost importance in
wind tunnel testing at low speeds. This phenomenon, known as transition, is important in
experimental design and testing becase it is animportant factor in airfoil performance. The
transition point drives the frictional drag of the airfoil and is therefore essential in
understanding lift and drag behaviour. In fact, the transitiorlocation influences separation
and total lift because it changes the pressure distributionMoreover, there are significant
issues when estimating transition through numerical and simulated techniques. Hence,
experimental data can be used to give accurate results which can validate these techniques.

The Virginia TechStability Wind Tunnel is a low speed, commercial testing facility
which offers variable Reynolds numbers, very low free stream turbulence levels, low
interference effects andinterchangeable aerodynamic and aeroacoustic test sections.
However, this facility currently has no system in place to report the transition location
despiteit being an integral component of airfoil performance. This thesis records &process
undertaken to develop, implementand validate a transition detection systan for continual
use in this low speed, commercial wind tunnel where several lagg aluminium models are
tested and where accuracy and efficiency aref paramount importance.

1.2 Literature Review

Transition is the change from laminar to turbulent flow. It ocurs over a region of
flow, with the development of two dimensional instabilities called Tollmien Schlichting
waves which later grow within the boundary layer causing the development of secondary
instabilities all of which eventually coalesce inta fully turbulent nature. In this region there
are marked increases in boundary layer thickness, velocity fluctuations, skin friction and
consequently, in the rate of heat transfer. fie transition is greatly influenced by surface
roughness, adverse pressure gradigs and the freestream turbulence levels. Reynolds
number, Mach number, acousticadiation, surface temperatureand surfacecurvature also
affect the transition location. Therefore transition can occur naturally, based on the
development of the boundary &yer over a surface, or it can be intentionally induced in the
flowOOET ¢ AEZAZAOAT O. EET A0 1T £ OOOEDPSE OOOEDO

Several methods have been developed to detect the region over which transition
occurs. Most of these involve the use of intrusive probes or flowstalization techniques.
However, taditional flow visualization techniques (such as particle image velocimetry,
smoke-wire, tuft filaments and oil-flow visualization) create flow issues stemming from the
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influence of the apparatus itself One of the few na-intrusive methods for transition
detection is infrared thermography(IRT), developed in the early 1980s aDNERA It involves
the use of a high resolution infrared camera to detect the model surface temperature
distribution. Due to the increasedmixing and shear stresses in flow undergoing transition,
the temperature difference between model and flow in this regime rises. This leads a
higher rate of heat transferin transition flow than in laminar flow. Consequently,a large
surfacetemperature differenceis createdbetweenthe section of the model over which there
is laminar flow and the section of the model over which there igurbulent flow. This
temperature gradient canbe clearly sensedand visualizedby the infrared camera In fact, it
was statedthat, when compared to other methods, IRT is extremely valuable because the IR
camera is nonintrusive, has a high sensitivity and a low response timéGiovanni, 201Q
Kuklova, 2012).

Giovanni (2010), who did astudy of the main contributorsto thermoflui d-dynamics
IRT research in the last two deades, concludes that thi®ptical tool is very versatile and
powerful. If coupled with the correct conditions, it can produce useful rgults for complex
fluid flows, from hypersonic to natural convection Astartita (2000), who also did a survey of
infrared thermography, found that it is useful forobservingthe development of the boundary
layer; complex flow development(over a delta wings or between jet and free stream)the
aerodynamic heatng over ellipsoidal balies in a hypersonic tunnel;the location of
reattachment points over a circular cylinder and vortex rings. For several years infrared
thermography has been used at large facilities IONERAfor boundary layer visualization.
According to Le Sangt al. (2002), both transonic and hypersonic tests are done extensively
in this facility, but in short runs. Similarly, IRT tests weraoneinthe/ EET 3 OAO0A38 0 0O/
wind tunnel (Gompertz, 2012) producing results which established that infrared
thermography is a useful tool for transonic flow visualizations, in particular transition
detection. A study of boundary layer transition using infrared thermography in supersonic
flows on swept wingsalsoshowed that the transition front can beclearly identified (Zucche,
2008). The success of these and other tests have proven thidelity of IRT at high speeds,
and thus this technique isusually attempted at these speeds.

However, asearly as 1985, Schmitt and Chanetz (1985) proved thainfrared
thermography could be used to study low speed flowsSuccess was also achievdany Quast
(1987) who conducted low speed IR thermographyexperiments. The low speed infrared
systems developed by Ricci (2009) and Yokokawa (2005) have also showed promising
results but focused on smadlscale testing of single models at few angles of attack in order to
validate the conceptof infrared thermography for transition detection. There has not been
large scale implementation of this technique in such a way that transition results can be
obtained efficiently and instantaneously, as would be needed in commercial wind tunnel
testing. Considering the limited development in this area, it would appear that the



development of several components would be needed to implement a transition detection
system which utilizes infrared thermography in the Virginia TechStability Wind Tunnel.

Model Material

One of the most important considerations for infrared thermography is the model
material. Materials usedin success$ul studies range from metal to plastic¥o composites
Most studies report thatthe most successful model candidatesre those made of low thermal
conductivity materials (Schmitt et al.,, 1985), and which have high insulating properties.
These are usuallymade of insulating materials, which would eliminate the need for
insulation. Possible materials include epoxy resin (Kuklova, 2012) or the use white ABS
plastic fabricated from a rapidprototyping machine (Freels, 2012). The research of Zuceh
(2008) used a Bakelite modebecause it washoth insulating and unaffected by reflections.
Further insulating properties were introduced by adding a 76um thick coating made of
DuPont® thermosetting epoxy, which worked well. However, these insulatingmethods must
be pursued with caution as the enhanced tengrature levels created by heating or cooling
low thermal conductivity materials can change the behaviour of the boundary layer (Le Sant
et al,, 2002). There has also been documented success (Ricci, 2009) in the use of models
made of insulated materials wheh are coated with thin metallic film to improve te surface
heat transfer. In thiscase a 25um thick aluminium coating was applied to a model (for Joule
heating) and it was reported that no insulation vas needed toobtain usefulresults.

The less popularoption for models is the use of metals. Several researchers have
stated that this option is not theideal; aluminium and steel models should be avoided since
they have high thermal conductivity which limits the time that the model can hold
temperature differences (Zuccher, 2008; Freels, 2012Furthermore, in the case of large
metal modelsthe increased model massauseshigh material heat transfer rates which have
the tendency to overshadow any heat transfer occurring due to flow effects8lodels made of
metals also create problems with reflections (Zuccher, 20085ompertz 2012 Ehrmann,
2014). According to Gompertz (2012)and (Ehrmann, 2014)i AOAT 11T AAT O AOAAOQA
A £ £ARIé Gripede the quality of the thermographs produced.

Tests on metallic moels have been successfully carried out at hypersonic speeds at
ONERA(Le Santet al., 2002) usinga top coat ofinsulating paint, an idea which is supported
by other researchers in the high speed testing field (Zuccher, 2008)owever, these paints
are usually time consuming to apply and hard to removan most casegermanently altering
the surface condition of themodel. This is undesirable for the Virginia Teclstability Wind
Tunnel where models are frequently reused and preserving excellent surface quslis of
utmost importance. If this method is to be used, it will be extremely beneficial if the paint



can be replaced by another form of insulation (Le Saet al., 2002), whch is less permanent
and easyto apply and remove.

The investigation of Yokokawa (2005) has also reported success in using metal
models for infrared thermography, and achieving this at low speeds the JAXA 6.5n x5.5-
m wind tunnel. In this case, a 04n section of the duralumin wing was cooled and no
insulation was used.This method worked well for transition detection, with no reflections
and useful results. However, only a few angles and speeds could be completed because of
rapid equalization of the flow and model temperature. Zuccher (2008) conferred with
Yokokawa thatfor short runs IRT maynot require extra insulation to work.

On the other hand, Freels (2012) reported lack of success in using aluminium models
at low speeds at Texas A&MHe tested and compared ABS plastic (RP models) and
aluminium airfoils, both 0.3-m in chord and 0.61-m in span, with and without coatings such
as black paint and surface wraps. The models were both cooled and heated and it was found
that aluminium did not produce good results; even with an insulator the results were only
slightly improved from that of the uninsulated model However, he did find that the
aluminium configurations responded much quicker than the RP models, a very dedile
outcome for commercial testing Ehrmann (2014) also reported success with aluminium
models atReynolds numbes of 0.8-4.4 x 1086. The tansition was said to bedifficult to view
but painting the model with 225 pm of SherwinWilliams® Lusterless High Solids
Polyurethane topcoat (unsanded) provided sufficient insulation and removed smearing.
This variation in the suc@ss of using aluminium models, whether insulated or not, indicates
that it is possible to use aluminium models but muchesearchand testing is needed tdully
understand the thermal behaviour of the aluminium models and to ensure that all other
system conponents are designed to enhance the performance of aluminium.

Infrared Reflections

The issue of infrared reflections, on metal modelsor any other, has been
circumvented in past research studies by increasing the model emissivity. It is found that
this value should be as close to 1 (close to black body behaviour) as possible in order to limit
the infrared radiation and reflections which occur during infrared thermography tests. This
requires either the use of model materials which intrinsically offer thideature or, additional
surface preparations. Surface treatmentswvhich have been shown to work well include:a
thin layer of high emissivity, black paint as advocated by Le Saet al. (2002) and used by
Ricci (2009), Schmittet al., (1985) and Kuklova (20R); a Ghin black seab glued to model
surface as was used by okokawa (2005);covering metal models with thin plastic coatings
(Quast 1987; Freels, 2012) Ehrmann (2014) painted the metal model with 225-um of
Sherwin-Williams® LustrelessHigh Solids polyurethane topcoat which acted as an insulator
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but also reduced surface reflectionslf the option of adding some surface treatment to
improve emissivity is undertaken, it is important to note that he surface condition must be
particularly well treated since it has been proven that infrared thermography is very
sensitive to even the smallest surface imperfections (Zuccher, 2008).

Temperature Control

Another important parameter to consider for a versatile infrared thermography
system is the development of aliable and sustainable temperature control mechanisnfor
infrared thermography to work, there must be a temperature difference between the model
and the flow. When testing on large scales where angle of attack sweeps can range over forty
one angles andsweeps last for over an hour, a very efficient system is needed to create the
temperature difference.The study ofQuast(1987) investigated low speed IRTfor transition
and it was found that surface temperaturalifferences as small as-K are enough to poduce
clear transition fronts. Moreover, in wind tunnels without flow temperature control systems
and where the model and tunnel walls are made of materials of significantly different
thermal properties, the naturally occurring temperature imbalances haveproved to be
sufficient to allow transition detection (Gartenberget al., 1991;Quast 1987).

The work of Zuccher (2008) compared three temperature states for infrared
thermography on aBakelite modet model at ambient temperature, heated model and a
cooded model. The model at room temperature (which is at least 21°C) was significantly
warmer than the oncomng flow temperature by about 5K. This methoddid not produce
good results because the small temperature differences resulted in poor image resolution
This strongly suggests that a temperature difference should be introduced to obtain best
results. Cooling the model showed more promising results and better resolution thaat
room temperature. The model was cooled to betweer233.15-K and-253.15K} B v TmtJ #
with the flow) by spreading liquid nitrogen on its surface whileit was mounted in tunnel.

This method resultedin non-uniform surface cooling due to the manual operation and the
variation in model thicknessesNevertheless, he non-uniform temperature distribution did
not compromise transition detection. The model was then heated by the use of electric
elements connected to the madel surface, to approximately 343.1K 7 363.15K} 34 H @ mnJ #
with the flow). This method again resulted in noruniform temperature distribution, but as
with the cooling method it did not affect the final infrared results. However, it was stated
that the cooling method worked better than the heating method because higher temperature
differences could be created, resulting inbetter resolution in the final thermographs.
Considering the high temperature diferences created in this study and the fact that there
were still issues withresolution it seemsthat the model material could have played a role in
the heat transfer occurring. It should be noted that neither cooling nor heating the model, to



the level described in this study, appeared to change the stability characteristics of the
boundary layer in any way.

Other researdhers who have recorded success witHRT without introducing a
temperature difference have, like Zuccher (2008), been predominantly in the high speed
field (Gompertz, 2019 where the temperature differences are inherently high due to the
high speed. Yokokawa (2005) reported good results for a metal model at lsspeeds with no
heating or cooling, but his tests wereonly done at a few angle®f attack and speeds (and
may not have been consecutive). Furthermore, the infrared images showed poor resolution
in some cases because of the lack of a larger temperaturefeiience. Hence, iappearsthat
for commercial infrared thermography testing in a lage wind tunnel to be successfuh
means of creating and sustaining a suitable temperature difference is necessary, but this
hypothesis will need to be investigated fully irough testing.

Technigues which have been used to create a temperature difference between the
model and flow include pretreating the model with cooling blankets (Yokokawa, 2005) or
liquid nitrogen (Zuccher, 2008) or using continuous mechanis® for creating and
maintaining the temperature difference during the test. While proven to work, the pre
treatment methods are not well suited for large scale wind tunnel tests because there is no
active control of the temperature differencez the temperature cannot ke re-introduced as
necessary during the test. This will reduce theféiciency of the system and increaséunnel
testing time. The active continuousmethods used include installing electric elements in the
walls of the model so that heating occurs by thdoule effect (De Luca, 1990; Patorski, 2000;
Ricci, 2009 Zuccher, 2008; De Luca, 1995); the use miternal heating sheets (Crawford,
2014); and the use of heat lamps (Baek, 2009; Freels 201@aidos, 1990 during the test.
When using heat lamps, a spediavindow may be needed to maximize the heat transfer
process, especially in large facilities with large model$n the case of Baek (2009), a quartz
glass window was used to maximize the heat transfer from the heat lamp to model. It should
be noted that inthe study of Freels (2012) where both an external heat lamp and the
circulation of cold fluid were used for the temperature difference, it was found that internal
circulation of cold fluid was far more successful than the heat lamp. This was concluded
because the heat lamp produced marked reflections in the infrared region which negatively
affected the final results. Similarly, Gaidos (1990) found laser heating to be a very effective
method for a sustainable temperature rise, more so than heat lamps.

Camea Set up

The last aspect of the infrared system which is of interest is thdeal system set ugo
ensure that the best infrared images are obtained. This involves finding the best camera
angles and the installation of infrared windows for the cameras.
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Several studies reported that an infrared camera window is necessary because most
materials are reflective and not transparent to infrared radiation. The ystem developed by
Baek (2009),for the low speed windtunnel located at LM Glasfiberused a barium fuoride
glass window for the infrared camera The windowwas mounted on the ceiling of the test
section. Other materials used for the camera windows include zinc selenide (Le Sanial.,
2002; Ricci, 2009), crystal sapphire (Gompertz, 2012) and an opentdwle in the test section
walls (Yokokawa, 2005 Quast 1987, Ehrmann, 2014).Quastalso suggested that the camera
should be positioned so that as little of the background is in the view of the camemprevent
automatic mean temperature adjustment of tke IR system Additionally, Baek (2009)used
gold leaf markers (which are visible in infrared) on the model to help identify chord
locations, a technique which may be useful at Virginia Tech.

Validation Methods

In most studies researchers hve used additimal transition detection techniques to
validate the results of IRT.Schmitt and Chanetz (1985) conducted tests over an ellipsoid
configuration at speeds up to 76ms1, and angles of attack to 40° degrees. These results were
compared to that of acenaphtenablation and showed good agreementurther validation
techniques included iquid crystal film used by Yokokawa (2005)and hot film anemometry
employed byEhrmann (2014), both of whomconcluded thatIRT techniques surpassed that
of the liquid crystal film. Kuklova (2012) also conducted a verification study of infrared
thermography on a 250mm chord NACAG3At ¢ p AO AT AT Ci A T &£ AOOAAE
number was Re = 2x18 The model was covered with a high emissivity acrylic paint and
uniformly heated before the test. The test proved that théRT system produced results which
agreed with both XFOIL and oil flow visualizationsGompertz (2012) and Baek (2009) also
used XFOIL for verification of the transition results from IRT and, within uncedinties, the
results agreed In addition to XFOIL, Baek (2009utilized microphone data to produce
transition results and these agreed closer to the infrared results than XFOIL dithe success
of these verification studies for different models and conditions strogly suggests that IRT is
a good transition detection technique whilealso endorses all of these techniques for IRT
validation.

Independently of IRT,transition detection on an airfoil from the surface pressure
distribution as was undertaken byPopov (2008). Two interpolation methods, the piecewise
cubic Hermite interpolating polynomial and Spline, were used to calculate the second
derivative of the pressure distribution, which is then used to find the maximum curvature of
the pressure distribution. This pressure analysis was conducted on NACA 4415, WTHEL
and, a 17 modified WTEATEL1 airfoils and was validated using the XFOIL prediction code.
The results had an uncertainty of 0.23% chord for the PCPH interpolati@theme and 0.33%



chord for the gline. While affording the advantage of real time applicability, the method was
found to be very limited in the range in which the transition point can be located. This is the
case because the method is erroneous in the leading edge region (which must eliminated
during analysis) and is highly dependent on the density of pressure measurements which
were collected.The study did also stresshat this method does not replace the theoreticale
method or other experimental methods but can only, at best, act as a validati@f these
schemes and should not be the sole transition detection metho&Ehrmann (2014) also
determined transition location using -Cp datain addition to the infrared thermography
measurements In his study, he stated outright that theinfrared transitio n data was the
truest measure of transition since it is norninvasive and boundary layer stability variations
due to small temperature differentials is minimal.n his work, the data from-Cp and hot film
anemometry had large uncertainties when compared wit IRT and showed large variations
at some angles of attack

A more traditional and straightforward method of transition detection is the use of
stethoscope. This is based on the unsteady nature of turbulent flow which leads to increased
noise levelsin the stethoscopeand changes in the frequency of sound of the flow the region
of transition. These sound changes are distintiut results are subject to human error biases
This method is described by Meuller (2001) and has been used bjaughmer (2010) and
Lutz (2001).

1.3 Scope and Aim of this Research

In order to implement a reliable and efficient transition detection system which
utilizes infrared thermography in the Virginia Tech Stability Wind Tunnel, extensive
development was required. This wasundertaken in two major phases: a developmental
phase and a validation phase.

Phase e, developmat of the system, involvedin depth planning and execution of
small scale experiments in the Virginia Tecl®pen Jet Wind TunnelTheoverarching aim of
this phase wato gain an understanding of the concept of infrared thermography as it applies
to transition detection, and to use this knowledge to develop the best system for large scale,
low speed wind tunnel testing. Major goals of testing in this phase include

1. Deweloping a method for creating a sustainable and controllable temperature
difference between the model and the flow, and to ascertain the optimum
temperature difference required to produce useful results.

2. Determining the best model material which carbe used for transition detection
without affecting the quality of flow or altering airfoil performance.



3. The development of a software tool to quickly extract the transition location
through image processing techniques.

4. Preliminary validation of the results produced by the infrared system and
methods for extending validation schemes to the Virginia TecBtability Wind
Tunnel.

5. Installing infrared cameras appropriately to capture flow effects oaarring on
both sides of airfoilsmounted in the Virginia TechStability Wind Tunnel.

6. Implementing all components of the system in the Virginia TecBtability Wind
Tunnel such that the flow remains unaffected and all other measurement systems
are simultaneously functional.

The validation phase, Phase Wo, was conductedto prove that the system wa not
only functional but was also able to reliably and consistently produe accurate resultsfor
transition. This phase wa carried out in the Virginia TechStability Wind Tunneland aimed
to:

1. Prove that the infrared thermography sysem does not affect the flow or airfoil
performance, and thus produces results which are solely due to flow effects on the
model.

2. Gauge the efficiency and versatility of the system in an actual wind tunnel test
with two models of different chord lengths atvarious angles of attack and
Reynolds numbers.

3. Evaluate the sensitivity of the system and the uncertainty associated with its
results.

4. Compare the transition results from infrared thermography to that of other
transition detection methods as well as numacal predictions, in order to validate
the results of the infrared system.

This report documents the ideas and procedures undert@n to achieve the stated
goals The major apparatus and facilities used will be descriloe thereafter details of Phase
One will be given, followed byan in depthaccountof the Phase Wo work.



Chapter 2: APPARATUS AND INSTRUMENTATION

The current study was conducted in two phases. Phase @ focused on the
development of a transition detection system using infrared thermography. This @se was
conducted in the Virginia TechOpen Jet Wind TunnelPhase Wo was carried out the in
Virginia Tech Stability Wind Tunnel and aimed to validate the transition detection system
developed in Phase @e. The following is a description of the major appatus and
instruments used in loth phases of the present work.

2.1 Open Jet Wind Tunnel

The Virginia TechOpen Jet Wind Tunnek an open test section, open circuit, subsonic
wind tunnel. The wind tunnel comprises ofa 30-hp BGSW Size 365 Twin City centrifgal
fan, a diffuser, settling chamber, contraction, open test section and a jet catcher.

2.1.1 Open Jet Wind Tunnélircuit

The fan is able to produce a volumetric flow rate of up t@5-m3s! and a maximum
speed of 1180rpm. From the fan, flow passes througkhe diffuser which is6° and 4-m long
thereby slowing down the flow. Flow then enters the settling chamber which is 1.7& wide
and 1.47m high, and is finally released intdhe test section via a %:1 contraction nozzle.
The open test section is esserdlly a framework of 80/20 aluminum beams with a variety of
slots which allows copious options for mounting and positioning models. The test section is
1.07-m wide, 1.07#m high and 1.4m long and is fitted with a series of brackets to keep it
perfectly square. The flow is finally directed into the 1.2m jet catcher which drastically
reduces the velocity of the flow before it reaches the surrounding environmenEigure 2.1
shows theOpen Jet Wind Tunne&nd all its canponents.

The Open Jet Wind Tunneis able to produce flow in the test section of up to 3tns?
at maximum fan speed. Théow speed is controlled by an AF600 General Electric variable
frequency drive and is measured using static pressure taps locatedthe exit of the settling
chamber. In order to increase the uniformity of flow and reduce turbulence, a 0.9
honeycomb with cell size of 0.0dm and three, 0.3mm diameter fiberglass screens with 55%
open area ratio are erected at the exit of the settlinghamber (the entrance of the
contraction).
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mounted in
test section

Figure 2.1 Full Circuit of the Virginia Tech Open Jet Wind Tun(edlapted figure, used with permission of V'
AOEDepartment, 2012

For the transition detection tests, pressure measurements were made on airfoil
models with pre-fabricated pressure ports along midspan. In the Openet Wind Tunnel,
pressure measurements are usually taken usg three Esterline 9816/98RK pressure
scanners each with 16 channelsa range of° 10-inWC, resolution of°0.003 and an accuracy
of 0.05%. The scanner is shown irFigure 2.2. In order to measure pressure along théull
chord of these models, an additional three scanners were added to the system creating a total
of 96 channels. Therefore all the airfoil surface pressure ports antie static pressure taps in
the Open 8t tunnel settling chamber could be connected tohtese scanners. As is done in the
Stability Wind Tunnel, the reliability of the pressure connections and the functionality of the
pressure scanner were tested using a Fluke model 7485 Pressure Calibrator. Th®pen Jet
Wind Tunnel system normally uses a LBVIEW based program for pressure acquisition.
However, for the current work, the Esterline scanners were connected via IP to a computer
running the pressure acquisition
software used in the Virginia Tech
Stability Wind Tunnel (developed in
house using MATIAB). This was done
because the Stability Wind Tunnel
acquisition code allows both data
acquisition and post processing to be
done in one step. Furthermore, itis
programmed to take pressure along the
chord of airfoils and thus is designed to
control acquistion from a large number

of channels. Figure 2.2 Esterline 9816/98RK Scanners used in Ogen
Wind Tunnel
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2.1.2 Model Mounting inOpen Jet Wind Tunnel

The Virginia TechOpen Jet Wind Tunnelvas intended for testing models with small
chords lengths and wing spans. Small models are easily mounted using additional 80/20
aluminium bars and brackets in the test section, the construction of which lends itself readily
to this. However, testing of models with larger chords and spans (spafsl.82-m, chords¥
0.46-m or 0.61-m) such as those designed to be tested in ti&tability Wind Tunnel, becomes
problematic. Several issues arise with model mounting and in flow corrections. Nevertheless,
this was necessary because there is pressure and transition data already available for these
models, so comparisons can be dond-urthermore, it wasbeneficial to testthese models
which are similar to thetypes of models for which the final system will be used.

In order to mount these large models in théOpen Jet Wind Tunne& bearingsystem
from the Stability Wind Tunnelwas used. Thidbearing systam allows models to rotate 360°
by means of a bearing, atop which a plate is secured. The airfmintre support shaft fits into
a slot in the bearing plate allowing the whole model to be rotated. The bearing plate was
secured on a steel, rolling a& 38.1-mm tall. The bearing plate system supporting a mounted
airfoil is shown in Figure2.3. The model carnthen be hoisted (using a forklift) into the bearing
plate slot and the entire cart wheeled into the Openet testsection. This set up ensures that
neither the cart nor the bearing plate is in the flow, or close enough to the test section to
affect the flow. It also allows the model to be mounted precisely at the contraction exit, which
ensures that the best qualityflow is O O Abk thé&model.

Bearing plate

Airfoil Shaft inserted
through bearing plate

Bearing for
model
rotation

Steel Cart for wheeling
model into test section

Figure 2.3 (a) Cart and Bearing System Attached to Lower End of Model (b) Downstream View oinl 8gan
Model Mounted in Open Jet Wind Tunnel Test Section

To secure the large models during testing, a steel collar was fabricatedfasten the
top of the airfoil shaft to the test section. The collar is wded to steel bars which is bted to
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the 80/20 beams at the top of the tessection. While providing stability for the model, the
collar also allowed angles of attack to be fixed during testing. The angle of attack of the model
was manually set during the tests. The angles were calculated by geometric relationdfo#
desired angk of attack andthe chord length which provided precise leading edge and trailing
edge locations.Figure 2.4 depicts the 0.62m DUOOW-212 mounted in the Open Jet Wind
Tunnel.

Marking of the leading eda
DUOO-W-212 3 angle of attackmeasurem

Marking of the trailing edge
angle of attack measurements

Figure 2.4 Setup of 0.6dm DUOBW-212 in Open Jet Wind Tunnel

The correction schemedor blockage effects in an open test section are less defined
than those in a closed test section. They are sensitive to the jet dimensions and the
dimensions of the test modelThis created significant issues with correcting the data once
obtained. Furthermore, angle of attack corrections were needed to compensate for the
reductions in effective angle of attack caused by downwash and flow curvature. This is
especially important for models with large chord length where the deflection of the flow is
very significant. Theangle of attack correctionused is described by Brooket al., (1989) and
is based on the lifting surface theory and ignores small camber effects. The corrected

(effective) angle of attack is given byquation(2-1),
a

e =7 (2-1)
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where J eis the effective angle of attack, is the geometric angle of attacland is a correction
factor. The effective angle is the angle of the flow which would produce thersa (lift under
ideal conditions) as is obtained from the geometric angle set in thtunnel. The correction
factor is further described inequations (2-2) and (2-3), where cis the airfoil chord andH is
the vertical height of theOpen Jet Wind Tunnel

(= (1+20)*+ V120 (2-2)

2 2

T /C
7= 16 (s) 29

For the large models used in the OpenWetd Tunneltests, the angle of attack ratios werd

0.32 (DUOBW-212) and—F 0.42 (DU96W-180) which means that the effective of angle of attack

was at least twice as large as the geometric angle of attack. This suggests that even after applying
the correction, the true angle ofaatk determined is uncertain because the chord lengths are quite
largecompared to the test section

2.2 Stability Wind Tunnel

The data which will be theprime focus ofPhase Two othis study was collected in the
Virginia Tech Stability Wind Tunnel. It is a closed circuit, subsonic wind tunnel. The
continuous, single return system comprises a motor driving a fan, an air exchange tower and,
a removable test sectionFigure 2.5 shows the geneal schematic of the faciliy.

Air exchange '5MW Dri E
Tover 0.5 rive and Fan Flow
1 Path
NiH
‘s b L 2
=
- - .
Aerodynamlc
4 test section 1
-
Ll Ll Control Room
\ & e

Figure 2.5 (a) Photograph and (b) Schematic showing Full Circuit of the Virginia Tech Stability Wind Tunne
(adapted figure, used with permission of VT ADEpartment,2014)
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2.2.1 Stability Wind TunnelCircuit

The Virginia TechStability Wind Tunnelis powered by a 0.45MW variable speed DC
motor driving a 4.3-m propeller. The maximum propeller rotation is 600RPM which
produces flow speeds of up to 8dns! and Reynolds nunbers per meter of approximately
5,000,000, not accounting for blockage effects in the test section.

A custom designed Emerson VIP E®00 SCR Drive is used to regulate the speed of
OEA xET A OO TAI 8 4EEO EO AAEEAOArKontoled éatad A O £A A
acquisition system. This state of the art drive system has markedly improved both the
efficiency and accuracy of speed control when compared to previous drive models. In fact,
this precision regulated drive removes both the cyclic unsteadess in tunnel velocities and
the turbulence inducing vibrations normally associated with older systems.

Downstream of the fan and motor is an air exchange tower which is open to the
atmosphere, allowing for temperature stabilization. Following this, flav enters a 5.5m x 5.5
m setting chamber housing seven
turbulence-reducing screens. Turbulence
levels are further reduced when the flow
enters a 9:1 contraction nozzle depicted in
Figure 26. In addition to this, the
contraction nozzle also accelerates the flow
to the test speed.

Directly  downstream of the
contraction nozzle is the test section of the
Stability Wind Tunnel which is 7.3m long
and has a 1.83m, square cross section. This -
component of the wind tunnd circuit iS  Figure 2.6 Downstream View of the Contraction anc
enclosed in a sealed steel buiIding, Turbulence Screens in the Settlingp&nber
impervious to air leakage, so that the
pressure inside the control room can be equalized with the static pressure of the test section
flow. This is achieved via sidewall slots located at the downstream erad the test section.
There are two removable test sections available for use in th8tability Wind Tunnel: an
anechoic test section and an aerodynamic, handall test section. The data presented in this
study was collected in the aerodynamic, hard wall tésection which is discussed in detail in
Section2.2.2

From the test section, flow is directed through a 3° diffuser. The entrance to the
diffuser is equipped with eight vortex generators, each 0.6 in height. Each of these is
mounted 0.4m from the corners of the duct in order to minimize the possibility of separation
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and the instability and inefficiencies which result Aview looking downstream toward the
diffuser, showing thevortex generators,is shown inFigure2.7.

Additionally, turning vanes are - Series of Diagonal
mstalleq |n.the four .corners of the wind Kb - - ng :
tunnel circuit to help direct flow and prevent

corner stall and separation. One such turning
vane is also shown irFigure2.7 and in Figure
Al. Each of these structures comprisesf a
series of shaped diagonal vanes spaced 3
apart, except for the turning vane erected
immediately upstream of the settling
chamber in which the vanes are spacec <
0.056-m apart. | 25-mm thick | i“\

Turning Vanes to

Melamine

The wind tunnel circuit is acoustically foam

treated in several areas to reduce noise
reflection. Referring to the tunnel sections
depicted inFigure 2.5, the four walls of the
diffuser (labelled 1) are lined with 25-mm
thick melamine; the walls and ceiling of the

- - - -
" 0.16:m high Vortex
Generators at
Entran.qe of Diffuser

section between the diffuser andhe drive Figure 2.7 View Looking Downstream towarthe
. . Diffuser Entrance showing Vortex Generators and
and fan (labelled 2) ardlined with 50-mm Turning Vanes

thick melamine and urethane foam; the

walls and floor of the section between the air exchangetver and the settling chamber are
lined with 50-mm thick urethane foam (abelled 3) as arethe walls for section of the
settling chamber upstream of the screens (labelled 4). The lower half of the fatades are
lined with Delrin® to reduce the tip gap from about 184-mm to about A3-mm.

The flow generated in the Virginia TeclStability Wind Tunnel has good uniformity
(Aerospace Engineering Departmer?013) with turbulence levels are on the order of 0.0%
or lessz anoutstanding feature among wind tunnels of its size. The extremely low turbulence
levels of the facility can be attributed to theturbulence screersand the other flow smoothing
features previously discussed. The most recent hatire anemometry measurementsof free
stream turbulence as a function of flow speed was taken in 2006 arade showedin Table
2.1.From these results it is seen that turbulence levels are as low as 0.016% at-a%1 and
increase with speed, rsing to 0.031% at 57ms1.
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Freestream Velocity, | RMS Streanwise Fluctuations,
Uos (ms?) u/U -
12 0.016%
21 0.021%
30 0.024%
48 0.029%
57 0.031%

Table 2.1 Freestream Turbulence Levels for thérdinia Tech Stability Wind Tunnel

2.2.2 Aerodynamic Test Section

The Virginia Tech Stability Wind Tunnel is equipped with two removable test
sections, each 7.3n long with a 1.83m, square cross section. The data which is the subject
of this current work was cdlected in the aerodynamic, hard wall test section which is shown
in Figure2.8.

The side walls of the test section are
essentially separate Lexan windows assembled
individually to create a continuous hard surface
These Lexan panels are approximately 1-i tall,
12.7-mm thick and either 0.6m or 0.76-m wide,
depending on their location in the test section. They
are fastened into a steel frame which extends the
structure to the full height of the tunnel, 1.8-m.
The Lexan windows are secured into the steel
frame, using bolts, to create a smooth flow surface L=
inside of the test section. Lexan pane(®n each side
of the test sectior) which are closest to the airfoil
have keen recently replaced with Starplre® glass
panels of the same size. This development is part of

OEA xETA OO0TTAI 80 A T x QNG YOOAI 8

section and diffus:

The floor and ceiling of the test section S
consists of a collection of removable, Figure 2.8 Downstream View of Empty,
interchangeable 0.6km x 0.61-m aluminium Aerodynamic Test Section
panels. These panels are preciselaligned and
carefully screwed into the steel structure supporting the test section so as to create
continuous, smooth surfaces for flow.

Full span, verticallymounted airfoils are held in the centre of the test section through
supports installed in the floor and ceiling. Two panels, adjacent in the flow direction, are
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removed from the each of the ceiling and floor ah replaced with 1.22m x 0.61m
rectangular plates containing a circular turntable system. The turntable system is used to
support the modelbut also to change angle of attack of the model during testing. Collars are
affixed in the cerire of the turntables so that88.9-mm diameter shafs extended from the
ends of an airfoil modelcan be inserted through the turntable, into the ceiling or floorThe
design of the turntable system place the axis of the shaft, which coincides with the quarter
chord of the model,midway betweenthe two side walls, and 3.56m from the upstream end

of the test section.

A Kinematics model ZE14C slew drive powers thirntable system and provides up
to 1000-Nm of torque and a rotation rate of 0.ARPM The position of the turntable is
recognized by a Renisaw LM10 linear magnetic encoder systemThe system is also
equipped with a Renishaw MS10B encoder strip which allosv for angle of attack
measurements from-250° to 100°. The instrumentation used to corrol the wind tunnel is
shown in Figure A2.

The uncertainty in setting the absolute angle of attack is estimated based on fiteind
experiences completing this task. A conservative estimate of the uncertainty46.2° but is
highly dependent on the accuracy of the initial alignment of the airfoil. Hence the uncertainty
can be as small as 25% of this estimate from run to ruffhe uncertainty associated with
angle of attack readings is 0.01° as this is the accuracy to which the measurements were read
on this device.

The junction of the test section with the
contraction exit and the diffuser are covered
with 0.08-mm NASHUA All Weatér aluminium
foil tape and aluminium transition plates,
respectively. The transition plates downstream
the airfoil are shown in Figure 2.8. Figure 2.9
shows the foil tape overing the steps between
the contraction and the test section. These
ensure that there is a smooth transition between : :
the test section and the rest of the wind tunnel gy e 2.9 Upstream View of Aluminium, 0.681m

circuit by reducing the steps and gaps at these Thick, All Weather Foil Tape Covering the Ste
junctions. between the Contraction and Test Section

2.2.3 Flow Control System

The Virgnia Tech Stability Wind Tunnel is also equipped with a boundary layer
control system which ensures flow in the ést sectionis two-dimensional at all test angles.
The systemdraws air from the endwall junctions between the model and the test section,
thus preventing or delaying separationover the model
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The flow control system is powered by \ Enrance
to 10" I.D.

two Cincinnati Fan Model HP12F26 blowers, el exteror
matching 60-hp motors, and General Electric : : ducting
variable frequency drives which are all housed in | '
a separate part of the buildirg (called the
compressor room) from the wind tunnel control T
room. The blower set up is shown irFigure 2.10. £ US|
This model blower is very powerful and can | 3 :
generate pressure differences of as much as 50
inH20 with no fow rate and 46inH20 with a flow

rate of 4800 CFM.

Each blower is connected to a 0.25#
inner diameter PVC pipe which then connects to
two 0.254-m inner diameter steel ducts. The steel
ducts penetrate the walls of the compressor room
and run along the aitside of the building before L
entering the wind tunnel control room.

Figure 2.10 Blowers for Flow Control Systen
Inside the control room, the exteriors steel Installed in Compressor Room

ducts reconnect to two 0.254m inner diameter

PVC pipes, one of which runs from the walls to the top of the test section and the other to the
bottom of the test section. Two Dwyer PAR2005 averaging flow sensors, each with 0.251
mm insertion length, are implanted into each PVC pipe to read the flow ratEigure 2.11a
shows the ductwork inside the control room. The PVC pipeslirectly attach to 0.254m inner
diameter, flexible vacuum ducts which then attach to distribution boxes. Each distribution
box is finally connected to an octagonal exterior plenum, shown iRigure 2.11b, by two
flexible ducts each 0.1m in diameter.

The external plenumfits around the collar embedded in the turntable which supports
the 88.9mm airfoil shaft. The plenum is attached to the interior suction assembly which
comprises of a shallowplenum and a series of engieces each tailored according to the
airfoil profile. Figure 2.12 gives details of a typical interior suction assembly for the bottom
of an airfoil.
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Figure 2.11 (a) Ducting for Flow Control System inside the Windrnel Control Room (b) External Plenum Mountt

Atop Test Section

Model

Flow dvider ‘\

Shaped duct segments connecting Q
the interior and exterior plenums i

~19 mm slot height when
assembled

Turntable (top surface flush with
tunnel wall)

Exterior plenum

v

Figure 2.12 Exploded View of the Lower Interior Plenum of the Boundary Layer Control System for the IN21@
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I/

When fully assembled, te end

. . Turntable
plates create a maximum suction slot \ \ e
height of 19-mm, but this height can be . Bctio T » section
varied or completely covered using “" assembly . H rogt
aluminium shim. Figure 2.13 shows the B T4 goyered in : ‘

suction assembly attached tdhe top of
an airfoil, with a 5-mm slot. The suction
assembly is covered in foil tape an@.25-
mm Mylar to ensure no steps exist
between the endpieces

Air is pulled inward through the Figure 2.13 View of the Upper End dfie 0.8m Chord
suction slot, into the internal plenum DU96W180 Airfoil with 5-mm Suction Slot

where it is then directed through the end

pieces and into tle external plenum. The air is removed to the compressor room through the
PVC and steel pipes. Exhaust fally expelled from the compressor room through small
louvers installed in the walls.

2.2.4 Pressure Measurement Systems

The Virginia TechStability Wind Tunnel measures the flow speed, airfoil lift, airfoil
drag, and airfoil pitching moment from pressure measurements. These pressure data are
collected from four different systems, each using different computational methods, in the
wind tunnel test section.

2.2.4.1 Reference Pressure Measurements

Flow speed is calculated using the pressure difference between static pressure taps
embedded in the walls of the settling chamber and the contraction. Either a Datametrics
Barocel Pressure Sensor Type 590D with traceablaldration or an Esterline 9816/98RK
pressure scanner system is used to take these pressure measurements. These pressure taps
are calibrated using a Pitot static probe mounted at the model position in thengpty test
section. Thecalibration is then verified using pressure taps installed in the wind tunnel floor.
The absolute ambient pressure is measured by a Validyne Digital Barometer with a
resolution of 0.01-inHg. Temperature measurements, needed to produce useful flow results
from the pressure meaurements, are measured using an Omega Thermistor type 44004
with an accuracy of £0.2°C.
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2.2.4.2 Airfoil Surface Pressure Measurements

Pressure measurements are taken along the chord of airfoils mounted in tisability
Wind Tunnelthrough pressure taps fabricaed on the model surface. These pressure taps are
precision cut holes, on the order of 0.8nm in diameter, which connect to pressure scanners
using 1.8mm diameter Tygon tubing. An Esterline 9816/98RK pressure scanner system,
with 288 channels, is used tomeasure these airfoil surface pressures and allows data
acquisition of up to three complete ows of pressure taps. The Tygotubes then connect
directly to the Esterline scanner system. The reliability of these connections and the
functionality of the pressure scanner are tested using a Fluke model 74BG Pressure
Calibrator. The pressure calibrator is used to apply a known pressure to the pressure taps
on the model surface which is then read from the pressure scanners, and should be the same
as that applial to the taps. This pressure check gives a clear indication of faulty connections,
leaking tubes or faulty pressure ports so that these can be removed from the final data set.

The Esterline scanner is connected via IP to the computer running the pressure
acquisition software which was written in MATLABby Virginia TechStability Wind Tunnel
personnel. The acquisition program is designed so that any number of measurements
(usually twenty five, each with average of 96 samplg@san be collected from each scarmm
and then averaged to produce a final pressure distribution over the model.

As an extension of the acquisition code, the lift and moment coefficients are
estimated. This is done by transforming the final pressure distribution measurements from
functions of chord-wise position, x, to edgelength positions,s, using the specific airfoil shape.
Thereafter, the pressures are integrated to approximate the lift per unit span and the
moment per unit span using the trapezium rule. These are then used to evaludtee lift
coefficient, G, and moment coefficientsGn, (measured positive pitch up) usingequations
(2-4).

C1t 5
sruzc
m
i _
C:m %/‘U 2.2 (2-4)

The variablesr and U= refer to the free stream density and velocity, respectivgl andcrefers
to the airfoil chord length. In this study, the lift presented were predominantly obtained
using this method.

22



2.2.4.3 Test Section Wall Pressure Measurements

The walls of the aerodynamic test section are outfitted with a sequence of pressure
taps which provide secondary measurements of lift. These measurements are instrumental
in validating the airfoil surface pressure measurements ahey are typically less sensitive to
local flow features because they are based on spatwise averaging. Therefore,lift
measurements can be made independently of model surface conditidesterline 9816/98RK
pressure scanners each witta range of° 10-inWC, resolution of°0.003 and an accuracy of
0.05% were used to measure pressures from an array of ports installed in éhtest section
side walls.

The Lexan panels which make up the test section walls are equipped with a forty one
pressure ports in both the sparwise and streamwise directions. However, only the twenty
four stream-wise ports located at midspan are useddr lift measurements. The locations of
the ports are identical on both side walls and are depicted iRigure 2.14.

Flow direction

— Typical Airfoi Location Rake system
E )
% 3] T T I T
8 o 1 ‘B 2 3 4 . 5 6 8 9 |
S . . .
S 1 . . . 8
8 07 L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] —
C
('5 L [ [ [ |
o -
D | L] L] L] i
% ) m ° ﬂ \ ‘ﬂ o .
E ) \ 4 \ / I I \
S0 5 \ 1 1
& \ / / Streamwise Distance from Inlet [ft.]

Lexan Steel

Windows Frames

Figure 2.14 Side View Diagram Detailing the Location of the Pressiiaps Installed in the Test Sectic

The pressure ports are made from rapieprototyped inserts which are either 4.76
mm or 6.35mm in diameter and which contain a 0.64mm diameter through-hole. These
taps are inserted into the test section side wallscsthat they are flush with the inner wall
surface. They are connected to the pressure scanner usidg8-mm Tygon tubes.Figure 2.15
shows the structure of these wall pressure taps.
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(a)
Connection to Tygon Tube
outside Test Section _gf

Figure 2.15 Wall Pressure Port View from (a) Isometric Drawing, (b) Outside the Test Section showing T
Tube Connection and (c) Inside the Test Section showing Smooth Surface with Side Wall

Lift on an airfoil is calculated by applying the vertical momentum equation and
integrating the pressure measurements obtained from the side wall pressure over the
control volume shown in Figure 2.16. The lift force on the airfoil is given by the difference
between the pressure forces on face 3 and face 4 minus the difference in vertical momentum
flux through faces 1 and 2, whik is small because it is assumed that faces 1 and 2 are in
aerodynamic farfield of the airfoil (W. Devenport, personal communication, December,
2012).

% chord Face 4

G

-
(5]
Q

LL

X, Face 3 X,
—» X

Figure 2.16 Control Vdume used to Estimate the Lift from Side Wall Pressure Taps

The final lift coefficient estimated by this method is given byquation (2-5) where the G is
the true lift coefficient, Gw is the lift coefficient determined from integration of the wall
pressures, andeis the error term given byequation(2-5) and (2-6).

W (2-5)
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Here h is the test section width,x1 and x2 are the streamwise limits of the pressure
integration on the test section walls measured relative to the quarter chord positiorfW.
Dewenport, personal communication, December, 2012)

2.2.4.4 Wake Rake Pressure Measurement System

A traversing drag rake comprising of Pitot and static probes is used to measure
pressure data in the airfoil wake, from which drag is later determinedy the momentum
balance approach.

The traversing drag rake encompasses almost the full width of the test section, with
only about a 3cm space between the mounted rake and the test section side walls. The front
tip of the probe isapproximately 1.7-m downstream of the axisof rotation of the airfoils due
to the locations of the traversing slots in the test section side walls. The rake is essentially a
combination of 112 Pitot probes and 7 Pitot static probes attached to a box shaped
aluminium strut which traverses the heigh of the test section, thus allowing cross sections
through the wake to be takenFigure 2.17 shows the traversing wake rake mounted in the
test section.

All pressure probes are supported by an
oval clamp positiored 105-mm downstream of
the probe tips. Seventeen 64nm diameter
steel rods, mounted downstream of the probes
every 102-mm along the width of the rake,
support the clamp. These rods then attach th
airfoil shaped aluminium strut, 29-mm thick
and 89-mm in chord. Four DTC Initium ESP
32HD 32-channel pressure scanners, with a%

range of° 2.5-psi, accuracy 0.05% full scale, are}

secured atop the aluminium strut and measure , :

the pressure from the Pitot probes. These F|gure 2.17 Upstream View of the Traversmg Doga
Rake Mounted in the Test Section

scanners are fairly small and therefore can be

placed in the flow without risk of extensive flow interference, which in turn produces more

accurate results since scanners areonnectedto the probesusing shorter tubes

The Pitot probes themselves are simple tubes fabricated from ®&m diameter
stainless steel. The Pitot statigrobes however, are Dwyer, model 167,-8a1m in diameter.
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The Pitot probes are 102mm long and arranged such that there is a higher concentration in
the region close to the rake miespan because this region is directly behind the doil at zero
angle of attack. This central area is approximately 526im wide and the probes are spaced
every 7.6mm here, while the probes outside this section are spaced every 2&dm. Two of
the seven Pitot static probes are positioned at the extreme dn of the rake, two are mounted
on the outer limits of the centre region of concentrated probes, and the remaining three
probes are each placed in the middle of one of the three regions created by the first four
probes. A schematic of the traversing drakeake is shown inFigure 2.18.

The rake istraversed vertically using NEMA 34 High Torque Step Mota (model
HT34-497DYAA) and an AC Advanced Microstep Drive with Encoder Input (model STAE5
E120) both manufactured by Applied Motion Products. Thismotion control system is
attached to the aluminium strut and is computer controlled using the same data acquisition
software which controls the airfoil motion, surface pressure and wall pressure. Using this
system, the r&e position can be set within an uncertainty of dmm.

Pitot Probes
Pitot-static probes

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

Y, m
Figure 2.18 Diagram of Traversing Wake Rake Showing Distribution of Pitot and RiBtatic Probes.

This system gives an estimate of drag coefficient by first evaluating the total drag per
unit span on the model. Integrating the stagnation and static pressure profile and applying a
momentum balance gves the airfoil drag. The stagnation and static pressure coefficient
profiles are given inequations(2-7) and (2-8) where p- and po- are the free stream static
and stagration pressures respectively, ang and po are the local values measured from the
rake (W. Devenport, personal communication, December, 2012)

P- P, (27)
pOD - pn

C =

p
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Cp=te Pe (2-8)
Pos - Pa

The total drag force per unit span on the airfoil, foriie chosen control volume, is given in
equation (2-9).

d=rf)2-U2- iU, +U,)U, - U)- 2 Pe gy (2-9)
r

This produces a drag coefficient shown inequation (2-10) (W. Devenport, personal
communication, December, 2012).

d : u? U, U o)
(%llruzczé?'zﬁ?'a+u A )= C,gY/o) (2-10)
2 o a o a -

2.2.4.5 Measurement Correctiondor Wall Interference

Corrections for the wall interference in the twodimensional hard wall test section
were done according to the work of Allen and Vicenti (1947). In wind tunnel testig, the free
stream velocity and the angle of attack experienced by the model is slightly different from
that encountered in free flight at the same conditions. This variation occurs due to the effect
of the confining test section wall. The corrections sugested by Allen and Vicenti (1947)
focused on the analysis of an approximate inviscid model and has proven to be robust and
appropriate to modern wind tunnel tests.
The proposed correction schemeorrects for the effect of the solid wall blockage on
the lift, moment, pressure coefficient and angle of attackhe bockage correctionsfor angle
of attackvarU AO OEA ONOAOA 1T &£ OEA OAOQOEIiandiheHardet] OAZ 1 A
blockage corrections to angle of attack wer typically 0.3 degrees.The drag was also
corrected by accounting for wake blockage effects (Allen and Vicenti, 1947). The wake
cd OOAAOAA AOAC EO OOAOAOEDPOAA AU OxAG8
All results presented for the Stability Wind Tunnel in this study Chapter 4) will be
AT OOAAOAA AAAT OAET ¢ O OEEO Al OOAAOQEIT OAEAI A

2.2.4.6 Uncertainties in Measurements

Uncertainties associated with the pressure, lift and moment coefficients were
estimated as +0.007, +0.012, and +0.0014 respectively(Devenport et al., Personal
Communication, 2010).The drag coefficient waspredicted to have a 5%uncertainty for
cases when the drag rake is able to capture the entire wak&his is applicable to
measurements made when the flow is attached and in the locality of stallh&@ increased
uncertainty for fully or partially stalled flow over the airfoil was also addressed bypevenport
et al. (Personal Communication, 2011
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2.3 Airfoil Models

A series of airfoil models were tested during the course of this study, during both
Phase One and Phase Two. The following is a description of the models used.

2.3.1 0.8m, 18% Proprietary Model

An 18% proprietary model of 0.8-m chordwas fabricated by the Aerospace and Ocean
Engineering Department machine shop for a studyfaspoiler performance (A. Borgoltz,
personal communication December2011). The model is built from a seres of stacked 25
mm thick aluminium laminates to create a full span of 1.82n. Each laminate has four open
regions to allow equipment to be run through model and connect to external instruments.
The thickness of the laminate walls varies around the pro#, ranging from 9.5mm to over
25-mm in some regions.The model is instrumented with pressure taps for neasuring the
pressure along its chord.

This model was used dring the early stages of the system developmeirn Phase One.
For this testingonly six ofthe 25-mm laminates were stacked to create 8.15-m span, 0.8m
chord model.

2.3.2 0.15-m, Clark-Y Model

A close replica of a Clarky airfoil, 0.9-m in span, 0.15m in chord with a maximum
thickness of 19.2mm (12.5%), was used This is not an exact Clar¥ model as the perfect
Clark-Y profile has a maximum thickness of 11.7%This model was constructed fronsolid
wood and painted black.t has an interior, circular metal disc at midspan for attachment to
a mounting strut. This disc is not visible on the suidice but has two screw holes for
attachment. This modelhas two rows of internal pressure taps located approximately 13
mm from each end of the modeand arranged diagonally. Theaps were painted over and
are not instrumented, henceit is not possibleto measure pressure using the pressure taps
There were also several scratchesand small dentson surfaceof the model. The model and
its profile are shown inFigure 2.19.

1
Circular Metal < MR b s o B
. Disc inside Model - w5 ¥ oS St A7,
g

R G ¥ 1 £ T IR e )

Figure 2.19 Photograpts of the (a) Full Span and (b) Profile of 0-» Wooden Clarky Model
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2.3.3 0.2-m,NACA0012

An aluminium, NACA0012 modd with 1.016-m span, 0.2m chord and maximum
thickness of 25.4mm was tested in Phase Onen the Open Jet Wind TunnelThis model is
hollow with four inner extrusions and a solid leading edge However, the model is not
instrumented with pressure taps or £nsors for measuring surface pressureélThe model is
symmetric with a maximum thickness of 12% occurring at 30% chord. This aluminium
model has very thin walls, with the thickness region being approximately-Bnm. Figure 2.20
shows themodel and itscross section.

25.4-mm

Figure 2.20 (a) Full SpanView and (b) Cross Section showgnThin Wallsof the Aluminium, 0.2m NACA0012

2.3.4 0.61-m DUOGW-212

This model was fabricated by the
Aerospace and Ocean Engineering Departme
machine shop for a study © spoiler
performance (A. Borgoltz, personal
communication, December2011). As a resit
the model comprises of two sections: a main
element and a removable leading edge module
Together, the total airfoil chord is 0.62m and
has a span of 1.82n. The leading edge module
is 1.0-m in span and extends from the leading
edge to the 40% chord lgation. The model is

S Figure 2.21 0.61-m DUOGW-212 Showing the Inne
shown in Figure 2.21. Cavities, the Leading Edge module and Main Elen

The main element is made of 72
vertically-stacked, 25.4mm thick, aluminium laminates with open interior cavities for
instrumentation. A main circular shaft, 88.9mm in diameter, is affixed to the ends of the
main element thereby allowing the model to be mounted vertically. The centre of the shaft
is at the quarter chord of the model allowing it to be mounted and rotated about this point.
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The leading edge module is designednd installed to minimize the step and gap
between this element and the main element. The chordise gap between the leading edge
module and the main element is estimated to be 0.18m while the spanwise gap is
approximately 1-mm. To minimize the effectof the step created (approximately 0.086mm
high), 0.05mm thick, clear Scotch tape was used to seal the junctions between the leading
edge module and the main element of the airfoil.

Pressure taps are embedded in the model surface by drilling Grim holesthrough
the laminate walls which then attach first to stainless steel tubes and then Tygaubes with
inner diameter of 1.8mm. The Tygon tubes are then routed to external pressure
measurement instruments through the internal cavities in the model, specially the cavity
in the main airfoil shaft. A total of 73 pressure ports are installed on the model, 36 on each
of the suction and pressure sides and 1 at the leading edge. Of the 73 pressure taps, 45 are in
the leading edge module 22 per side and 1 atle leading edge. The taps are arranged such
that each side of the airfoil has three diagonal segments of taps as opposed to a single, chord
wise row of taps. Each segment was approximately 15° to the flow thus ensuring that no tap
is in the wake of anotherupstream tap.

The internal suction assembly
specifically tailored for this model is
shown in Figure 2.22. Aluminium shim
was used to reduce the 19nm slotto a 5
mm slot for extraction into the inner
plenum.

2.3.5 0.8m DU96W-180

The 0.8m chord DU96W-180
model was designed, fabricated and
instrumented by the machine shop of the
Aerospace and Ocean Engineering
Department. Aluminium laminates, each
50.8-mm in helght, are stacked to create Figure 2.22 Lower Internal Suction System Assembly f
the full 1.82-m span model.The full scale 0.61-m DUOGW-212
model is shown in Figure 2.23a and a
single laminate(from mid-span)is shown inFigure 2.24. Each laminate has inner cavities for
instrumentation and the centre shaft (seen in Figure 2.24). The wall thickness of the
laminates, and therefore the model, is small compared to the chord. The maximum wall
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Figure 2.23 0.8 m chord, DU98N-180 Airfoil showing (a) Full Span and (b) Pressure Port arrangement

thickness occurs at the trailing edge where it is about 0.2061 but the average thicknessn
other regionsis 13-mm.

e Sosvgnn S

38.600mm 44.45mm

Figure 2.24 SingleLaminate of the 8-m chordDU96'W-180 Airfoil showingthe Wall
Thicknesses and Inner Cavities

Surface pressure taps are inserted in the model surface by drilling GrBm holes in the
laminates, centred around midspan. There is one row of pressure taps, arranged in two
diagonal segments along thehord as shown inFigure 2.23b. The first segment of taps starts
in the mid-span laminate at 0% chord and runs, at an 18° angle, to 60% chord. The second
segment of taps also begins in the midpan laminate but at68% chord and runs at a 20°
angle to 100% chord. There are a total of 79 pressure taps on the model; 39 on the pressure
side, 39 on the suction side and one at the leading edge, the exact locations of which are listed
in Table BL. The pressure taps are attached to stainless steel tubing embedded in the inner
walls of the laminates. Tygon tubes, with inner diameter of 1:6hm, are connected to these
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APPARATUS AND INSTRUMENTATZ@Nfoil Models

stainless steel tubes which then connect to the
external pressure €£anners through the main
airfoil mounting shatft.

The end pieces designed to create the
internal plenum for the boundary layer
control system is shown in Figure 2.25.
Aluminium shim stock was used to reduce the
19-mm slot between the model and the test
section to 5mm, at both ends of the model.

Figure 2.25 Lower Internal Suction System Assem
for 0.8m DU96W-180

2.3.6 0.46m DU96W-180

The 0.46m chord DU96W-180 model is fabricated from a series of aluminium
laminates, each 50.8nm thick. These laminates are stacked vertically to eate the full 1.82
m span modelshown in Figure 2.26a. Each of the laminates &s inner open areas to allow
instrumentation to be passedthrough the full spanand for the centre shaftto be inserted A
single laminae, from the mid-span region, is shown inFigure 2.27. The laminate has
relatively small wall thickness compared to the chord; average wall thicknesses are -im
as seen inFigure 2.27. However, the leading and trailing edge have larger material
thicknesses.The modelfabrication and instrumentation was done by the machine shop of
the Aerospace and Ocean Engineering Department.

SR

.

Figure 2.26 (a) Full span and (b) Pressure Po@tonfigurationof 0.46m DU96W-180 model
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This model has a total of 79 pressur&aps: 39 on the pressure side, 39 on the suction
side and one at the leading edge. The pressure taps are attached to stainless steel tubing
embedded in the inner walls of the laminates. Tygon tubes, with inner diameter of rfm,
are connected to these stainlesstasel tubes which then connect to the external pressure
scanners. As with the models discussed previously, the surface pressure taps are embedded
in the model surface by drilling 0.5mm holes in the laminates. These taps are arranged
around mid-span in three diagonal segments on each side of the mogels shown inFigure
2.26b. The first segment of taps begins at the leading edge at rgdan and extends upward
at an 18° angle. The second segment ranges from O:87along the model edge and extends
to 0.55-m along the edge, at a 15° upward angle. The last segment of taps is arranged at a 17°
upward angle, starting at 0.08m from the trailing edge. The precise location of these
pressure taps are tabulated ifTable B.

2 e e

G
63.93mm

ﬁ @
—> 40.32mm<€— 27.55mm

Figure 2.27 SingleLaminate of the 046-m chordDU96'W-180 Airfoil showingthe Wal
Thicknesses and Inner Cavities

The endpieces designed to create the internal plenum for theboundary layer control
system arethe same as that of the 0-8n model. Aluminium shim stock was used to reduce
the 19-mm slot between the model and the tst section to 5mm, at both ends of the model.

2.4 Infrared Camera

Thermal imaging utilized two identical high resolution, FLIR A655sc infrared
cameras, one of which is shown iRigure2.28. This device uses an un@ed microbolometer,
17 micron pixel detector with spectral range between 7.5um and 14um and an image
resolution of 640 x 480. The standard temperature range is 233.1% to 423.15K (-40-°C to
150-°C) and the camea has a reported accuracy of £K (2°C) or 2% of the reading,
whichever is larger.
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The dimensions of the camera
are 216 x 73 x 75mm and was used
with a 45° angle lens which is 30.76
mm in diameter. The outer diameter of
the lens is 67.39mm. The camera
aperture is fixed at 13.2mm and both
automatic and manual focus features
are available. Both USB and Gigabi
Ethernet connections are available for
interfacing with a computer and
various software.

Figure 2.28 FLIR A655sc Infrared Camera used for Infrar:
Image acquisition was Thermography in Transition Detection Study

accomplished by use of the FLIR Tools

software. This software allows usergo stream live video via USB cable from A655sc infrared
camera; import, search, filter, and view FLIR JPEG images from A655sc infrared camera;
adjust parameters such as temperature range, emissivity, and reflective temperature; add
measurement toolsz spots, area boxes, circleslines Images can be taken in many colour
schemes: artic, grey, iron, lava, rainbow, and rainbow HC. In this investigation the iron and
grey colour pallets were most commonly used.
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Chapter 3: TRANSITIONDETECTIONSYSTEMDEVELOPMENT

3.1 Infra red Thermography System Requirements

In an effort to obtain clear, consistent, and accuratdransition results for a range of
models and conditions, it was necessary to develop a versatile and efficient infrared
thermography system for implementation in the Virginia TechStability Wind Tunnel.

The main requirement of such a system is that it should be able tmeasure
temperature differences as small af.1-K on a surface. This would ensure that the changes
in temperature occurring as a result of laminar taurbulent transition could be accurately
measured.

Moreover, it is necessary that the system allow for the creatioand maintenance of
an adequate temperature difference between the model and the oncoming flowhis will
ensure a versatile system by allwing the experimenter to choose a desired temperature
difference at any point during the experiment.

Additionally, all system componens should bequick andeasy to implement without
causing permanent alterations to the model or requiring extensive modifications to any
other measurement systencurrently in use in the Stability Wind Tunnel.

Prior to testing in the Stability Wind Tunnel, several small scale tests were conducted
in the Virginia Tech Open Jet Wind Tunnel The overarching goal of these tests as to
ascertain the best components which would create the ideal infrared thermography system
that could be used efficiently in theStability Wind Tunnel. Oneof the FLIR A655sc infrared
cameras described Section2.4was used during these tests.

3.2 Investigation into Infrared Reflections

In the earliest stages of this transition detection work, the camera capabilities aride
method of infrared thermography were explored. It was fundamental to understand the
behawvour of infrared waveswith materials in the lab and wind tunnel.

From the first use of the camera it was clear that neithecexan, glass nor Plexiglass
were transparent in the infrared range. These materialsivhich make up ®me of the major
components ofthe Stability Wind Tunnel test sedion, appear completely opaque o the
infrared camera. Therefore, the infrared camera cannot be mounted outside walls made of
these materials.
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Based on previous researcltenvironmental reflections were found to be a majoissue
in infrared thermography. To investigate thisa heated, triangular, aluminium block was set
up next toa 0.3-m tear-drop aluminium model. The resulting infrared image proved that a
model made of aluminium, being very shiny and having a very low essivity, was very
reflective in the infrared region. This conclusion was made because there was a clear
reflection of the heated block on the tear drop model imag€&igure 3.1 demonstrates the test
set up and theresulting infrared image with environmental reflections.

Reflection of
Heated Block on
model

Heated
Block

Figure 3.1 (a) Tear Drop Model at Room Temperature Set up Next to Heated BlogResulting Coloured IF
Image showing Clear Reflection of Heated Block on Tear Dropé¥i@cioldest Regions are Blue and Warme
Regions are Whitg

It is known that environmental reflections are significantly reduced as emissivity is
increased. This can easily be done by creating a duller surface colour, ideally black. As a
result, the tear drop model was covered in blaciConTac® paper. The covered model was
again set up next to a heated model and the infrared image examined for environmental
reflections. As is seen ifrigure 3.2, the addition of theCanTact® paper removed most of the
environmental reflections z the heated block is not seen on the model surface.

3
Tear Dro*;! Model™

Tear Drop Model

Figure 3.2 (a) Tear Drop Model Covered BonTac® Paper at RoonTemperature Set up Next to Heated Bla
(b) Resulting Coloured IR Image showing No Environmental Reflecti@wdest Regions are Blue and Warm
Regions are White)
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These results prove that any model used in the infrared thermography transition
detection system must be have a dull surface colour, ideally lolg in order for the system to
give accurate results. Otherwise, temperatures and gradients shown in the results may
simply be as a resulof environmental reflections.

3.3 Development of Temperature Control System

In order to detect transition using infrared thermography, it is crucial that there exists
a large temperature difference between the model and the oncoming flowSuch a
temperature differencecan be created by either increasing or decreasing the temperature of
the model in comparison to the flowHowever, the method used to change the temperature
of the model needs to benon-invasive such that it does not have any effect on the flow.
Furthermore, it should be easy to implement ang@rovide a means to sustain the temperature
difference for at least 3 minutes in flow.

The first method investigated involved the use of dry ice to wrap the model before
testing. This resembled the pretreating methods used by Zuccher (2008) and Yokokawa
(2005). Thiswas done usinga 1.2-
m x 0.56m x 12.7mm Lexan flat
plate with rounded leading edge, v
mounted vertically in the Open Jet _ S s : sﬂtracﬂon
Wind Tunnel. The plate was - = 3
covered in black ConTac® paper ;
to increase the emissivity which in
turn  reduces the infrared
reflections on the plate from the
surrounding. Figure 3.3 shows the
setup of the plate in theOpen Jet
Wind Tunnel.

. . Figure 3.3 Lexan Flat Plate Munted Vertically in Open Jet Winc
Dry ice was packed in cloth Tunnel

which was then laid on the model

so that heat transfer could take place via conduction. This method proved to be very
unreliable and tedious as the temperature could not be accurately controlled nor was it
possible to cool the model evenlyvhile it was mounted in the test sectionThis unevenness
is shown inFigure 3.4. Most importantly, it was found that the model temperature increased
back to that of the flow fairly quickly after flow was turned onz it took approximately five
minutes for the plate to rise from253.15-K (-20°C) to 295.15-K (22°CQ). While the thickness
of the flat plate played a parin this rapid heat transfer, the result clearly indicated the need
to actively control the temperature system during the test or risk having the pause the test
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to re-introduce the initial temperature difference. As a result, this method was reserved as
an option for testing small models at few angles of attack. It would not be implemented in
the Stability Wind Tunnel. o

Again using the Lexan flat plate
mounted vertically in the Open Jettest
section, a heating blanket was usetb wrap \
the model in order to increase the
temperature to above that of the flow. ’
While this method was relatively easy to
implement, it required several hours to
increase  the model temperature.
Furthermore, as was the case with the dry
ice,once the flow was turned on the model
was caled to the temperature of the flow Figure 3.4 Coloured Infrared Image showing the Unev
within ten minutes. Thus, this method was Cooling Pattern Associated witthe Dry Ice Cooling

. Method (Coldest Regions are Blue and Warmest Reg
rejected. are White)

With the failure of simpler methods, effort was placed on developing a system that
could provide active heating or cooling during the test, without affecting the flowThe first
active system conceivednvolved using aMovinAir Office Pro 12 13,500BTU, 115V air-
conditioning system to recirculate air through a 1.2-m DUOO-W-212, with 0.61-m chord
(similar to the work of Freels, 2012) The air was directed from the AC uit through short
uninsulated plastic tubes into the upper end of the airfoil. The cold air then enters the inside
of the model cooling it as it moves from the top to the bottom. The air discharged from the
lower end of the model is then guided back intonte AC system through short uninsulated
plastic tubes.Figure 3.5 shows the general design for the AC cooling system.

From this test, it was found that the
present AC system was not powerful enough
to provide a suficient temperature difference
between the flow and a model of this size
Within fifty minutes of turning the AC system
on, the model was only cooled byp-K (5°C).
Additionally, the top 50% of the airfoil span
was cooled more than the lower 50% because |iii}
the flow through the model was heated along &+
the flow path. These resits suggested that the
systemwould most likely be effective only if a
more powerful cooling unit and insulated

Flow into

Flow
through
model

Flow out of
model to AC

tubing were used. Figure 3.5 AC Cooling Sysin Design
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TRANSITIONDETECTIONYSTENDEVELOPMENZ Development offemperature Control System

The final method investigated was the use of flexible heate adhered to the inner
surface of models. This arrangement ensured that the system did not affect the flow or airfoil
performance while still enabling the user to
control the heaters and thus the temperature
difference between the model and the flowThe
heaters used were Kapton®, polyimide film,
flexible, insulated heaterswith etched foil design
from Omega. The selected model,KH-110/10 -P,
were 25-mm wide, 152.4-mm long and 0.25mm
thick with pressure sensitive adhesive for easy
adhesion to theairfoil. These featers were rated  Figyre 3.6 Kaptor®, Polyimide Film, Flexible,
at 10-Win-2. Figure 3.6 shows one of these heaters Insulated Heaters with Etched Foil Design
while the arrangement of heaters inside the
DUOO-W-212 (1.82-m span,0.61-m chord) modelis depicted byFigure 3.7.

The Kapton etched foil heaters were fairly easy to apply though there were issues
with flexibility whic h led to permanent distortion. The distortion causedo issues in applying
the heaters smoothly to the surfacevhich in turn led to burning up of heatersMoreover, the
attachment of wires to the heater was not very sturdy and wires were easilgetachedz
rendering the heater useless.

Kaplan Flexible

Heaters inside mode )
Wires from heaters

to power supply

; Leading
~ Edge

Figure 3.7 Composite of @ss section througlbbUOOW-212 shaving Internal Heater Arrangement

Tests done in theOpen Jet Wind Tunnelising these heaters to create a temperature
a difference between the flow and the model showed that this method can provide a large
temperature difference in a short periodz a difference of 10-K (10°Q could be created
within 30 -s. Furthermore, several angles could be tested as the heaters could be turned on
and df as necessary to maintain the desired temperature difference.
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Dueto the positive results of the flexible heater methodfinding heaters which are
easier to apply would increase the efficiency. The Kapton etched foil design heaters were
replaced with lightweight, flexible, silicone
rubber fiberglass insulated heaters. The j’\;

\—
&

selected mode] SRF&.10/10-P, was 25-
mm wide and152.4-mm long with pressure
sensitive adhesiverated at 10-Win-2. These
Omegaheaters offered better attachment to
the surface andwere much more flexible
than the previous heaters.In addition the
wires were much more secure than in the
etched foil design Figure 3.8 shows the silicone rubber heater.

Figure 3.8 Flexible Silicone Rubber Fiberglass Insula
Heaters

3.4 Investigation into Model Materials

The 18% proprietary model of 0.8-m chord, discussed irSection2.3.1, was covered in
black ConTac® paper, cooled using the dry ice system, and mounted in tl@pen Jet Wind
Tunnel in an effort to see transition. Tke resulting infrared images did not show any
transition patterns. Figure 3.9 showstwo of the infrared images for this model at 0° angle of
attack, oneafter one minute andanother after 20 minutes.

11.7)

9.5

Figure 3.9 Coloured Infrared Image of Suction Side of 0.8m 18% Propriety Model Section-ats300° Angle o
Attack after (a) 1 minute and (b) 20 minutes (Coldest Regions are Blue and WariRegtons are White)

Theseresults show a temperature gradient which is most likely a result of material
cooling along the chord of the model because the coolest regions coincidaéth areas of
greatest material thicknessz the leading edge.These results also suggestthat for an
aluminium model with large material thickness, transition cannot be detected by simply
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TRANSITIONDETECTIONYSTENDEVELOPMENZ Investigation intoModel Materials

covering the model with ConTac® paper z an insulator is needed,as was suggested by
Zuccher 008) and Freels 012).

The second modelsed in preliminary tests was the close repta of a ClarkY airfoil ,
discussed inSection2.3.2 The scratches on surfaceof the model which were sanded or
covered in ConTac® paper to reduce the effect on the flow. However, because the model
itself was already painted black the entire model was not covered i€@onTac® paper.Figure
3.10illustrates the Clark-Y airfoil set up in theOpen Jet Wind Tunnel

The infrared results obtained B e\
from the ClarkY model test showed - /‘ﬁ?a
that transition-like patterns (sharp
gradient in temperature distribution)
were detected at several angles of
attack despite the metal inlays, rough
edges and surface scratches.The
location of this transition-like pattern
changed with angle of attak further
suggesting that the resultsshow the
natural transition for this model. Figure
3.11 shows the results for the Clarky
model at two angles of attack.

, -

Figure 3.10 Clark-Y Model Mounted Open Jet Wind Tunnt
Suction Side Facing Camera

pattern at 58.8%

ﬁ (b) Transition-like
‘ chord

]

!

Metal

FLOW FLOW

Figure 3.11 Coloured Infrared Image of Suction Side of Wooden Clédrklodel at 3éms?, and (g 0° (b) 4°
Angle of Attack (Coldest Regions are Blue and Warmest Regions are White)

These infrared patterns show that thdeading edgeheats up faster than other regions
of the model. The most probably reason for this is that there iess materialat this location
and therefore the temperature gradient herds not characteristic of flow features.
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TRANSITIONDETECTIONYSTENDEVELOPMENZ Investigation intoModel Materials

In order to definitively ascertain whether this
model in the current set up showed transition, a trip
strip was attached to the model wih the premise that <——=
if the highest temperature gradient coincides with the g‘m
chord-wise location of the trip strip, then the current L
set up is valid. The trip stip, comprising of a strip of
0.8-mm dimples, was attached tothe model as is \ %ii;l;gmpe
shown in Figure 3.12.

76.2-mm

. . ) Figure 3.12 Trip Strip Made of 0.8nm
Figure 3.13 illustrates the effect of the trip on  pimple Tape Attached to Clark Model

the flow.

FLOW FLOW

Figure 3.13 Coloured Infrared Image of Suction Side of ClatiModel at 36ms?, 4° Angle bAttack (a) without
Trip (b) with Trip (Coldest Regions are Blue and Warmest Regions are White)

From theseresults, it is clear that the trip strip initiated transition at this angle of
attack because the highest temperature gradient moved from downstream to the exact
location of the trip strip. This strongly suggests that the highest temperature gradient
observed in the infrared images does in fact coincide with transition.

Conclusively, it can be said that thavestigation into the ClarkY model showed that
wood is a good material candidatefor transition detection and that even very small
temperature differences, as small aS-K, are sufficient to show transition.
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TRANSITIONDETECTIONYSTENDEVELOPMENZ Investigation intoModel Materials

The aluminium, NACAO0012 model described in Section2.3.3was mounted in the
Open Jet Wind Tunnefor testing. This modelwas unlike the 18% proprietary aluminium
model in that the chord and the wall thickresses were significantly smallerThe model was
completely covered inConTac® paper and cooled using the dry ice methodFigure 2.20
shows thecross setion of the NACA0012 model used.The setup of the NACA012 in the
Open JetWind Tunnel is identical to that of the ClarkY model shownFigure 3.10. The
infrared results for the NACAQ0012 are presented inFigure 3.14. These images show that as
angle of attack increases, the location of highest temperature gradient moves further
upstream z closer to the leading edge. This trend suggests that this location is indicative of
the natural transition for the NACA0012.

Figure 3.14 Coloured Infrared Image of Suction Side of NA@X.2 Model at 3@ms? and Angle of Attaks of (a)
0° (b) 4° (c) 8° (Coldest Regions are Blue and Warmest Regions are White)

Considering the fact that thesection of the 0.8m chord, 18% proprietary aluminium
model did not produce any useful transition results but the aluminium NACA012 shows
clear transition, it can be conceived that th differences in material thickness playa
significant role in heat transfer between the flow and the modelSince thewalls of the 18%
proprietary model are very much thicker than that of the NACA)012 (approximately 5x
thicker) and the proprietary modelhas regions of very large material thicknesat the trailing
edge and around quarter chord, this modemost likely generates consideably higher heat
transfer between flow and cooled/heated model than does the NAGB012. Therefore, it is
possible that the high heat transfer rates from model to flow in the case of thd8%
proprietary model, overshadows the heat transfer occurrindrom of transition. Essentially,
any heat transfer and temperature gradients which are produces from the transition
phenomenon issmearedby the high heat transfer rate from the thick aluminium regions to
the flow. In aneffort to prove this hypothesisit is necessary to regulate the heat transfer
between the flow and a model with large material thicknesshereby determining whether
natural transition can be seen.
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The 1.8-m span,0.61-m chord DUOO-W-
212 was mounted in theOpen Jet Wind Tunneas
shown in Figure 3.15. This full span model was | o B
used in order to test the hypothesis that large eI < IS0t Sriack
aluminium models with significant material
thicknesses require special heat transfer
regulation in order to show transition -
temperature effects. Only the upper half of the
span of this model (approximately 0.6m) was e
covered in ConTac® paper because onlythis
region would be in the flow of theOpen Jet Wind
Tunnel. The model was heated using Kapton}f‘,
polyimide film flexible heatersmounted inside the |
models. Thisand themodel cross sectionshowing
wall thicknesses, can be seen iRigure 3.7.

Figure 3.16 shows the infrared image |
results of the DUOOW-212 covered in only Movable cart with
ConTac® paper, in the Open Jet Wind Tunneht * et
30-mst at three angles of attackThe heaters are
arranged an inch apart in the open regions of the
cross section ashown in Figure 3.7. Similar to the results of thel8% proprietary model, the
only temperature gradients observed were attributed to material heat transfe over the
model. The temperature gradients show discontinuity at the leading edge insert as well as
between laminates. However, there is no apparent temperature gradients due to flow
phenomenon.Figure 3.16 further shows that forcing transition byattaching at a trip strip of
0.8-mm dimple tapefailed to provide evidence ofthe temperature gradients which would be
expected from transition. Finally, the powerto the heaters was reduced bys much as 10%
usinga Geneal Radio Type W5MT Variac (5A maximum output) of its full capability but this
technique still did not enable flow effects to be seen

Figure 3.15 Setup of DUOON-212 in Open Jet
Wind Tunnel, Suction Side Facing Camera
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0.8-mm
Dimple tape

Figure 3.16 Coloured Infrared Image of Suction Side of DLMB212 Model at 36ms? and Angle of Attacks ol
(a) 0° (b) 2° (c) 4° and (d) 0° with a Trip Strip (Coldest Regions are Blue and Warmest Regions are White)

With ConTac® paper still on, al-mm thick sheet of insulating foam was attached to
the model. The insulating foam sged is the same as that used as the inner lining in
commonplace thermal bags. A finalayer of ConTac® paper was glued to the foam to
increase the surface emissivity and help smooth the surfack&gain, this was only done on the
portion of the model whichwas in the flow of theOpen Jet Wind TunnelThe foam layer and
final surface condition of the insulated model is shown ifrigure 3.17. As can be seen in this
figure, the surface is not perfectly smooth. In fact #re are several ridges in the foam which
create ridges in the final malel surface. However, since thgoal of this investigation was to
determine whether insulating the model would allow flow phenomenon occurring to appear
more dominant, the surface condibn was not of utmost importance.Lastly, short strips of
foil tape were attached every inch along the upper edge of tHeBUOO-W-212. These strips
were very reflective in infrared allowing them to be seen on infrared imges thereby
producing a quick and eag estimate of the edge location of transition.
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Figure 3.17 Suction Side of DUGW-212 covered in (alConTac® paper and Thin Layer of Foam (IfonTac®
paper, Thin Layer of Foam and Final Layer@bnTac® Paper

The infrared images produced from this investigation are displayed ifrigure 3.18.
Looking at the first three images of this figure, it is clear that there is astinct chord-wise
temperature gradient whose location is affected by angle of attack. This would suggest that
the temperature gradient is created by the flow over the model. Furthermore, the fact that
the location moves toward the leading edge as the amglof attack is incresed and the
gradient depicts asudden cooling of the flow over the model whiclcorrelates to a distinct
rise in the rate of heat transfer, it can be intgreted that this occurrence isdue to transition.
Another important observation is that outside the insulated region of the model, the surface
temperature does not show the distinct gradient observed over the insulated region. This
gives a clear picture of the effect the insulator has on regulating the temperature and
enabling the heattransfer due to flow effects to dominate.

Figure 3.18d shows the effect of adding a trip strip(0.8-mm dimple tape) to the
insulated region to force transition. This was done in order to confirm that the large
temperature gradient observed is in fact a consequence of transiticand not a side effect of
the current set up. The results show that there is a clear drop in theurfacetemperature at
the location of the trip strip, as is expected at transibn. Therefore, the gradient is most likely
as a result of transition.

From this investigation, it can therefore be concluded thalarge aluminium models
with large material thicknessesneed an insulator to regulate the heat transfer between the
model and the flow. Ifthis requirement can be met while maintaining a smooth surface finish
and leaving the profile of the model unchanged, aluminium would be a viable material
candidate for transition detection experiments.

46



oC e
(@) E .
i

o
L lee ‘.'1‘77‘r|v_1 =
! i
Insu_lated ‘ Insulated
Region — Region 7
|
| _

4PI.III

Insulated

Insulated
Region — )

Ifegion ]

- 0.8-mm
.6 Dimple tape

Figure 3.18 Coloured Infrared Image of Suction Side of D212 Model Insulated with Foam at 3ths? and
Angle of Attacks of (a)4° (b) 0° (c) 4° and (d}6° with a Trip Strip (ColdesRegions are Blue and Warmest
Regions are White)

3.5 Aluminium Model Insulation

As the majority ofthe models currently in usein the Virginia Tech Stability Wind
Tunnel are constructed from aluminium and have fairly large material thicknesses, it was
important to determine the best insulating materials which can be used to regulate heat
transfer on the model. Good candidates must be highly insulating materials with very smooth
surface finishes andhicknesses of less than 5-mm. The insulator must also be very easy to
apply and remove without permanently damaging or altering the model.

The following is summary of the findings for each of the insulators studied.
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1. 1-mm thick, insulating foam

As described inSection 3.4, a 1-mm thick sheet of insulating foam(from commonplace
thermal grocery bags)was attached to theConTac® paper on the DUOG-W-212 model
followed by another layer ofConTac® paper. The foam layer and final surface condition of
the insulated model is shown inFigure 3.17. Despite the surface being fairly rougmatural
transition -like patterns were detected, as presentedn Figure 3.18.

2. 0.25-mm Mylar

A sheet of Mylar, 025-mm thick, was attached to the
DUOO-W-212 model and covered inConTac® paper. The
test was run at 30ms?! and a few angles of attack. A
sample result, at 0° angle of attack, is shown iRigure [
3.19. As seen in this imagethere is a transition-like [
temperature gradient observed downstream of the
leading edge module However, due to the adhesive

nature of Mylar, pockets of hot air accumulated beneath [ S

the Mylar layer. Furthermore, the adhesive beneath the Figure 3.19 Coloured Infrared Image o
Mylar could be seen on the .infrared imageThese Insﬁﬁggownii'ﬁy?;r?;ggﬁifa“:g‘ﬂé y
occurrencescanalsobe seen inFigure 3.19 where there  of Attack of 0° (Coldest Regions are Bl
is clearly a heatedregion downstream of the transition and Warmest Regions are White)
region. This was the cas at all other angles of attack and

made the transition hard to detect at some angles.

3. Stacked Sheets @onTac® Paper

The model was coveredin three sheets of ConTac®
paper to ascertain whether theinsulating properties of
this paper would be sufficient to regulate the heat
transfer between the flow and the model.A sample
result of this test isshown in Figure 3.20. In this infrared
image, there is no cleatransition behaviour detected.

4. Cotton $eets
A 3-mm sheet ofregular cotton, shown inFigure 3.21a, Figure 3.20 Coloured Infrared Image o
was glued to the DUOO-W-212 model and overed in _Suction Side of DUGW-212 Model,
Insulted with Three Sheets @onTac®
ConTact® paper. The surface was not very smooth as paper, at 30ms! and Angle of Attack o
there were issues in applying the cotton to the surface.  4° (Coldest Regions are Blue and
The surface was also very compressible because of the ' armest Regions are White)

softness of the cotton layerThe surface quality is shown irFigure 3.21b.
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Transition due to
s 0.8mm Dimnle

Figure 3.21 (a) Sample of 3mm Cotton :Sheet (b) Surface Quality of Suction Side of DW&L2 Model After
Attaching Cotton Sheet an@onTac® Paper (c) Coloured Infrared Image of Suction Side of DU®8212 Model

Insulted with Cotton, at 3éms?! and Angle of Attack of 0° (Coldest Regions are Blue and Warmest Region:
White)

Due to the poor surface quality and the fact that accurate transition locations were not the
goal of this test, trips were added to the surface to force transition. Frofigure 3.21c, which
depicts one image result of this inestigation, it is clear thattransition forced by the trip is
visible. Therefore, cotton would be a good material to use to insulate the aluminium models
if a thinner, smoother, more userfriendly cotton material could befound.

FDACompliant Silicone Rubber

A red-orange silicone rubber sheet,0.6-m x 0.6m and 0.8-mm thick, was applied to the
model. This material was obtained from McMasterCarr, with model number86045K21, and
is madeof FDA compliant materials It also has an acrylic adhesive backing which offers easy
adhesion to any surface. The material was medium soft with aitbmeter reading of 40A.
The0.46-m DU96-W-180 model was covered inConTac® paper and then with this insulator.
This was to prevent the nonsremovable adhesiveébackingon the silicone rubber sheets from
permanently bonding to the model surface. Because the rubber silicongas shiny red-
orange in colour, it was then covered with another sheet ofConTac® paper to increase
emissivity. Strips of fal tape were placed every inch along the upper edge of the model to be
used as markersThe model was heated using internally mounted flexible Kaplan heaters.
Figure3.22 shows themodel covered in the redorange slicone rubber insulator and the final
surface condition after covering with atop layer of ConTac® paper.

Figure3.23 displaysthe infrared results for the DU96-W-180, insulated with rubber silicone,

at 30ms!and at four angles of attackThese images show a distinct choravise gradient in

the surface temperature for each angle of attack. Moreover, as the angle is increased from
negative to positive, this temperature gradient also shifts toward the leading edgéhis trend

is consistent with the behaviour of transition for the DU96W-180. Therefore, the slicone
rubber sheetworks well for heat transfer regulation, and consequentlytransition detection,

on large aluminium models
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Figure 3.22 0.46m DU96'W-180 covered in (a) FDA CompliaBilicone Rubber Sheet (b) Final layer of
ConTac?® Paper over Silicone Rubber Insulator
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Figure 3.23 Coloured Infrared Image of Suctioride of DU96W-180 Model, Insulated with Silicone Rubber,

30-mstand Angle of Attacks of (a° (b)-1° (c) 2.5° and (d) 5° (Coldest Regions are Blue and Warmest Re
are White)
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6. TemperKote INS HHeat Themal Insulating Coating

This insulator is a composite ceamic insulation paint made up of mcroscopic air filled
ceramic particlescombined with acrylic resins. It has a flat, off white color and anaximum
temperature tolerance of505.15-K (232°C). It was applied the upper third of the span of the
DU96-'W-180, 0.46m chord, with a paint brush. There were problems applying the
insulating paint evenly on the model using only a brush and hence the insulator thickness
varied between 1.5mm to 2-mm in some plaes. In order to obtain this thickness the paint
was applied in consecutive layersEach layer was left to dry for at least an hour before
applying another layer, except the first layer, which was left to dry for four hoursAfter
drying, the surfacewas sanded with fine grit sandpaper to improve the surface finish and
even out the thickness of the paintrigure 3.24 shows the surface finish of the insulating paint
after it was applied and then after it wasanded.

Flexible heaters were used to create the temperature difference betweehe flow and the
DU96-W-180 model covered in the Temperkte
insulating paint. Figure 3.25 shows the infrared results
of this model in a 36ms™ flow at two angle of attack ~ *
These results show that the TemperKote insulating |
paint is sufficiently insulating to allow the gradient |
associated with transition to be observed. The
transition locations also moved closer to the leading
edge (decreasing% chord) as the angle of attack
increases, as is expected for theuction side of the
DU96-W-180.

Therefore, TemperKote insulating paint is a good
insulator for use with aluminum models. It not only
allows for transition detection but it is also not
infrared reflective. Furthermore, the surface can be
made relatively smooth, the hickness can be vaed by
number of coats applied, and it does not damage th¢ Figure 3.24 Photograph of TemperKote
model. The issues wittthis paint were that it hasa long '”SXE‘;'I?C%EOOHa:g‘gAi(r?gi:Tbr;‘g‘zﬁgﬂﬁ ﬁ‘)ﬁer
drying time and is dfficult to apply uniformly without Improve Surface Quality

the use of a high power texture paint sprayer.
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Figure 3.25 Coloured Infrared Image of Suction Side of :A6DU96W-180 Model, covered it
TemperKote Insulating Paint, at 3ds? and Angle of Attacks of (a) 0° (b) 4° (Coldest Regio
are Blue and Warmest &gions are White)

The precedingcomparison of insulators ledto the conclusion that thebest insulators
for transition detection on aluminium models werethose with high insulating properties,
and which are closed-cell. The latter property ensures that noair pockets are created
between the model and insulator Of these, thé&-DA-compliant silicone rubber was the best
option for insulating aluminium models in the Stability Wind Tunnel. This material wasthe
thinnest of all those investigated and offered the best surface finish after applicatioi.could
also be applied most efficiently because it had adhesive backing and attached to the model
smoothly with little effort and time (approximately fifteen minutes to cover one third of the
1.82-m span). Furthermore, the infrared transition results were very clear when observed,
with no issues pertaining to air pocketsor other unwanted features

3.6 Additional Transition Detection Measurement Systems

While the preliminary results obtained from using an insulator with full scale
aluminium models appear very promising, it was necessary teerify that the temperature
gradients observed in infrared images were indeed that of transitionand not, for example,
a resut of camera angle, location or glare

The transition results cannot be adequately validated solely byknown numerical
simulators such as XFOILSecondary measurement systems wer¢herefore developed to
validate the transition results which were obtainedby the infrared camera.
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3.6.1 Mean Pressure Analysis

As laminar flow becomes turbulent, the =] et s
increase in skin friction causes a f* - X ~—*Pressure Side ||
measureablerise in the pressureat the point o8 * A

on the airfoil surface where transition — *°% N

occurs. This pressure rise can therefore be ) °-“§ / \\

used to detect the location of transition. ¢ 0-2»‘2, et \x\&
Figure 326 shows a typical negative of > *&»\&
coefficient of pressure (Qp) distribution 02t f Brop ih ;
over the suction and pressure side ofan .. distioution

airfoil (in this case, the0.46-m DU96-W- .o,ﬁlf ranaiton”

180). Thereis a cleardrop in -Cp plotswhich 0 0.2 04 0.6 0.8 1

Chordwise Location x/c

IS I_ndlc_:atlve of th? S_Udden ”S_e_ In pressure Figure 3.26 Coefficient of Pressure Distribution fo
which is characteristic of transition. the 0.46m DU96W-180 at Re=1.5x10A 1T A |

The sharp drop in the -Cp distribution can be characterized by a peak in thesecond
derivative of the -Cp distribution (Popov et al, 2008) since the second derivative is a
measure of the curvature of a plot. The sharpest drop in th€pis essentially the point of
highest curvature and will be the maxima of the second derivative calculation. Applying this
theory to the pressure distribution in Figure 3.26, plots of the second derivative and the
transition region are created and shown irFigure 3.27.
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Figure 3.27 Coefficient of Pressure Distribution with Transition Region Characterized by the Second Derivative ¢
NegativeCoefficient of Pressure for the (a) Suction Satel (b) Pressure Side of the 0-46 DU96W-180 at Re=1.5x10
AT A J EXK
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This method oftransition detection, while potentially accurate, is limited by the surface
pressure ports in two ways. Thefirst is that the port distribution dictates the size of the
transition region detected since the pressure drop can only be detected from port to port.
Therefore, if ports are far apart, tke region over which the pressure drop is seen is larger.
This reduces the accuracy of the results in that the uncertainty band for each data point is
larger. Furthermore, it is not possible to tell the exact point wherdransition begins by this
method z the results only give the region within which it occursFor example,the 0.46-m
DU96-W-180 has amaximum distancebetween surface pressure taps &% chord (23-mm)
and thusthe results obtained for this model can only be detected within 5%ntervals. The
actual transition location can be anywhere within this region The second limitation occurs
as the angle of attack changes and the transition location moves. The pressure taps are able
to definitively detect the drop in pressure only when this pressure dropoccurs between
pressure tap locations. If the angle of attack is such that the transition occurs at the location
of a pressure tap, the pressure drop will not be observednd the results will be obtained
from interpolation. The mean pressure analysis mettd was used for validation of the
infrared results and therefore itslimitations did not cause significant issues. Only angles of
attack which produced clear pressure dropavere used in the validation.Lastly, as rightly
stated by Popov (2008),the secondderivative of pressure calculated close to the leading
edge is ery irregular. This is clear inFigure 3.28a-e where it is seen that there are large
spikes in the second derivative at the leading edge as well asthctual transition location.
These regions cannot therefore be considered in the mean pressure transition detection
analysis. In each case, the analysis was started at 15% chord.

In the Open Jet Wind Tunnel five angles of attack were tested with infrared
thermography and mean pressure analysis to determine whether the results from each
method are consistent. The 0.46n DU96'W-180 airfoil was mounted in the Open &t Wind
Tunnel, heated using flexible heaters and insulated using rearange silicone rubber &
shown in Figure 3.22. The pressure data resultswith the accompanying second derivative
analysis,are shown inFigure 3.28. A comparison of the infrared thermography reslts and
the mean pressureresults for these five angle is presenteth Figure 3.29.
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TRANSITIONDETECTIONYSTENDEVELOPMENZ Additional Transition Detection Measurement Systems
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From Figure 3.29it can be said thaf 8 T e
for the small angles testedthe transition 66 - —— Boundaries Mean Pressure Transiion [
results from infrared thermography are in 6al- A
agreement with that obtained from the
mean pressure analysis within the
uncertainties. Therefore, it can be
concluded that the temperature gradients
perceived on the infrared cameras are as
a result of transition. However, the
limitations of the Open Jet Wind Tunnel
test set up affords some level of
uncertainty in these results. Hence, the

mean pressure analysiswas also done  “: ., 1 1 05 o0 o5 1 15

%c
(2]
N

T
1

X transition location,

50

during Phase o of this study in the a,dg

Stability Wind Tunnel, where the flow is Figure 3.29 Comparison of Infrared Thermography

more stable axd uniform and Mean Pressure Results for Transition Location
: the Suction Side of the 0.46 DU96W-180

3.6.2 Stethoscope Measurement

The unsteady nature of turbulent flow creates increased noise levels a stethoscope
immersed in the boundary layer. Converselyin laminar flow there are only very small
fluctuations resulting a lower noise levels hard through a stethoscope This feature allows
for transition detection by measuring the increase in noise levels over the surface of the
model.

An Autocraft automotive stethoscope
(model AC637, attached toa Pitot probe, was
used to listen to changesn air flow around
model surface. The diaphragm of the
stethoscope was replaced with a thin Mylar
diaphragm in order to improve the sensitivity
of the stethoscope to pressure fluctuations. == R =

) Figure 3.30 Stethoscope O ed with Pitot Prob:
The Pitot Probe was made ofll gauge, for Transition Detection
stainless steel tubing, with a3-mm outer
diameter and a 0.254mm inner diameter. The stethoscope with attached Pitot Probe is
shown in Figure 3.30. The Pitot probe was traversed along the model surface, from leading
to trailing edge, while theexperimenter listened for changes in the sound levels and recorded
the edge location where this occurred.
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The transition results using the stethoscopemethod were measured on the suction
side of the insulated 0.46m DU96'W-180 which was heated internaly using Kaplan flexible
heaters.At most angles of attack, it was observed that there were two distinct sound changes
over the airfoil chord. The first discernable sound change was not as loud as the second
sound change, which was further downstream tharhe first. It was concluded that, due to its
location and levels, the first sound change was indicative of the onset of instabilities in the
flow. The first sound was also very difficult to observe in th®©pen Jet Wind Tunneland is
therefore associated wih large uncertainties.The second sound was much lowet and easier
to detect. It was therefore determined to be the fully turbulent flow where pressure
fluctuations are largest. The results obtained from this investigationare presented inFigure
3.31.
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Figure 3.31 Comparison of Infrared Thermography and Stethoscope Results
Transition Location on the Suction Side of the 0-A6DU96W-180

X transition location, %c

The results show that thesecond sounddetected by the stethoscope agrees with that
detected through infrared thermographyto within 5% chord. This agreements not excellent
because of the errors associated with # Open JewWind Tunnel flow and angle of attack
setting. However, the overall trend is the same and the agreement is close enough to support
the theory that the gradients detected on the infrared images are as a result of transition.
Testing in a more contolled facility, such as theStability Wind Tunnel, should produce more
reliable and clear results from the stethoscope.

3.6.3 Preliminary Validation of Infrared Thermography Measurement

Figure 3.32a-e presents the conpiled transition results obtained from the mean
pressure analysis, stethoscope sound tests and infrared thermography. These results consist
of numerical plots overlaid onthe black and white infrared imagesand are presented for five
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angles of attack.Chord-wise temperature gradients on the images are due to flow effects
while span-wise temperature gradients are due to differences in temperature between the
laminates, and between the insulated and bare moddh these figures, the blue circles are
indicative of the mean pressure over the chord of the model while the black line is
representative of the second derivative of this pressure. The yellow lines delineate the
transition region between the first and second stethoscope sound3he local chord-wise
maxima of the temperaturegradient is depicted by the red dots.

@ g
Stethescope Trans region:42.9%-62.2%

IR Trans region ~53%

Stethescope Trans region:40.6%-55.7%

-Cp plot from Mean pressure Distribution

e &
Stethescope Trans region:33.8%-50.4%

Figure 3.32 Comparison of Tansition Results from Mean Pressure, Stethoscope and Infrared Tbgraphy for

the Suction Side of the 0.46 DU96W-0 6 T j-AKQ j1#&K 1 8Qq | €1 8wK j AQ | E€ULK
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These localmaxima of thetemperature gradient were extracted from the black and
white infrared images using an image processing algorithmThe grey colour palette was
chosen because it was olesved that the transition detection algorithm worked better with
black and white images. The algorithm developedomputesthe chord-wise gradient of each
pixel in the infrared image and findsits maximum. Themaximum gradientwill indicate the
onset of transition where the flow first starts to experience instabilities. This computation
was carried out for each rowof pixelsand the transition location is taken as thenode ofthe
peak gradiens. This process provides the location along thehord of the airfoil where
transition occurs. The pixel value is then converted to a choravise location using reference
marks, made every 12.7mm, on the model

Figure 3.32a-e shows that the three results agree fairly well at alangles of attack.
Wedges appeared as the flow curled over the step created between timsulator and the
bare model. In these regions, the algorithm detects thewedges as the maximum gradient
instead of the transition z this is observed inFigure 3.32 asthe diagonal rows of red dots
toward the top and bottom of the infrared images

The agreement of the transition results from three different measurements strongly
suggests that the current systeng infrared cameraand insulated aluminium model heated
internally z is able to reliably detect transition. However, the accuracy of these results
requires further validation because of the inaccuracies associated with the flow and the angle
of attack in the Open Jet Wind Tanel.

3.7 System Implementation in Stability Wind Tunnel

The system was adapted to be used in th8tability Wind Tunnel by constructing
camera mounts, special windows andupgrading the test models with silicone rubber
insulators and internally mounted flexible heaters.

For this system to work, it was necessary to install windows in the tunnel test section
wall which allow at least 80% infrared light penetration. These windows were built in panels
4 and 5 shown in Figure 2.14. They are located approximately 2.88n and 3.62m
(respectively) from the upstream end of the test sectiorpn both garboard and port sdes of
the test section It was decided that to obtain the largest field of view at the most angles of
attack without compromising the integrity of the flow, one window would be fitted into each
of these four panelsFigure 3.33a shows a diagram of the window locations in both panels.
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Figure 3.33 (a) Diagram (b) Picture Showing Location of IR Windows in Starboard Glasslasan Panels

Based on previous research, the beésnaterials for such a window were likely Zinc
Selenide, Crystalized sapphire, Germanium, and infrared Plexiglgsspicture of the latter is
shown in Figure A3). Yet, after further research and preliminary testig, it was found that
only Germanium was within the operating infrared spectrum of the camera (7.5 14-um).
However, an in depth look at Germanium revealed that this material is extremely brittle and
toxic if altered in any way after purchase. Moreover, # maximum thickness available is 2
mm, which will not be able to withstand the forces which will be experienced during testing.
This led to the decision that an open circular window, with rapigprototype inserts for when
the camera is not in use, was thedst option for this system. The panels with cut holes for
infrared camera are shown inFigure 3.33b.

Since the outer diameter of the camera lens is approximately &am, a circular hole
of 63.5mm (closest preset drill bit size) was cut in the larger two of the four Staphire®
glass panels and two Lexan panels. The original intention was to cut holes in all the glass
panels since they were closest to the model when mounted and this would also enable the
flow visualization system and the infrared thermography system to be operated
simultaneously. However, since the Starphe® panels are made of laminated safety glass
cracks began to form in the inner layers of the glass while cutting. Hence, only the two larger
glasspanels were cut, one for each of the port and starboard sides of the wind tunnel. The
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locations which allowed for the best and largest range of view for a Gi& chord model, from
angles of attack of20° to 20°, were determined.

During runs when infrared images are
not being taken, the rapid prototype pieces are
inserted and foil tape used to create a flus
surface with the test section wall and preserve
the fidelity of the wall pressure data. This can
be seen inFigure 3.34.

The camera mounting system is the
same as that used for the DSLRumeras used in
the wind tunnel tuft flow visualization system. 4

.. Prototype Insert and Foil Tape
aluminium beams bolted to the outer flanges of
the test section. Four pairof Manfrotto 808RC4 Quick Release tripod heads were attached
to the beams so that the cameras were able to precisely tilt, pan and rotate as needed. It was
of great importance to have the capability to move the camera both in the streawise
(horizontal) and spanwise (vertical) directions so that as much of the model could be
viewed at all angles of attack. The mounting system accomplishes this by allowing
experimenters to loosen a few screws on the beams so that bars could easily be slid in either
direction.

Lastly, to protect the camera lens during testing and to minimize camera vibrations,
2-mm thick foam tape was applied to the region around the circular holes where the camera
would make contact with the test sections panels. Theomplete infrared camera set up is
shown in Figure 3.35.

The flexible silicone rubber heaters shown irFigure 3.8 were attached to the inner
surface ofboth models. The heaters were only attaclkd in the top half section of the span
(approximately 0.15-m above the pressure taps)covering approximately 0.46m of the span.
They weremounted approximately 38.2mm apartinside the model andPVC pipe was used
to protect the electrical wires and the Tgon tubes for the pressure ports from theeffect of
the heaters.For the 0.8m DU96'W-180 model a 50.8mm diameter PVC pipe was used while
a 38.1-mm diameter pipe was used for the 0.46n model. The electrical wires connected to
the heaters (and the presste tubes) were passed through these PVC pipes then up through
the centre shaft of the model whictallows access to the external power supplylhe heaters
on each side of the model were controlled independently during testing using two General
Radio Type WBMT Variacs, shown irFigure Ad.
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Figure 3.35 (a) Aluminium Framework for Camera Mountingn Suction Side of Test Section (b) View of Mountt
Camera from Outside Suction Side of Test Section (c) View of Mounted Camera from Inside Test Section

Figure 3.36 shows the arrangement of the heaters on the inside of each of the 8
and the 0.46m DU96'W-180 models. These diagrams araot drawn to scale and the heater
locations are approximate butthe general arrangement of the heaters for each modes
depicted. The wall thickness are also shown iRigure 3.36.

Figure 3.37 is a picture of the heaters fixed inside the 0-8n DU96W-180 (model is

laying pressure side up). The heater arrangement and the PVC pipe are visible as well as the
heater to wall thickness ratio.
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TRANSITIONDETECTIONYSTENDEVELOPMENZ System Implementation istability Wind Tunnel

(a) 1 Silicone Rubber Heater

203.20mm:

38.60mm 44.45mm

(b) 1 Silicone RubbeHeater

< >
63.93mm

40.32mm i

Figure 3.36 Diagram of Heater Arrangement inside the Model for the (a) ®rBand (b) 0.46m DU96W-180
(Locations are approximate and Drawings not to scale)

Figure 3.37 0.8m DU96W-180, Pressure Side Uwijth Flexible
Silicone Rubber Heaters Installed Inside
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The FDA-Compliant Silicone Rubber insulation used in theStability Wind Tunneltests
was purchased from McMasterCarr (model number8991K999) and is black in colour with
0.8-mm thickness.It is glossy and had an estimated emissivity of 0.98. Apart from the colour,
it is the same as theed-orange silicone rubberused inthe Phase One testdhavingan acrylic
adhesive backing and medium softess durometer reading of 40A). It was applied to the
model, which was already covered in a layer ofConTac® paper to prevent the non
removable adhesive on the silicone rubber sheets from permanently bonding to the model
surface.An additional layer of ConTac® paper was pasted over the insulator to ensure that
no reflections affected the results since the silicone rubber is glossyThe final surfacewas
very smooth with no visible imperfections. Figure 3.38 shows the final surface conditon,
with the insulator on, ofthe 0.8m DU96W-180 and the relativethicknessof the insulator to
the model. The process ah outcome was the same for the .@6-m DU96-W-180 model. It
should be noted that the0.46-m sectionwhich containedthe heaters andwas covered by the
insulator, was located at approximately 0.15n above the pressure taps. The relative
locations can be seein Figure 2.23 and Figure 2.26 which are pictures of each modelThis
allowed both pressure and infrared measurements to be taken simultaneously, thereby
affording the cambility to investigate the effects that the insulator or the heated surface has
on the flow.

(a)

B
Figure 3.38 (a) Suction Side of the 0-81 DU96W-180 covered in 0.8nm Black Silicone Rubber
Insulator (b) Thickness of Insulator

The completeinfrared thermography system, with 0.8-m DU96'W180, is portrayed
from downstream in Figure 3.39. The set up for the 0.46:m DU96 was identicako that of the
larger chord asis shown inFigure 3.40.
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0.8-mm silicone
rubber insulator

~ Aluminium modelwi
mounted heaters(ir

Figure 3.39 Downstream View of 0-8n DU96W-180 Mounted in Wind Tunnel with Infrared
Thermography System

Draa F|€ake
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rubber

\
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o Pressure Tap

Port mounted IR
camera .~ iniu
wﬁlntema
L mounted heaters(in

insulated region)

Figure 3.40 Downstream View 00.46-m DU96W-180 Mounted in Wind Tunnel with Infrared
Thermography System
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The stethoscope measurement system was also adapted for use in tability Wind
Tunnel. This was accomplishé by adding ametal tube extensionto the Pitot probe. The
metal extensionwas madefrom hollow stainless steeland is 10-mm in diameter, 11-m long.
The Pitot probe was made ofPrecision Mniature 11 caugestainless steel tubing (316
stainless steel)from McMaster-Carr (product number 89935K44). It has an outer diameter
of 3.05mm, and inner diameter of 2.54mm and a wall thickness of 0.25nm. This tube was
bent to approximately 90° to form thePitot probe which would traverse the airfoil surface.
The bent region was covered in a thin layer of tape to prevent the metal tube from damaging
the airfoil surface during testing. 1.8mm diameter Tygon tubing was connected to the end
of the Pitot probe and run through the length of the stainless steel extension to finally
connect with the stethoscopeThis device allowed the probe to be extended into the wind
tunnel through slots made in the rapid prototype insertswhich covered the camera ports
when theinfrared system was not in use The stethoscope and the slot in the rapid prototype
insert are shown inFigure 3.41 and the measurementtechniqueis shown inFigure 3.42.

Figure 3.41 (a) Stethoscope Adapted for Use in the Stability Wind Tunnel (b) Slot in Rapid Protor
Insert for Inserting the Pitot lPobe into Test Section

Pitot Probe  Slot id (|8
prototype A F H
insert i ? | 8
%

“.

Stethoscope being used - ¥ | s &
by experimenter

B

vy i A A
Figure 3.42 Experimenter Taking Stethoscope Measurements on thesBure Side of thinsulated 0.8n DU96
W-180 in theStability Wind Tunnel (use of likeness with permission of experimenter)
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Chapter 4: TRANSITION DETECTION SYSTEM VALIDATION

Phase Two testing was carried out ithe Virginia TechStability Wind Tunnel to obtain
transition results from the infrared system, the stethoscope and the mean pressure. The
premise of validation is that if the transition results of these three measurement systems
agree, the infrared system can be deemed reliable and sound.

The models used for validationtests are the 0.8m DU96-W-180 z typically tested at
Re=1.5x105, 2x10 and 3x1086, and the 0.46-m DU96-W-180 7 typically tested at Re1.5x106
and 2x106. For the 0.46m model higher Reynolds Numbers could not be obtained because
the shorter chord length means a higher flow speed is required to achieve high Reynolds
Numbers, which is limited by the facility capadities. All lift data presented were obtained
from the surface pressure tap measurements. The drag data was obtained from
measurements of the drag rake, which was located at a vertical height of 1-82in the test
section. Both the lift and drag have beenorrected by the method developed by Allen and
Vincenti (1947), discussed inSection2.2.4.5Before delving into the validation analysis,tiis
important to first examine the performance of each of these modedsd to verify the neutral
impact of the infrared system on the flow

4.1 Airfoil Performance

Both the 0.8 m and the 0.46m DU96-W-180 models have the sara profile but different
chord length, therefore it is expected that the normalized, corrected lift andhe drag on the
models will be the same. These distributions, obtained from pressure measurements in the
Virginia TechStability Wind Tunnel, are shown for the 0.8m model in Figure4.1.
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Figure 4.1 CorrectedCoefficient of (a) Lif{from integrated surface pressurednd (b) Drag Distribution overthe
0.8m DU96W-180 at Three Reynolds Numbers
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Figure 4.1a is the coefficient of lift variation with angle of attackfor the untripped
airfoil . Corrected angle of attack is plotted on the-axis and the corrected coefficient of lift is
on the yaxis. This distribution is plotted on thesame axes for three different Reynolds
numbers: 1.5x1@, 2x10 and 3x1(, each represented by the blue, red and magenta lines,
respectively. The lift distribution shown has a typical shape, having a linear region and two
non-linear regions occurring at larger negative and larger positive angles. In the linear
region, the lift increases with angle of attackrom jcB13°to jchp mJ &hd 1 jOEAOA
maximum lift of G p @after which there is a distinct drop in the lift, indicating stall. The
same phenomend 1 A A QRIG whede there is another break in the lift curve coinciding
with negative stall. For this model, the linear regiorhas an approximate slope of 0.04dg!

AT A OEA UAOI 1 EMMm. AT CIA T £ AOOAAE EO

The variation of drag coefficient overthe 0.8 m DW6-W-180 is illustrated in Figure
41b. As initem (a)l.5x10¢is represented by the blue line2x108is represented by the red
line and 3x10% is represented by the magenta line. At all three speedthere is a clear
horizontal region in which the drag is relatively small. At the angles when stall occurg; s
13°and)chp 1tde distribution becomes nonlinear and there is a sudden and large increase
in the drag. As Reynolds number increases, it is seen that there is a slight widening of the
drag bucket as the drag increases at14°.

The performance forthe 0.46-m DU96W-180 was found to besimilar to the 0.8m
chord DU96W-180 discussed and shown irFigure 4.1. A comparison of the lift and drag
distributions for both models is presented inFigure 4.2, with the blue lines representing the
0.8-m chord model and the red line signifying theperformance of the0.46-m chord model.
For both plots, the corrected angle of attack is plotted on the-axis and the corrected lift or
drag coefficient is on the yaxis. Figure 4.2a shows that the linear regions of the lift plot are
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Figure 4.2 Comparison of th€a) CorrectedCoefficient of Lififrom integrated surface pressuregnd (b)
CorrectedCoefficient oDrag at Re=2x180for the 0.8m and 0.46m DU96W-180
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almost identical for both chord lengths Both dopes are again 0.044igl. The drag
comparison inFigure 4.2b similarly exhibits close agreement for both models. In fact, in the
horizontal region of the plot between the stall angles there is an average difference of 5.6%
between the drag for the 0.8m and 0.46m chord. Outside thelinear region, there is some
variation in the stall patterns asdrag increases. 8all differencesin both lift and drag are
not uncommon after stall occurs when three-dimensional effects are dominant. These
variations may also bedue touncertainty in measurements andrepeatability of experiments.

In order to determine how much of the variations observed in the lift and drag plots
are due to repeatability and how much are due to actual changes in the flow or model
conditions, a repeatability study was @ne. Repeatability tests were done for the O-&
DU96-W-180 at Re=1.5x10%, Re=210% and Re=3x106. Figure 4.3 shows the results for the
Re=1.5x1(0% case, with the first run denoted by the blue line and the second ruepresented
by the red line.
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Figure 4.3 CorrectedCoefficient of (a) Lift from integrated surface pressure) and (b) Drag at Re=1.5%diGtwo
Runs of the 0.8n DU96W-180

Studying Figure 4.3, it is seen that there are variations in both the lift and drag
distributions between the two runs. The variations occur in theegion after stall occurs as
was dbserved inFigure4.1 and Figure4.2, while theregion between stall angleshow almost
identical results. Variations for the lift appear to be on the order oGT.01 or 1.4% in the
linear region. The maximum error observed occurs after stall when differences @f.1 or
14% are observed; but this occurs only at one angle of attackl he drag variations are harder
to quantify as they vary extensivelyafter stall. The averge difference due to repeatability in
this region is 9% but variations can be larger at some angles attack. However, in the
horizontal region between stall angles, there is close agreement for both runs with an
average difference of 5%Therefore, it can be said that the linear region is most important
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when examining performance data, and this region should be the focus of any analysis
conducted.The extent of the repeatability effects will become increasingly important as the
effect of the infrared sysem is explored.

4.2 Effect of Infrared System on Airfoil Performance

Before an in depth examination of the transition results is undertaken, the effettiat
each component of the infrared transition detection systemhas on the flow must be
determined. Heating a model can change the behewr of the boundary layer and #fect the
overall flow on the model. Adding an insulator to the model adds thickness to the profile and
thus, can change the performance. To ascertain the extent of these effects,dbeected lift
(obtained from integrating the surface pressure)and corrected drag distributions for the
clean 0.8m DU96-'W-180 will be compared with those obtained from the insulated or heated
model.

4.2.1 Effect of Heated Model

The clean 0.8m DU96W-180 was heated andnaintained at about 5K to 6-K (10°F)
above the temperature of the flow. Pressure data was taken for angles betwe@@° and 20°
for three Reynolds Numbers1.5x106, 2x1086, and 3106. These results were then compared
to those obtained from the clean, unh&ted model in order to determine the effect of heating
the model. Thelift and drag datafrom these pressure measurementsvere compared andis
presented inFigure4.4.

Figure 4.4a-b presents thecorrected coefficient of lift (from surface pressure)curves
and the corrected coefficient of drag plots, respectively, for the heated and unheated Gr8
DU96-W-180 at a Reynolds number 01.5x106. The corrected angle of attack is slwn on the
x-axis and the corrected lift coefficientand corrected dragis plotted on the yaxis. The blue
markers indicate the data obtained from the unheated, clean model while the red markers
represents the data dtained from the heated modelThe unheded lift and drag curves in
items (a) and (b) d this plot are the same as thospresented inFigure4.1 and discussed in
depth in Section4.1; there is a clear linear regionin the lift and a flat region in the drag
occurring from cB13°to ychp mJ A i-likeadregior outside these angles. The lift curve
for the heated datain Figure4.4a agrees well with the data from the clean airfoil. Inhe linear
region, there is no indication of disagreement as both curves align very well having a slope
of 0.044dgl. In the nonlinear region there is some small divergence observed
approximately 7% error. These differences are small enough to be attrilted to uncertainty
in pressure measurements and the repeatability effectdiscussed at the end oSection4.1
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Similarly to the results for the lift, the drag coefficient curves graphed ifrigure 4.4b also
exhibit close agreement with each other. In thélat region there appears to be no differences
between the heated and unheated datahile there exists some varations in the nonlinear
region z 5% error on an averageFigure 4.4c-f, which show the lift and drag distributions at
higher speeds, also show excellent agreement within the linear regions. In the nbnear
regions there are again small variationgypically 4% or less What is interesting here is that
the errors become smaller as the flow speed (and therefoiReynolds Numbej is increased.
This is seen even in the regions between stall anglésee magnified drag plots)where there
is closer agreement at higher Reynolds Numbers. Thianation strongly suggests that erors
are primarily due to uncertainties in the pressure measurements.Repeatability effects also
add to these variations.

As a final check, the &lf span coss sections through the wake of the airfoilmeasured
by drag rake) were analysed to ascertain the effects dfeating the modelon the wake Cross
sectionsfor the 0.8-m DU96W-180 at Re=1.%106A T A -5% afd O@re shown in Figure 4.5
as contour plots of the pressure distributon in the wake. Thespanwise distance of the test
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section (vertical height) is on the yaxis and distance across the test section (width of test
section) is on the xaxis; as a resulteach plot provides a scaled view from downstream
looking upstream at he wake of the airfoil The test section wall boundary layers can be seen
as reduced pressure regions at the left and right edges of each plot. Likewise the meshing of
the boundary layers of thetest sectionx AT 1 O AT A O 1T £ &£ Of e@mp DOAOC
left and right corners of the plots. The airfoil wake ishe vertical band of lower pressureclose

to the middle of the plot, the centre of which is delineated by a white vertical linéd.he results

of this analysis proved that heating the model hasmsignificant effect on the wakebecause
the wake for the clean, unheated model is seen to be identical to the wake for the clean,
heated modelfor both angles This was alsdhe case at Re=2106 and Re=3106, the results

of which are not detailed in this thesis.

These results suggest that heating the model t6-K or 6-K does not change the
boundary layer such that the performance of the airfoil is affected. Therefore, the results
obtained when the model is heated are valid and representative of the airfqerformance
and no other variable.

4.2.2 Effect of Silicone Rubber Insulator

Figure 4.6 shows the relative thickness of the insulator on the normalized DU9%V-
180.

Normalized thickness

Figure 4.6 Normalized Profile of DU98V-180 showing the Insulator Thickness Relative to the Model Thickn

A 0.45-m sectionabove midspan of the 0.8m DU96W-180 was covered in 0.8mm
thick, black FDA-Compliant silicone rubber from McMaster-Carr, shown in Figure 3.38.
Pressure data was taken for angles betweer20° and 20° for three Reynolds Numbers:
1.5x106, 2x106, and 3x106. These results were then compared to those obtained from the
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clean model in order to determine the effectof adding the insulator to the model. The
comparison is presented inFigure 4.7. The corrected ange of attack is shown on the saxis
and the corrected lift coefficient is plotted on the yaxis. The blue line indicates the data
obtained from the clean model while the red line represents the data obtained from the
insulated model.

Figure 4.7a-b portray the coefficient of lift curves and the coefficient of drag plots,
respectively, for the clean and insulated 0-8n DU96W-180 at a Reynolds number of
1.5x106. The two lift curves in graph (a) showagreement in the Inear region with both
curves having a slope 00.044dg?. In graph (b) the two drag plots likewise show great
agreement with each other. After stall, in the no#linear region, there is less agreement
between the curves. Foboth the lift and dragthe difference between the plots igypically
5% or less.Comparisons for higher Reynolds Numbers are denoted in items (c) through (f).
All the coefficient of lift plots show very close agreement in the linear region and small
divergence in the nonlinear region, typically 3% or less.Thedrag plots show a similar trend
in that they agree closelybetween stall anglesand show small variation in the nonlinear
region, on average 5% or less. As with the heated/unheated comparisons, it is observed that
errors diminish with increasing flow speed, suggesting the errors are due to uncertainties in
the pressure measurement. Errors are also in part due to repeatability effects.

As with the study on heating effects, thedif span cross sectionshrough the wake of
the airfoil were analysed to ascertain the effects of the insulatomhe results for the 0.8m
DU96-W-180 at Re=1.%106 and | E5°, 0°and 5°are shown in Figure 4.8. The wake ofthe
clean, unheated modehppears identical tothe wake ofthe insulated, unheated modelin
Figure4.8a,at] E5°.! O | dBawdih Figure4.8b, there isan increase inwidth of the wake
around the junction between thebottom of the insulator and the bare modelThis is expected
due to the folding of the flow over the step created by the O-8ym insulator. What &
important is that the wake profile in the region where the bulk of thensulator is installed
(including at 1.32-m where pressure measurements was actually takeny approximately
the same aghat over the bare modelln other words, the increases inthicknessof the wake
are localized to the junction between the insulator and the clean modéihis is also obseved
inFigure48c,aty EvJh xEAOA COI x O Eevideht at®dihkhe topdhdbotdio | £E1 A
junctions of the insulator and bare model Thisis expected because on theuction side of the
model, at positive angles of attackthe separation effects of the step aremore pronounced.
Again, thewake width at the point where measurements are taken is the same as that over
the bare model suggesting that the insulator does not affect the flow in this region of intest.
The behaviour described inFigure 4.8 was also observedat Re=2106 and Re=3106, but is
not presented here.
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The close agreement between both the lift and drag plots for the insulated and clean
0.8-m DU%-W-180, at three Reynolds Numbers, suggests that the @n@m insulator has
negligible effect on the performance of the model. This is further proven by the agreement
of the wake data for the clean and insulated modeTherefore, it can be stated that usig the
0.8-mm silicone rubber as part of the infrared transition detection system will not affect the
results of the system.

4.2.3 CombinedEffect ofHeated Model andilicone Rubber Insulator

After the effects of the FDA Compliant rubber siliconensulator and heating the model
were proven to be negligibleon their own, a test was conducted to determine the effect of
both components on airfoil performance. This entailed heating the insulated 0@ chord
DU96-W-180 to approximately 5K z 6-K and measuring presste over the chord.Since the
pressure taps are located at least 12-thm lower down the span than the insulated region, it
was possible to take useful pressure measurements while the transition system was installed
and in use.

The corrected lift and corrected drag plots are shown inFigure 49a-b for Re =
1.5x106. Examining these plots it appears that using the insulator and the heaters
simultaneously does not have anignificant effect on the flow, as was the caswith the
individual components. The agreement between the baseline and the heated/insulated
results is very good.The results at Re = 2x10and 3x1( are presented inFigure 4.9c-f and
these also show good agreemenbetween the clean, unheated model and the heated,
insulated model.This agreement at three Reynolds Numbergadsto the conclusionthat the
transition detection system does not negatively impact theerformance of the DU96-W-180
and therefore, any tempeature gradients observed are due to flow phenomenon and not
effects of the systemtself. Furthermore, the fact that the airfoil tap pressure measurements
madewhen the infrared system is installed are the same as that when the infrared system is
not installed meansthat both pressure and transition measurementscan be madeat the
same time
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4.3 Transition Detection Results

Transition results obtained during the Phase Two study, from the infrared
thermography system, mean pressure analysis and stethoscopsound levels will be
described in this section XFOILwas used as a prediction method for the transition results.
XFOlLpredicts natural transition using the simplified envelope version of the & criterion.
For this wind tunnel study the userspecified paameter (log of the amplification factor of
the mostamplified frequency which triggers transition) was set to 8 The results obtained
from XFOIL will be used as a third validation method for the infrared thermography
transition detection system and will be a guide when analysinghe results of all methodslt
should be noted that XFOIL is known to be unreliable outsidiae region between positive
and negative stallbecause of increased viscous behaviour which it cannot numerically take
into account. This nust be kept in mind when analysing the results observed in this region,
or in any region where viscous effects begin to grow and become significant.

4.3.1 Mean Pressure Results

Transition causes a sharp drop in theCpdistribution that can be characterized bya
peak in its second derivative. Therefore, second derivative of the mean pressure will be
investigated for the 0.8m and the 0.46m DU96'W-180 models, at three Reynolds Numbers:
1.5%108, 2x106, and 3106. It is important to note that the maximum range wihin which the
transition can be detected by this method is 5%, since this is the resolution of the pressure
taps on the models.

Figure4.10 shows the negative coefficient of pressure distribution on the suction de
of the 0.8m DU96'W-180 at two angles, at Re2x10¢. Normalized chord locations are plotted
on the xaxis and negative coefficient of pressure is plotted on the-gxis. The red circles
indicate the pressure on the suction side of the model while the bleaccurve is the second
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derivative of that mean pressure, multiplied by 100 for scaling purposes. The green
highlighted section is indicative of the 5% transition region coinciding with peaks in the
second derivative and the maximum curvature in the mean pssure.Figure4.10a shows the
results obtained at 0° angle of attack. In this graph, th&pcurve rises smoothly from the
leading edge to peak at the quarter chord location. It then begins to decrease smoothlyitint
50% chord when there is a sharp drop in theCp. After this drop, at 55% chord, thezCp
continues to decrease smoothly until the trailing edge. This trend is reflected in the second
derivative plot which shows a series of small peaks with the largest @imost distinct peak
occurring between 50% and 55% chord. This result suggests that natural transition for this
model at 0° occurs between 50% and 55% chord, within the green highlighted area.

Figure 4.10b depicts the -Cp on the suction side of the model at 3° and R&x=106.
Similarly to the case at 0°, the negativeoefficient of pressure increases from the leading
edge to a maximum at the quarter chord. After this point there is a smooth decrease until
45% chord when -Cpdrops significantly. The decrease inCpthen continues to the trailing
edge. The-Cpdrop in this plot again coincides with the peak of the second derivative of
pressure plot. Hence, transition occurs between 45% and 50% of the chord at 3° angle o
attack. Since this result suggests that as angle of attack increases, transition on the suction
side decreases which is the expected result. Therefore, this analysis was completed for all
angles of attack on the suction side of the model, but the detad§this are not shown in this
report.

Figure 4.11 depicts the distribution of the negative coefficient of pressure over the
pressure side of the 0.8n DU96'W-180, for two angles at Re2x106. The normalized chord
locations are plotted on the xaxis and negative coefficient of pressure is plotted on the-y
axis. Blue circles depict theCpon the pressure side of the model while the black curve is the
second derivative of that pressure (multiplied by 100). The greehighlighted section is the
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5% transition region. Results at an angle of attack of 3° are presentedkingure 4.11a. This
graph shows that the-Cprises smoothly up to 40% chord at which point it decreases just as
smoothly. At 65% chord there is a sharp drop which creates a peak in the second derivative
plot. This is the transition region: 65% to 70%. After this point thegCpcontinues to decrease
to the trailing edge. Plot (b) shows the-Cp distribution at -2° on the pressure side of the
model. In this case, theCprises up to the 10% cord location after which it begins to decrease
smoothly. However, at 45% chord there is a distinct drop in the pressure distribution. This
is the transition location, and is reflecéd in the second derivative plot by a clear peak. This
analysis was repeated for the pressure side of the model for all angles of attack.

The results of the mean pressure analysiare shown inFigure 4.12; the sudion side
in part (a) and the pressure side in part (b). In this figure, the angle of attack is plotted on the
x-axis and the chordwise location of transition is plotted on the yaxis. The blue lines denote
the upper limit of the transition region indicated by the mean pressure results and the red
1ETA AATT OAO OEA 11T xAO TEIEO 1T £ OEEO OACEI T8
obtained from XFOIL for the 0.8n DU96W-180 at Re=22x10¢. Examining part (a) ofFigure
412, itis clear that the overall trend of the coefficient of pressure results for transition agrees
with that produced by XFOIL: the transition location moves toward the leading edge as the
angle of attack is increased. It is also obserge¢hat the XFOIL results for transition are within
the limits (5% range) measured from the mean pressure analysiSimilarly, the overall trend
of the plot in Figure 4.12b agrees with that of the XFOIL predictions$or the pressure side of
the model: as angle of attack increases, the transition location moves toward the trailing
edge. In fact, for most angles for which pressure results were obtained, the XFOIL results
were well within the transition region predicted by the pressure analysisAt the angles
between-10 and 10when pressure results are not shownthere was no distinct peak in the
second derivative of-Cp, which is due to the limitations of this method discussed iBection
3.6.1 However, he fact that the results agree for both the pressure and suction side, for more
than 10 angles on each side, strongly suggests that the transition results from mean pressure
are accurate for the 0.8m DU96'W-180 at Re=2x106.

Compiling all the mean transition resuls obtained from mean pressureFigure4.12c-
e were produced. These figures show the variation of the transition location with angle of
attack, at the two Reynolds numberdlt should be noted that results could not be obtained
for several angles, mostly on the pressure side of the model, because no distif€p drop
could be detected. As discussed iBection3.6.], this is due to thelocation of transition
between the pressure taps. For these reasorisgure 4.12c shows only the results on the
suction side of the model aRe=1.5x106. Resuls could only be obtained on the pressure side
at two angles and therefore a useful plot was not developed. However, the results on the
suction side show excellent agreement with the predictions of XFOIL for transition. In fact,
useful results were extracted at 13 angles of attack, all of which agree with thE®&IL results.
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While this speakstoward the limited range of usability of the mean pressure analysis method
discussed inSection3.6.], it does prove that the results which are obtained can be trusted.
The resuls at Re=3x106 in Figure 4.12d-e showsthe same close agreement between XFOIL
and the mean pressure results. On the suction side, shown in part (d) of the figure, the XFOIL
predictions occur well within the mean pressure transition region for 13 angles. On the
pressure side, there is less agreement between the two sets of data. While the XFOIL results
for 7 angles are within the mean pressure transition range, the results for 5 angles are 2.5%
chord downstream of this range. These differences are most likely due the limitations of
XFOILs ability to predict transition accurately, as discussed previously. However, variations
can also be due to issues with the accuracy to which the mean pressure transition results can
be given. The mean pressure results cespondsto the downstream edge of the transition

On the other hand, the XFOIL transition is the location when the turbulence levels become
large enough to satisfy the ®criteria. This means that it is possible fortie 5% chord range

in which the mean pressure transition occurs to disagree with the results of XFOIL because
fully turbulent flow develops in the downstream 5% range, which would not be shown as a
pressure drop. This occurrence is highly dependent on themodel profile, the Reynolds
Number (or speed) and the angle of attack. In cases where the XFOIL result is within 2.5%
chord of the limits of the mean pressure transition results, this is most likely what is
occurring and does not necessarily mean that theean pressure results are inaccurate.

To further ensure that the pressure data method is sound, mean pressure results for
the 0.46m DU96'W-180 are compiled and presentedn Figure 4.13a-d for Re=1.5x10% and
Re=2x106. In both figures, angle of attack is on the-axis and chordwise transition location
is on the yaxis. The red lines again represent the lower limit of the 5% transition region
xEET A OEA Al OA T ETAO OADPOAOAT S XFOH AreditBsA2e 1 EI E
with the 0.8-m model, the transition location moves upstream on the suction side, at both
Reynolds Numbers. Conversely, the transition location on the pressure side moves
downstream with angle of attack. Furthermore, the XFOIL re#ts agree with the mean
pressure results (they fall within the upper and lower limits of the mean pressure result) at
all but three of the angles of attack showm Figure4.13 (2° and 4° atRe=1.5x10% and 2° at
Re=2x10°%). As these discrepancies less than 2.5% chord, they are again most likely due to
the limiting effects of the pressure tap location.

The mean pressure transition results have shown that for three Reynolds numbers,
for both the suction and the pressue side of two models, and for several angles of attack, the
mean pressure results agree with XFOIL predictions. This proves that XFOIL results for
transition are likely accurate within 5% chord (the resolution of the pressure taps). It is
important to note that the mean pressure analysis method is not able to produce results at
every angle of attack nor is it able to give results more accurately than 5% chord of the actual
transition region. However, when it does produce results they appear to be reliable.
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4.3.2 Stethoscope Results

Due to high mixing aml unsteadiness, turbulent flow produces significantly greater
pressure fluctuationsthan laminar flow. There are also distinct frequency levels between the
two flow regimes which can be detected by the human eahtough a stethoscope. This
technique, discussed in detail irbection3.6.2 was used to observe the flow over thelean,
unheated0.8-m DU96'W-180 at two Reynolds Numbers 1.5x108 and 2x106) and the clean,
unheated 0.46-m DU96'W-180 at one Reynolds Number1.5x%106). The range of Reynolds
numbers was limited by the forces exerted on the Pitot probe during testing@n unavoidable
shortcoming of this method

Recordings of the sounds heard at different flow regimesvere obtained using a
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Standard Brud & Kjaer, 4182 probe nicrophone attached to Rtot probe at one end(much
like the stethoscope set up described iBection3.6.2, and computer at other endThis device
is shown in Figure /. The sound changes observedan be heard below with the laminar
sound level magnifiedby a factor oftwo.

Laminar (x2) /T OAO T £ 4 4 0A1T O 4 00ARDR

For this method, the estimated uncertainty in deteting the sound changes is +1-8nm
along the edge of the model. For the 048 model, this is £3% chord and for the 0.46n model
this uncertainty translates to £5.4% chord. It is important to note that these uncertainties
were converted from the edge length uncertainty using an algorithm fich accounts for the
surface curvature. Since surface curvature changes over the chord length of the model and
on both the pressure and suction side, the uncertainty at each point along the chord will be
slightly different. Another important finding is that inserting the Pitot Probe into the flow
induces transition ahead of the natural transition locationas was cautioned byKuklova
(2012) who discussed the effect of invasive methodsn the flow. Theeffect of the probe on
the flow is presented inFigure 4.14 which shows infrared images before and after inserting
the Pitot Probe close to the transition location. This effect adds another level of uncertainty
to the stethoscope measurements, which cannot bgrecisely quantified becauseit varies
with angle of attack. However, what is certain is that the transition location detected by the
stethoscope will be further upstream than the actual transition.

(a)

Line of Line of Natural - R
Natural 4 0A1 OEOEiIT O" Ol EAT &

= Pitot Probe away .
Transition \ om vansta by Pitot Probe
location

Figure 4.14 Infrared Images showing the (a) Before and (b) After Interference Effect of Inserting a f .
Tube into the Boundary Layer ofthe 0.48 DU9%7 v 61 j AO | 8 OKh 2A€@EULT
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Figure4.15is a compo#e of two plots of the stethoscope results for transition, on the
suction and pressure side of the 0-8n DU96'W-180 and Re4.5x106. On the xaxis of both
plots is the angle of attack and on the-gxis is the chordwise transition location. The red
lines represents the first sourd change observed (discussed iBection3.6.2 from the leading
edge and the associated uncertainty as red error bars. The blue line is the second sound
change heard downstream of the fst sound change, and the associated uncertainty as blue
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Figure 4.15 Stethoscope Results for Transition Range for (a) Suction Side (b) Pressure SidenoD0J86\W-
180 at Re=1.5x1D

Examining the results for the suctionside of the model shown inFigure 4.15a, the
transition location moves toward the leading edge of the model as the angle of attack
increases. It is clear that the stethoscope results are in accordance with the XFOIL
predictions, within the stated uncertainty. The only variations occur outsidehe linear region
capped by stall, where XFOIL is known to be unreliabl&light variations are also observed
on the suction side as the positive stall angle is approach¢dOD x AOAO 1 Alikelg 9 J q AO
due to three dimensional effects in the transition(wedge like transition) at these angles.
XFOIL cannot predict these effect.he results for the pressure side, in part (b) of the figure,
shows similar agreement.There is no apparent agreement between XFOIL and either the
first or second sound, insteadKFOIL appears to predict transition somewhere between these
two sounds. As was the case with the mean pressure analysis, it makes sense that XFOIL
would predict transition after the initial onset of instability because it uses themethod for
prediction.

Similarly, stethoscope results for theéd.8-m DU96W-180 atRe=2.0x106 show the same
agreement with XFOILon the suction sideas seen irFigure4.16a. The measurements on the
pressure side, presented irFigure4.16b, were collected by a different experimenter than the
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results obtained on the suction side and at Re=1x806. These results clearlyshow less
agreement with XFOIL andthus, while still within the stated uncertainty in most cases,
strongly speaks toward the dependency of the stethoscope result on the usénr.this case,
the user could not hear the first sound change at most angles of attack and reported only the
second sound change.
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Figure 4.16 Stethoscope Results for Transition Range for (a) Suctide (b) Pressure Side of aX8DU96
W-180 at Re=2x10

Stethoscope tests on the 0.46n DU96'W-180 at Re=1.%106¢ produced results that are
in agreement with XFOIL. These are plotted using the same convention as the larger chord
models and are presented irFigure4.17. As in the case of the largertord model, the result
agree very well in the linear region between stall, where XFOIL can be trusted.
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Figure 4.17 Stethoscope Res'ults for Transition Range for (a) Suction Side (b) Pressure Side -of @UB6W-
180 at Re=1.5x19
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The fact that usefulresults were obtained for the two different models and at three
different speeds, it can be stated that this method is useful to pduce accurate transition
results at most angles of attack. However, it is limited by the Reynolds number and the forces
on the Pitot probeas well as the curvature of the model and the access to the model from the
test section wall It is also highly depadent on the skills of the user and results tend to vary
slightly between experimenters.

Stethoscope measurements were also collected orthe insulated, unheated 0.8-m
DU96-W-180 so that comparisonscould be madewith the results of the clean, unheated
model. A sample of these resultss presented inFigure 4.18 for the case of Re=2106, where
the results for the insulated model are in red and those of the clean model are in bl@n
both the suction and pressure sies there is close agreement, within the stated uncertainty,
between stethoscope results at all angles. This agreement was also observed at ReddD$
which is not presented here. The fact that the transition results from the stethoscope are
almost identical on both the insulated and clean model strongly supports the earlier
conclusion that the insulator does not affect the airfoil performance. This findings also leads
to the conclusion that the quality of the laminates and their assembly is very good, eteng
a continuous and smooth surface finish.

300 T : T T T (b) 100 — r -
(a First Sound from LE, on Insulated Model First Sound from LE, on Insulated Model 1
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Figure 4.18 Comparison oSfethoscope Resultm Insulated versus Cleg@a) Suctin éide (b) Pressure Side ¢
0.8m DU96W-180 at Re=210°
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4.3.3 Infrared Thermography Results

The 0.8-m and the 0.46-m DU96W-180 aluminium airfoil s were mounted in the
Virginia Tech Stability Wind Tunnel and set up using the infrared thermography transition
detection sysem described inSection3.7. The 0.8m model wastested at three Reynolds
numbers: 1.5x108, 2x10% and 3x10% and angles from-20° to 20°. The 0.46m model was
tested attwo Reynolds numbes: 1.5x106 and 2x10%and angles from-20° to 20°.

A composite of sampleinfrared images obtained from the infrared thermography
transition detection test done on the 0.8m DU96'W-180 is presented inFigure4.19a-e. The

images were taken o the suction side of the modeat Re = 1.5806AT A AT CI A0 1T £ AO«

= [-10°,-5°, 0°, 5°, 10°]results for all angles are included iMAppendix D). In these images the
flow is moving from left to right and the areas of lower temperaturecoincides with
darker/blacker colour on the image while the regions of higher temperatures are whiter.
Since the model is being heated and it was established that laminar regions have low heat
transfer rates, the large white regions (hotter regions) of the image represent theminar
flow regime. Conversely thedarker regions on the images are the areas in which the high
flow mixing dissipates the heat away from the model resulting in significantly lower surface
temperature. These are therefore turbulent regions. Hence, the beginning thfe transition
region will be the region of highest chordwise temperature gradient on these picturesg
when the flow becomes significantly cooler-igure4.19 also displays green colouregblots of
the temperaturedistribution , averaged over the miesection of the insulated areaalong the
chord of the model. This data was extracted from the infrared image itself and plotted over
it to show how the average temperature varies withthe chord-wise location.

It should be stated that the expectedlow regime-temperature relationship is true
only in the chord-wise direction and over the insulated area of the model shown in the image.
Outside this insulated area, other factors come into play and affect the observed tempienz
gradient. The temperature gradients occurring in the sparwise direction are as a result of
the stacking of laminates which make up the airfoil itseJfa method which naturally creates
small gaps between each laminatesThe largest sparwise gradients, which occur close to
the top and bottom of the images, are indicative of the end of the rubber silicone insulated
portion of the airfoil. There are small turbulent wedges evidentin this region as separation
occurs over the 0.8mm step produced.

Figure4.19 shows that, for the suction side, as angle of attack moves from raige to
positive the peak temperature gradientmoves closer to the leading edge. This is the overall
trend observed on the suction side fronthe mean pressure analysis, stethoscope data and
XFOIL. What is interesting to note here is the clear contrast between laminar and turbulent
regions. With this system, the transitionis very hard to miss thereby reducing the
uncertainty in the measuremens to that related to theimage processing methodAnother
point of importance is that the numerical temperature gradient over the model (plotted in
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green) also reflectsthe marked fall in temperature. However, this drop is not stegdike
(vertical) but occurs progressively over a region of the chord. This finding clearly confirms
the known theory that transition occurs over a egion of flow and suggests that the infrared
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Figure 4.19 Infrared Images for Suction Side of the 8 DU96W-180 at Re=1.5x10A T A j-lAIQK 4 jGA
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system reveals true flow behaviour.Furthermore, the transition occurs as a relatively
straight line for angles within the linear region between stall. This is clear frorrigure 4.19a-

f where the transition line is clean and clearFigure 4.19f however, showsa transition which
is not linear but which contains small wedgelike patterns reminiscent of three
dimensionality. Recalling the discussion irsectiord, the 0.8m DU96W-180 at Re = 1.5% 10
experiences positve stall at about 10°, which is the casdepicted in Figure 4.19e. The fact
that the increase in viscous nature@ssociatedwith stall can be seen on the infrared image is
an addedadvantageof the infrared thermography system and implies thatthe infrared
system is both clear and sensitive. This however, introduced higher uncertainties in
extracting transition locations at these anglesz the presence of wedges means that the
transition location must be an averagever the chord-wise length of the wedges.

Infrared images of the pressure side of the 0-8 DU96'W-180, at Re = 1.5%06 and
AT Cl AO 1T £ AODAATRE, 8] aepresertied inFigure 4.20a-e. As was the case on
OEA OOAOQEIT OEAAR OEA -&OR09)E0EN nd dbdedvedlad s OOAI
relatively straight (span-wise) temperature difference.However, at angles approaching stall,
i1 E vJRh wlq OEOAA AEI AT OEiIT Al AEEAAGO AOA AO
wedge-like features. Again, this shows the sensitivity of the system and its abilitp detect
three dimensional effects, a phenomenon none of the other methods could clearly capture.
ltem (f) of this figure shows the numerical temperature distribution overthe chordA O |, E 1 J
where the clear drop is seen for transition.Similar results were observed at Re = 2%06 and
Re = 320¢% but will not be discussed in detail here these are included inAppendixE and

Appendix F

The 0.46-m DU96-'W-180 produced infrared results very similar to those discussed
for the 0.8-m model. Figure 4.21 shows infrared images for this model aRe = 1.5406 and
AT Ccl A0 T £ -AQBAR,B°, 1042°] (res\its at all angles are included ifAppendix
Q. In this case, the full chord length is always visible in the images. In addition to the edge
length markers on the malel, there is also a vertical line drawr228.6-mm (9 inches) from
the trailing edge to be used by the image processing schemea.with the larger chord model,
the transition is very clear and linear between stall with three dimensional effects only
observed close to stall @t =10° and) =10°). Figure4.21c, whichshows the infrared image
at | E malso presents the plot of the mean chorevise temperature (averaged over mid

section of insulator) showing the numerical value of the dropn temperature at transition.

ltem (f) of Figure 4.21 shows a sampk processed infraredimage A O -7§, Bhowing
the final transition result. The algorithm used finds thehighest chord-wise temperature
gradients in the image which coincides with the leading edge, the trailing edge, the line
drawn 228.6-mm from the trailing edge, and the transition location. It then uses the first
three of these locations to calculate the edge location of the transition location. i§his
reported in inches from the trailing edge. This is then corerted to a chord wise location
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Figure 4.20 Infrared Images forPressure Side of the Gr8 DU96W-180 at Re=1.5x10A 1 A j-AK] -2 .
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using an algorithm which accounts for the surface curvature. The transition results produced
by this algorithm is estimated to be accurate within £5mm. The local transition location is
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