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Abstra
tThis study investigated the appli
ability of Parti
le Image Velo
imetry (PIV) as a velo
ity mea-surement te
hnique for use in wind tunnel 
ows. To 
arry out the investigation, a small s
alewind tunnel was designed and built to be used spe
i�
ally with PIV. The tunnel employed a novel
ontra
tion geometry whi
h was 
ompared to six other 
ontra
tion designs using a 
omputational
uid dynami
s (CFD) software pa
kage. The wind tunnel 
on�guration allowed for full opti
ala

ess in the test se
tion to allow for PIV measurements in three dimensions.The 
alibration and 
hara
terization of the 
ow quality within the wind tunnel were performedusing PIV. Velo
ity measurements were obtained in the empty test se
tion to assess the degreeof uniformity, alignment, and turbulen
e at various test speeds. The longitudinal velo
ities werefound to deviate by an average of 1.8% along any given velo
ity pro�le. The 
ow was found tobe well aligned with the test se
tion walls, deviating by no more than �0:20o in most 
ases. Aswell, the turbulen
e levels in the test se
tion were found to be low, with average intensities of2.0% and 0.5% in the longitudinal and transverse dire
tions, respe
tively.Following the 
hara
terization of the 
ow in the empty wind tunnel, a square 
ylinder was pla
edin the test se
tion and PIV measurements were performed at a Reynolds number of 21400. Meanvelo
ities and turbulen
e intensities measured around the square 
ylinder were found to 
omparewell with previous works 
ondu
ted at similar Reynolds numbers in water 
ows.As a �nal validation of the wind tunnel/PIV system, measurements were made of the 
ow overa 1:18 s
ale Formula One ra
e
ar model at a free stream velo
ity of 40 m=s. The PIV system
olle
ted a large quantity of velo
ity information around the model, providing insight into theaerodynami
 aspe
ts of ra
e
ars su
h as downfor
e devi
es and vehi
le draughting.The experiments performed in this study led to the 
on
lusion that PIV is indeed a measurementte
hnique with high potential for use in small wind tunnels, providing more spatially resolvedvelo
ity data than any other known measurement te
hnique. The advan
ement of digital 
amerate
hnology will make PIV a more pra
ti
al measurement te
hnique for use in larger wind tunnelsas well. iv
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Chapter 1Introdu
tion1.1 Wind Tunnels and Measurement Te
hniquesThe wind tunnel has 
ome to be re
ognized as a fundamental resear
h and design tool in the �eldof aerodynami
s sin
e its 
on
eption in the early 1900s. The amount of information gained fromwind tunnel experiments has always been limited by the nature of the measurement te
hniquesemployed. Flow visualization te
hniques su
h as string tufts, dye and smoke inje
tion have beenlimited to stri
tly qualitative observations. Te
hniques su
h as pitot probes, hot-wire anemome-try, and laser Doppler velo
imetry (LDV) have only been 
apable of providing quantitative resultsin a very small area of the total 
ow �eld at any one time. The desire for a more 
omplete 
har-a
terization of a given 
ow �eld led to the development of a new measurement te
hnique knownas PIV.1.2 Parti
le Image Velo
imetry (PIV)Parti
le Image Velo
imetry (PIV) is a relatively new measurement te
hnique 
apable of providingquantitative velo
ity information using the basi
 prin
iple of 
ow visualization. With PIV, twopi
tures of a 
ow �eld are 
aptured within a very short time. If points in the 
ow �eld 
an be1



Chapter 1: Introdu
tion 2tra
ed from the �rst pi
ture to the se
ond, its displa
ement 
an be re
orded and then dividedby the time separation, giving a velo
ity. The major advantage of PIV is the ability to qui
klymeasure these velo
ities over a relatively large area in a non-intrusive manner.1.3 Thesis Obje
tivesThis study fo
used on the union of the two systems introdu
ed above: the appli
ation of Parti
leImage Velo
imetry in a purpose-built wind tunnel. While a small number of wind tunnel experi-ments have been 
ondu
ted using PIV, it remains a largely unexplored measurement te
hnique inwind tunnel 
ows. The wind tunnel in this study was designed and built to be used spe
i�
allywith PIV, and its initial 
ow 
hara
terization and validation were performed using PIV.In undertaking this proje
t, four main obje
tives were formulated.1. Wind Tunnel Contra
tion Design - The wind tunnel used for this study employed a novel
ontra
tion geometry whi
h was designed and tested using a 
omputational 
uid dynami
s(CFD) software pa
kage. The 
ontra
tion is an important se
tion of any wind tunnel,responsible for a

elerating the air 
ow to test speeds. The �rst obje
tive therefore was todetermine the optimal 
ontra
tion design through simulation, and to put the design intopra
ti
e by in
orporating it into the purpose-built tunnel.2. Compatibility of the PIV Measurement Te
hnique in the Wind Tunnel - On
e fabri
ated,the wind tunnel was used in 
ombination with the PIV measurement te
hnique. The se
ondobje
tive of this study was to explore the 
ompatibility of the two elements by performingPIV velo
ity measurements in the wind tunnel. The 
on
lusions drawn here would indi
atethe feasibility of PIV as a reliable and user friendly measurement te
hnique in the windtunnel.3. Performan
e of the Wind Tunnel/PIV Combination - Assuming PIV to be a feasible mea-surement te
hnique in the tunnel, it would then be ne
essary to determine whether the



Chapter 1: Introdu
tion 3PIV/wind tunnel 
ombination 
ould provide a

urate 
ow �elds and velo
ity measure-ments. Therefore, the third obje
tive involved the reprodu
tion of a well-studied 
ow �eldfor 
omparison and validation of the system used here.4. Versatility of the Wind Tunnel/PIV Combination - The �nal obje
tive in this study wasto test the versatility of the wind tunnel/PIV system by performing measurements over a
omplex geometry. The degree of su

ess realized in this experiment would determine thelevel of 
exibilty of the wind tunnel/PIV 
ombination when fa
ed with more diÆ
ult 
ow
onditions.1.4 Thesis OutlineChapter 2 dis
usses in detail the design of the small s
ale wind tunnel used in this study, in
ludingthe CFD design study of the 
ontra
tion se
tion. The following 
hapter brie
y reviews thefabri
ation of the wind tunnel, highlighting any unique manufa
turing solutions spe
i�
 to thisstudy. Chapter 4 des
ribes PIV in more detail, while reviewing relevant literature on the topi
 ofPIV and wind tunnels. As well, the PIV system and 
omponents used for all the experiments inthis study are des
ribed. In Chapter 5, the 
ow 
hara
terization of the wind tunnel is do
umented.This in
ludes the des
ription of ea
h experiment, its setup, and results. Chapter 6 presents themeasurements of the 
ow over a square 
ylinder for 
omparison with previous experimental work.In Chapter 7, 
ow measurements were performed over the aero body of an open wheeled ra
e
ar.Finally, a set of 
on
lusions and re
ommendations are presented in Chapter 8.



Chapter 2Wind Tunnel Design2.1 Introdu
tionIn order to design a useful wind tunnel, there are many design 
riteria whi
h must be followed. Thetunnel should be properly sized to a

ommodate the types of models to be tested. In addition,the wind tunnel must also provide a 
ontrolled 
ow of high uniformity and low turbulen
e toprodu
e meaningful aerodynami
 measurements. When designed properly, a wind tunnel willa
hieve these goals in an eÆ
ient manner with minimal energy losses and a
ousti
 noise.This 
hapter des
ribes in detail the design pro
edure followed to 
reate the wind tunnel for thisstudy. The �nal design is presented below and brie
y des
ribed in order to provide groundworkfor understanding ea
h subsequent design se
tion.The wind tunnel used for this study was of the 
losed 
ir
uit type, utilizing air as its working
uid, and attaining a maximum test se
tion speed of 45 m=s. Beginning with the fan (Figure2.1), the air 
ows 
ounter-
lo
kwise into a 
ir
ular to square transition (transition 2) beforeentering 
orners 1 and 2. In these 
orners, the 
ow is turned 180o to enter the settling 
hamber.Here, the 
ow is straightened and 
onditioned with the use of honey
omb and s
reen se
tions.After the settling 
hamber, the 
ow is a

elerated through the 
ontra
tion in order to rea
h the4
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Figure 2.1: Wind tunnel 
omponents and dimensions (plan view)



Chapter 2: Wind Tunnel Design 6desired speed entering the test se
tion. In the test se
tion, the 
ow is at its highest speed, and allaerodynami
 measurements are performed here. The wind speed de
reases in the di�user beforebeing redire
ted on
e again by 
orners 3 and 4. Finally, transition 1 progresses from a square to
ir
ular 
ross se
tion in order to mate with the fan inlet, 
ompleting the 
ir
uit.2.2 Types of Wind TunnelsReviews of wind tunnel designs and basi
 information 
an be found in [1, 2, 3℄. A wide range ofwind tunnels are used by resear
hers, extending from meteorologi
al appli
ations (environmentaltunnels), aerospa
e (free-
ight tunnels, spin tunnels, stability tunnels), to automotive appli
a-tions. Despite this vast array of appli
ations, almost all wind tunnels 
an be 
lassi�ed into oneof two 
ategories: open and 
losed 
ir
uit.The �rst 
ategory is the open 
ir
uit wind tunnel. This is the simplest form of a wind tunnel, asthe air is drawn by a fan through a 
ontra
tion, test se
tion, and di�user all in a straight line.Conversely, the se
ond 
ategory is the 
losed 
ir
uit wind tunnel. In this 
ase, the air re-
ir
ulatesthrough a 
losed loop system and therefore requires many 
hanges in dire
tion. Clearly, an open
ir
uit tunnel is 
heaper to manufa
ture than a 
losed 
ir
uit tunnel due to the presen
e of fewerparts. However, the advantages of a 
losed 
ir
uit tunnel are signi�
ant. The main advantage isthe ability to 
ontrol the 
ow quality in a 
losed 
ir
uit by 
orner turning vanes and s
reens. Aswell, a 
losed 
ir
uit tunnel requires less energy to operate than a similarly-sized, open 
ir
uittunnel and 
reates less operating noise.For this parti
ular study, a 
losed 
ir
uit design was sele
ted. Apart from superior 
ow quality
ontrol, the main fa
tor in sele
ting a 
losed 
ir
uit arose from a requirement spe
i�
 to PIV. Sin
ethis measurement te
hnique requires the inje
tion of seeding parti
les into the 
ow, it is desirableto 
ontain these parti
les within an en
losed environment. It would be extremely diÆ
ult andwasteful to seed an open 
ir
uit tunnel as the seeding parti
les are 
ontinuously released to theatmosphere and therefore irre
overable. On
e the volume within a 
losed 
ir
uit tunnel is fullyseeded, it will re-
ir
ulate without the need for 
ontinuous replenishment.



Chapter 2: Wind Tunnel Design 7On
e the de
ision for either an open or 
losed 
ir
uit has been made, the pro
ess of wind tunneldesign begins with the test se
tion [1℄.2.3 Test Se
tion DesignBefore determining its shape and size, it must be de
ided whether the test se
tion will be open(to the atmosphere) or 
losed. Although many 
losed 
ir
uit wind tunnels 
an be modi�ed tooperate with either 
on�guration, an open test se
tion may en
ounter large 
ow 
u
tuations,requiring extensive troubleshooting. For this reason, as well as the issue of seeding mentioned inthe previous se
tion, a 
losed test se
tion was sele
ted for the wind tunnel in this study.The most 
ommon test se
tion shape is re
tangular or square in 
ross se
tion. A square testse
tion was 
hosen here for several reasons:1. Ease of fabri
ation as opposed to a 
ir
ular or 
omplex 
urve 
ross se
tion;2. Mounting and 
hanging of models will be less 
ompli
ated on a 
at surfa
e; and,3. PIV requires opti
al a

ess within the test se
tion, and there is no distortion from a 
atwindow. Colle
ting images through a 
urved window would give skewed images, requiringintensive post-pro
essing.The size of the test se
tion was the next important parameter, as it di
tated the overall size ofthe wind tunnel. Three main design 
riteria were ful�lled with the test se
tion determination.Spa
e limitations within the fa
ility have always been a major fa
tor in wind tunnel size, as it isgenerally desirable to have as large a test se
tion as possible. In the Turbulent Flow Laboratory atthe University of Waterloo, the largest area of available 
oor spa
e amounted to approximately4m x 2.5m. Based on preliminary design iterations, and the need for extra spa
e around thetunnel for PIV hardware et
. it was determined that the maximum feasible test se
tion sizeshould be no more than 152.4mm x 152.4mm (approximately 6 in. x 6 in.).



Chapter 2: Wind Tunnel Design 8
Figure 2.2: Sele
ting a test se
tion height suitable for two PIV measurement windowsSin
e the distinguishing feature of this parti
ular wind tunnel is its 
ompatibility with a PIVsystem, it is only natural that the test se
tion should be sized to a

ommodate a typi
al PIVmeasurement area. It was de
ided from the onset that in order to keep the quantity of PIVmeasurements to a reasonable number, the entire width or height of the test se
tion should beviewed fully in no more than two measurement areas. The term measurement area as shown inFigure 2.2 refers to the two dimensional area within whi
h velo
ities 
an be measured by the PIVsystem in one experimental setup. It is one of the requirements for a

urate PIV measurementsthat the seeding parti
les 
aptured in ea
h image fall within a 
ertain size. Therefore, based onparti
les having an image size of 0.25mm, a reasonable viewing window for PIV was found to beapproximately 80mm x 80mm [4℄. With an 80mm square viewing area, a test se
tion with sidesof 160mm or less 
ould be 
overed in two PIV windows.As a third design 
riteria for its sizing, it was de
ided that the test se
tion should be able toa

ommodate a 1:18 s
ale automobile. A

ording to Pope et al. [2℄, a general rule of thumbis to keep the model span below 0.8 times the test se
tion width. With a 152.4mm square testse
tion, the largest model span would be limited to 122mm. At a s
ale of 1:18, this translated to amaximum full size vehi
le tra
k width of 2.19m, whi
h 
overs the range of almost all automobilesand ra
e
ars. For these reasons, a �nal test se
tion was 
hosen to be 152.4mm x 152.4mm in
ross se
tion. Its length (405mm) was 
hosen to be approximately 3 times the test se
tion height.This would allow for multiple vehi
le models to be tested simultaneously (i.e. one vehi
le model



Chapter 2: Wind Tunnel Design 9with another dire
tly behind it) for aerodynami
 slipstream studies.From the test se
tion, it is a

epted pra
ti
e to move downstream along the wind tunnel whendesigning ea
h 
omponent. This led to the di�user se
tion, responsible for de
elerating the 
owand re
overing pressure before 
orners 3 and 4.2.4 Di�user DesignIn designing the di�user, whi
h a
ts as a diverging du
t, it was ne
essary to follow guidelinespertaining to the 
one angle and area ratio to limit the amount of 
ow separation exiting the testse
tion. The 
one angle is the total angle formed by the walls of a 
ir
ular diverging 
one. In the
ase of a re
tangular du
t, as was the 
ase in this study, an equivalent 
one angle 
an be used.This is 
al
ulated by using an imaginary 
oni
al di�user with the same inlet and outlet areasand length as the square du
t in question. The area ratio, AR, is de�ned universally for bothstraight-walled di�users and 
ontra
tions as the ratio of the largest 
ross se
tional area to thesmallest. In the 
ase of a di�user, AR is the outlet area, b2 divided by the inlet area, a2 in Figure2.3. Di�users with equivalent 
one angles greater than 3:5o have been shown to experien
e 
owseparation and non-uniform velo
ity pro�les without the addition of s
reens or other boundarylayer 
ontrol devi
es [5, 6, 7, 8℄. In addition, the area ratio should be approximately 2 to 3, whileits overall length should be at least 3 to 4 times the test se
tion length. For an area ratio of 3, adi�user of at least 2.06m in length would be needed. Given the spa
e restri
tions mentioned inSe
tion 2.3, the entire wind tunnel length was to be limited to well below 3m. Therefore, a 2mdi�user and 0.5m test se
tion would leave little room for the rest of the ne
essary 
omponents.An alternative was to use a wide angle di�user whi
h is de�ned as a di�user in whi
h the 
ross-se
tional area in
reases so rapidly that separation 
an be avoided only by using boundary layer
ontrol [9℄. The use of a wide angle di�user would allow for a mu
h shorter overall tunnel length,one of the main design parameters as outlined in Se
tion 2.3.The most 
ommon method of addressing separation in a wide angle di�user is to install one ormore wire mesh s
reens. A properly sele
ted wire mesh s
reen will redu
e the thi
kness of the
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Figure 2.3: De�nitions of the area ratio, AR, and the total di�user angle, 2� in a di�user ofsquare 
ross se
tionboundary layer, lower the turbulen
e intensity level, and smooth out the overall velo
ity pro�le[9℄. Mehta [9℄ analyzed published data from 56 wind tunnels operating with wide angle di�users.From ea
h tunnel, he 
ompiled the following di�user 
hara
teristi
s:1. The area ratio, AR, of the di�user (Figure 2.3);2. Total di�user angle, 2� (Figure 2.3);3. The number of s
reens used in the di�user; and,4. Whether the di�user performed su

essfully.Based on the data from these wind tunnels, Mehta [9℄ plotted the area ratio versus the total dif-fuser angle, with lines indi
ating the number of s
reens used. These results were later interpretedby Pope et al. [2℄, and presented in similar form, using the s
reen lines as design boundaries.After several iterations, a short, wide angle di�user was designed, having a length of only 635mmwhile expanding from 152.4mm x 152.4mm (test se
tion) to 290mm x 290mm (outlet). Thisresulted in an area ratio of 3.62 and a total di�user angle of 12:2o (see Figure 2.6). From Figure2.5, this design point was plotted and found to lie to the left of the zero s
reen line, indi
ating
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Figure 2.5: Di�user design 
hart [2℄: �, di�user in this studythat this parti
ular wide angle di�user should operate su

essfully without the use of any s
reens.2.5 Corner DesignThe four 
orners of a 
onventional 
losed 
ir
uit wind tunnel have the task of redire
ting the 
owby 90o around ea
h 
orner with minimal losses and 
ow disturban
e. They typi
ally 
ombine toa

ount for approximately 60% of the total losses within the tunnel [2℄. It is for this reason thatgood 
orner design is essential to the operation of the tunnel. The most 
riti
al feature of the
orner is the method by whi
h the 
ow is redire
ted. An empty 90o 
orner has been shown togenerate a large eddy on its inside wall immediately downstream of the 
orner [10℄. To redu
eand/or eliminate this eddy, the use of turning vanes is ne
essary. The experimental work of Kleinet al. [10℄ was the �rst investigation of the use of various turning vane shapes in a 90o 
orner.Six di�erent turning vane shapes were utilized and 
ompared, ranging from a square vane to aquarter 
ir
ular ar
, to thi
k, airfoil-like pro�les (Figure 2.7). They determined that the vaneshape was not really a very 
riti
al fa
tor, in that any reasonably shaped vane, su
h as shape 3, 4,
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Figure 2.6: CAD model of wind tunnel di�user5, or 6, would give good 
hara
teristi
s to the 
orner [10℄. In light of these results, it was de
idedto utilize quarter 
ir
ular ar
 turning vanes for simpli
ity, ease of manufa
ture, and e�e
tivenessin turning the 
ow. The next step in the design of the turning vanes was the determination ofthe 
hord length and spa
ing between ea
h vane.Due to the availability of a 1 in. radius forming tool, a radius of 25.4mm (1 in.) was 
hosen for allturning vanes. The experiments of Klein et al. [10℄ as well as Lindgren et al. [11℄ 
ompared thepressure drop and pressure loss 
oeÆ
ient, respe
tively, of 
orner turning vanes at di�erent pit
hvalues, e, de�ned as the ratio between the vane spa
ing and the vane 
hord length (Figure 2.8).Both sets of authors, although nearly 70 years apart, agreed fairly 
losely that the minimumpressure loss o

urred at a pit
h of approximately 0.33 to 0.35 (Figures 2.9 and 2.10). The uppervalue was 
hosen, and with a 
hord value of approximately 36mm, a turning vane spa
ing of12.7mm (0.5 in.) was 
al
ulated. This resulted in a total of 148 turning vanes (42 in ea
h of
orners 1 and 2, and 32 in ea
h of 
orners 3 and 4).Moving downstream from 
orners 3 and 4 (Figure 2.1), transition 1 was designed as a re
tangular-
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Figure 2.7: Six di�erent turning vane pro�les tested by Klein et al. [10℄

e = L/cFigure 2.8: Turning vane 
hord and pit
h length de�nitions



Chapter 2: Wind Tunnel Design 15

eFigure 2.9: Turning vane pressure losses as a fun
tion of pit
h, e, for the vane pro�le designsshown in Figure 2.7 [10℄
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Figure 2.10: Turning vane pressure losses as a fun
tion of pit
h, e [11℄to-
ir
ular du
t, expanding in 
ross se
tional size from a 290mm x 290mm square inlet to a 356mmdiameter 
ir
ular outlet to mate with the fan se
tion. Although the fan diameter was 
hosen earlyon, the detailed sele
tion of the fan was left until the rest of the wind tunnel 
omponents weredesigned, sin
e an estimation of the total 
ir
uit losses was needed in order to determine therequired fan power. From the fan outlet (356mm diameter), transition 2 
onverted the 
ir
ular
ross se
tion ba
k to a square 
ross se
tion measuring 381mm x 381mm. Downstream of 
orner2, a settling 
hamber was in
orporated as a 
onstant 
ross se
tion (381mm x 381mm) du
t. Thisserved as an area for in
luding 
ow straighteners or s
reens to minimize the velo
ity variationsbefore entering the 
ontra
tion se
tion. The honey
omb 
ow straighteners and s
reens will bedes
ribed in Se
tion 2.7.2.6 Contra
tion DesignThe 
ontra
tion se
tion is one of the most 
riti
al 
omponents in the wind tunnel. It must a

el-erate the 
ow with minimum separation and boundary layer growth, while redu
ing turbulen
e
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ity. This must be a
hieved in as short a distan
e as possibleto allow for a longer test se
tion.This se
tion outlines the three-dimensional design study performed to determine the optimum
ontra
tion shape for a set area ratio and 
ontra
tion length.2.6.1 Literature Review - Contra
tionBased upon numerous previous studies on the design of wind tunnel 
ontra
tions, Morel [12℄established a design pro
edure that has 
ome to be widely a

epted. He 
arried out an invis
id
ow analysis of the maximum wall pressure 
oeÆ
ients at the inlet and exit of a 
ontra
tion.For the analysis, Morel [12℄ assumed a family of wall shapes made up of two blended 
ubi
 ar
s,essentially a one-parameter wall de�nition. The work of Mikhail [13℄ involved an invis
id 
owanalysis on axisymmetri
 
ontra
tion shapes made up of two ar
s as well. The lo
ation of the pointof in
e
tion between the two ar
s was varied as well as the overall 
ontra
tion length. Mikhail [13℄found that by optimizing du
t wall 
urvature distribution, it was possible to redu
e 
ontra
tionlength so that a 
ontra
tion with an 8:1 area ratio 
an be as short as one inlet radius. The arearatio, AR, of a 
ontra
tion se
tion was de�ned as the ratio of the inlet area to the outlet area.Downie et al. [14℄ 
ompared results from a �nite di�eren
e numeri
al method with experimentalresults of 
ontra
tions with re
tangular 
ross-se
tion. They found that pairs of mat
hed ellipti
alar
s proved to be a simple way of a
hieving satisfa
tory pro�les. Tulapurkara and Bhalla [15℄ usedMorel's 
ontra
tion design method [12℄ to fabri
ate and test two 
ontra
tions with area ratiosof 12 and 3.464. They found that the measured values of boundary layer thi
kness and velo
itynon-uniformity were smaller than the values predi
ted in Morel's [12℄ work. Su [16℄ performeda numeri
al analysis of three-dimensional 
ontra
tions with a one-parameter wall de�nition (twoblended ar
s). Fang [17℄ extended the work of Morel [12℄ to three-dimensional 
ases and proposeda �ve step design method based on avoiding separation for a given level of exit 
ow quality.Callan and Marusi
 [18℄ performed an experimental study of the 
ow quality in four 
ontra
tionsdesigned using Morel's [12℄ and Su's [16℄ one-parameter wall de�nition. Chmielewski [19℄ used aninvis
id 
ow analysis but in
luded boundary-layer 
onsiderations in his analysis of axisymmetri

ontra
tions designed with two blended ar
s. Batill et al. [20℄ published a numeri
al study of
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Figure 2.11: De�nition of the 
urvature ratio, CRthree-dimensional wind tunnel 
ontra
tions, again de�ned with a single parameter, mat
hed 
ubi
pro�le. It was evident in the publi
ations outlined above that most of the work on 
ontra
tiondesign followed Morel's [12℄ initial assumption of a two-ar
 wall de�nition.2.6.2 Design Study - Contra
tionAt the onset of this design study, two geometry parameters were set based on the overall dimen-sions of the wind tunnel. The area ratio, AR, was set at 6.25 based on the already 
hosen testse
tion and settling 
hamber dimensions. The length of the 
ontra
tion was 
hosen as 405mm(�16 in.), only slightly longer than its inlet dimension, based upon Mikhail [13℄ who stated thata well designed 
ontra
tion se
tion 
ould be as short as one inlet dimension. With these twoparameters �xed, seven 
ontra
tion designs were 
onsidered, di�ering only in wall 
urvature.The wall shape was de�ned by the blending of two 
ir
ular ar
s. The various shapes 
ould bedi�erentiated with one parameter, the 
urvature ratio, (CR), de�ned as the ratio of the inlet side
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Figure 2.12: Seven di�erent 
ontra
tion shapes used in study (2-D view)
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Figure 2.13: CAD model of 
ontra
tion design #4radius (r1) to the outlet side radius (r2) (Figure 2.11). Figure 2.12 shows the seven di�erentshapes, in the range of 0 � CR � 1.905, superimposed over the 
ommon inlet, outlet, and length.Design #7 was in
luded as a novel geometry whi
h eliminated 
ompletely the inlet side ar
 andutilized only one 
ir
ular ar
. These seven designs were then modeled using CFX-TASC
ow (AEATe
hnology, Waterloo, ON), a 
omputational 
uid dynami
s (CFD) software pa
kage availableat the University of Waterloo.Modeling and MeshingThe three-dimensional 
ontra
tion models were generated and meshed using CFX-Build 4.3 (AEATe
hnology, Waterloo, ON), and all simulations were performed using CFX-TASC
ow. Figure2.13 shows the solid CAD model of one of the 
ontra
tion designs (design #4). The existen
eof two symmetry planes along the 
ontra
tion 
entreline was assumed, and the 
omputationaldomain therefore utilized only one-quarter of the full geometry. The origin of ea
h model waspla
ed in the lower left 
orner of the inlet plane (Figure 2.13)To ensure a fully-developed velo
ity pro�le entering the 
ontra
tion, a long du
t was pla
edupstream of the 
ontra
tion inlet. The downstream test se
tion velo
ity for this simulation was
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Figure 2.14: CFD model used in CFX TASC
ow (plan view)
hosen as 40 m=s, and with an area ratio of 6.25, this translated into an upstream 
ow velo
ityof 6.4 m=s. To determine the required length of the upstream du
t for fully-developed 
ow, theReynolds number was 
al
ulated as: Re = �VDh� (2.1)where, Dh is the hydrauli
 diameter de�ned as 4 times the 
ross se
tional area, A, divided by thewetted perimeter, P. Dh = 4AP (2.2)The working 
uid was air at 25oC, (� = 1:184kg=m3, � = 1:85 � 10�5Ns=m2 [21℄) giving aReynolds number of 156058. The required turbulent entry length 
ould then be 
al
ulated fromMunson et al. [21℄: leDh = 4:4(Re)1=6 (2.3)The entry length for the numeri
al model, le, was found to be 1230mm and hen
e a hypotheti
al12.5m long du
t was pla
ed ahead of the 
ontra
tion. To simulate the test se
tion, a 0.5m longdu
t was pla
ed downstream of the 
ontra
tion.



Chapter 2: Wind Tunnel Design 22
Figure 2.15: Boundary 
onditions used in CFX TASC
owIn order to minimize the number of grid elements in the CFX model, a 
oarse mesh was used inthe upstream and downstream se
tions of the model (15 and 10 mesh seeds in the X-dire
tion,respe
tively). For the 
ontra
tion, a total of 60 X-dire
tion mesh seeds were allo
ated. These60 seeds were distributed di�erently for ea
h design so as to keep the overall spa
ing uniform. Aone-way bias was used when meshing in the Y and Z dire
tions, with smaller elements pla
ednear the wall. The bias was 
hosen su
h that the element nearest the wall was 1/10 the size ofthe element nearest the model 
entreline (Figure 2.14).The boundary 
onditions 
hosen are shown in Figure 2.15. A uniform 
ow in the X-dire
tionof 6.4 m=s was pla
ed at the inlet plane. The outlet plane was set to atmospheri
 pressure(simulating an open-ended du
t) and maintained that pressure throughout the entire simulation.Smooth walls were 
hosen for all models, and an initial time step of 2.11s was used. Table 2.1shows the number of iterations required for ea
h model to 
onverge upon a solution.All seven simulations were solved using the k-� turbulen
e model with an upwind di�eren
es
heme, and the simulations were run until the maximum normalized residual was less than1� 10�3. Further details about the TASC
ow 
ode 
an be found in [22℄ and [23℄.
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Design# CR # elements # iterations for convergence

1 1.905 14,701 32

2 1.103 14,701 31

3 0.649 14,701 28

4 0.356 14,701 25

5 0.151 14,701 50

6 0.070 14,701 35

7 0 13,801 50Table 2.1: Number of iterations required for ea
h 
ontra
tion model to 
onvergeAs a 
he
k of the modelling a

ura
y, the lo
ations of the �rst 10 nodes from the wall were verifedin terms of their lo
ations relative to the wall boundary layer. The main obje
tive was to ensurethat at least one node was lo
ated within the boundary layer to allow for its proper modelling. Toa

omplish this, the simulation results were needed in order to 
al
ulate the following turbulen
eproperties. The shear stress at the wall, �w was 
al
ulated using [24℄:�w = �dudy (2.4)and found to be 0.52 N=m2 just downstream of the 
ontra
tion exit, in the outlet du
t. In Eq.2.4, � is the dynami
 vis
osity of air, and du=dy is the rate of 
hange of the X-dire
tion velo
ity(U) with respe
t to Y . From this value, the wall fri
tion velo
ity [24℄, �� was 
al
ulated as:�� =r�w� (2.5)and found to be 0.66 m=s. With these two values, the Y-lo
ations of the �rst 10 nodes were
onverted into \universal" 
oordinates [24℄:y+ = y��� (2.6)where � is the kinemati
 vis
osity in m2=s2. Table 2.2 shows the y+ lo
ations of the �rst 10nodes. The rightmost 
olumn shows where the node was lo
ated relative to the various regionswithin the turbulent boundary layer [24℄. Do
umentation for CFX-TASC
ow [23℄ suggests thatfor turbulent 
ows, the node nearest the wall should be in the range of 20 < y+ < 100. The meshused in this study satis�ed this requirement, with the �rst node being lo
ated at y+ = 27.09 (see
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Node

Node Location

(distance from wall) [mm]
y+ Region

0 0 0 Wall

1 0.64 27.09 Overlap region

2 1.33 56.38 Overlap region

3 2.09 88.11 Overlap region

4 2.90 122.51 Outer region

5 3.78 159.70 Outer region

6 4.73 199.98 Outer region

7 5.76 243.59 Outer region

8 6.88 290.80 Outside boundary layer

9 8.09 341.93 Outside boundary layer

10 9.40 397.25 Outside boundary layerTable 2.2: \Universal" [24℄ lo
ations of the �rst 10 nodes used for the CFD modelling of the
ontra
tionTable 2.2). With the 
lose mesh spa
ing near the wall, the �rst 7 nodes were found to be lo
atedwithin the wall boundary layer.ResultsFigures 2.16 and 2.17 are ve
tor maps of the 
ow velo
ities along one plane of symmetry in ea
hof the seven 
ontra
tion designs. In all 
ases, a uniform velo
ity pro�le of 6.4 m=s was appliedto the inlet, and was a

elerated to nearly 40 m=s at the exit of the 
ontra
tion. From Figures2.16 and 2.17, the general path of the bulk 
ow observed in ea
h design did not reveal a distin
tadvantage in any parti
ular one of them. In order to quantitatively 
ompare ea
h 
ontra
tion, aset of performan
e parameters were de�ned to assess the results of the CFD simulation:1. Average velo
ity exiting the 
ontra
tion - this would show whi
h design most su

essfullya

elerated the in
oming 
ow;2. Average turbulent kineti
 energy (Kt) - the lowest level of turbulent kineti
 energy in thetest se
tion was desired, indi
ating a low level of 
u
tuation in the 
ow; and,



Chapter 2: Wind Tunnel Design 25
(a

)
D

e
si

g
n

#
1

(b
)

D
e

si
g

n
#

2

(c
)

D
e

si
g

n
#

3
(d

)
D

e
si

g
n

#
4

Figure 2.16: Mean velo
ity plots of designs #1 through #4 (along symmetry plane)
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Figure 2.17: Mean velo
ity plots of designs #5 through #7 (along symmetry plane)
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 pressure - 
omparing the average stati
 pressure at the exit of the 
ontra
tionwould reveal whi
h design imposed the least amount of resistan
e to the 
ow.The 
ow uniformity was not sensitive to the 
urvature ratio, CR, and was therefore not in
ludedas one of the performan
e parameters. The three performan
e parameters above were 
omparedover the entire Y -Z plane at x = 0.405m (the exit plane of the 
ontra
tion). Due to the biasingof the mesh (i.e. uneven spa
ing), the values were numeri
ally integrated over the exit plane. Atwo-dimensional trapezoid method was used to integrate ea
h row of data in the Z-dire
tion, andthen those results were integrated along the Y -dire
tion to obtain a single average value.Average Velo
ityFigure 2.18 is a plot of the average exit velo
ity at the 
ontra
tion outlet versus its 
urvatureratio. Even though the largest di�eren
e in average velo
ity between the 
ontra
tions was only0.04%, a distin
t inverse relationship between the 
urvature ratio and the average velo
ity wasfound. Based on the desire for the highest test se
tion velo
ity, design #7 (CR = 0) provided thebest performan
e of the seven geometries, although the results are very 
lose.Average Turbulent Kineti
 EnergyIn the 
ase of turbulent kineti
 energy levels, a more signi�
ant relationship with the 
urvatureratio was revealed (Figure 2.19). From design #1 to design #2 (CR of 1.905 and 1.103, respe
-tively), a 14% de
rease in turbulent kineti
 energy was a
hieved. A further 18% de
rease wasobserved in design #3 (CR = 0.649). Turbulent kineti
 energy levels 
ontinued to fall as theCR dropped, with design #7 (CR = 0) yielding k = 5:72m2=s2, nearly 57% lower than that ofdesign #1 (CR = 1.905). Design #7 again displayed superior behaviour in the se
ond of threeperforman
e parameters.
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ity plotted against the 
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 energy plotted against the 
urvature ratio (data pointslabeled with 
orresponding 
ontra
tion design number)
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Figure 2.20: Average stati
 pressure plotted against the 
urvature ratio (data points labeled with
orresponding 
ontra
tion design number)Average Stati
 PressureFigure 2.20 shows the average stati
 pressure at the exit plane of ea
h of the seven 
ontra
tions.As was the 
ase with turbulent kineti
 energy, a nearly linear, dire
t relationship was observedbetween the level of stati
 pressure in the 
ow and the CR. Design #7 had an average stati
pressure of 61.8 Pa, a 9% de
rease from the initial design #1. It was interesting to note thatthe largest 
hange in the average stati
 pressure o

urred between designs #2 and #3 (CR of1.103 and 0.649, respe
tively), perhaps indi
ating the signi�
an
e of CR = 1 as a transition pointwhere the largest gain in pressure performan
e would be realized. A 
ontra
tion with a CR of1 would be a very balan
ed geometry, 
omposed of two ar
s of identi
al radius, and its point ofin
e
tion lo
ated halfway along the 
ontra
tion length.
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tionSeven di�erent 
ontra
tion designs with 
urvature ratios ranging from 0 to 1.905 were modeledfor an upstream velo
ity of 6.4 m=s using CFX TASC
ow. In order to 
ompare the performan
eof ea
h design, three parameters were tabulated at the exit plane of ea
h 
ontra
tion. The 7thdesign, with a 
urvature ratio of 0, displayed the highest average exit velo
ity, the lowest averageturbulent kineti
 energy, and the lowest average stati
 pressure, making it the optimum design
hoi
e based on all three performan
e parameters.The 
hosen 
ontra
tion was of a novel design sin
e it removed the need for the inlet side ar
 alto-gether, by utilizing only one 
ir
ular ar
 to de�ne its shape (r2 = 775mm). At the time of writing,this parti
ular 
ontra
tion shape had not been en
ountered in any wind tunnel publi
ation.2.7 Sele
tion of Honey
omb and S
reensIn order to minimize the amount of turbulen
e and 
ow misalignment in the wind tunnel, it wasne
essary to introdu
e 
ow straighteners and s
reens within the tunnel 
ir
uit. The fan rotor isa major sour
e of 
ow misalignment in a tunnel. As it rotats, it imparts a swirling (tangential)motion on the exiting 
ow, 
ausing the air to rotate (about the axis of rotation of the rotor) as itmovs downstream through the tunnel. In order to minimze this swirl, two se
tions of honey
ombwere inserted, one se
tion at the exit of transition 2 (before 
orner 1, Figure 2.1), and the se
ondjust upstream of the 
ontra
tion in the settling 
hamber. The �rst se
tion would a
t as a 
owstraightener immediately after the fan, removing a large portion of the swirl, while the se
ondse
tion would remove any remaining swirl as well as any transverse 
ow in
urred through 
orners1 and 2. In order to e�e
tively redu
e transverse velo
ities, the honey
omb length or depth isre
ommended to be a minimum of 6 to 8 times the 
ell size [1℄. The honey
omb sele
ted forthis wind tunnel was made of 0.14mm thi
k aluminum, and was 76mm long with hexagonal 
ellsmeasuring 9mm a
ross 
ats. This gave a length to 
ell size ratio of 8.4.One stainless-steel wire mesh s
reen was inserted into the wind tunnel just downstream of thehoney
omb se
tion in the settling 
hamber. An estimation of the turbulen
e redu
tion a
hieved
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reen was 
arried out using the 
ombined analyses of DeVahl [25℄, Prandtl [26℄, andDryden and S
hubauer [27℄.The s
reen in question was �rst 
hara
terized by its porosity, �, de�ned as the ratio of the totalproje
ted open area to the total s
reen area:� = �1� dwM �2 ; (2.7)where dw is the wire diameter and M is the 
ell size. With a wire diameter of 0.5mm and amesh size of 1.4mm, the porosity, � was found to be 0.538. From DeVahl [25℄, the pressure loss
oeÆ
ient, K was approximated by: K = Ko + 55:2Rdw ; (2.8)where, Ko = �1� 0:95�0:95� �2 (2.9)and Rdw was the Reynolds number based on the wire diameter, dw. The Reynolds number was
al
ulated to be 234, leading to a K of 1.15. Using the pressure loss 
oeÆ
ient, K, Prandtl [26℄gave an expression for the estimation of the axial turbulen
e redu
tion fa
tor, while Dryden andS
hubauer [27℄ gave one for the lateral 
omponent of turbulen
e (denoted by the subs
ripts u andv, respe
tively): fu = 11 +K ; fv = 1p1 +K (2.10)The turbulen
e redu
tion fa
tors were found to be 0.47 and 0.68 in the axial and lateral dire
tions,respe
tively. The turbulen
e level exiting the s
reen se
tion was therefore expe
ted to be redu
edby 53% in the axial 
omponent, and by 32% in the lateral 
omponent.2.8 Fan Sele
tion and Energy ConsiderationsIn order to properly sele
t a fan whi
h 
ould propel the 
ow to the desired speed, it was ne
essaryto �rst estimate the 
ow losses present in the wind tunnel 
ir
uit. This was done by estimatingthe energy ratio of the wind tunnel. The energy ratio is an important measure of the eÆ
ien
y
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ally de�ned as the ratio of the power in the test se
tion 
ow tothe rate of 
ow losses around the 
ir
uit [2℄. It is not un
ommon to form alternative versions ofthe energy ratio. For example, the ele
tri
al power input or me
hani
al shaft power 
an also be
hosen as the denominator in de�ning the energy ratio. For this analysis, the energy ratio wasde�ned using the 
ow losses throughout the entire 
ir
uit:ER = PtP
 (2.11)The power in the test se
tion 
ow, Pt, was expressed as:Pt = 12�AV 3 (2.12)where, � is the 
uid density, A is the 
ross se
tional area of the test se
tion, and V is the testse
tion 
ow velo
ity. At a test se
tion speed of 45 m/s, the power, Pt, was 
al
ulated to be1253 W, or 1.68 Hp. In order to estimate the denominator of Eq. 2.11, the loss 
oeÆ
ient ofea
h se
tion in the wind tunnel must be summed. The remainder of this se
tion summarizesthe derivation of an expression for the energy ratio in terms of the 
ir
uit losses by using themethodology of Pope et al. [2℄.The individual loss 
oeÆ
ient for ea
h se
tion 
an be expressed in the form of the energy equationwith a pressure loss term, �H: Kl = �Hl(1=2)�lV 2l = �Hlql (2.13)The subs
ript l denotes lo
al se
tion properties. The energy loss rate 
an then be expressed interms of the lo
al loss 
oeÆ
ient, Kl, and the volume 
ow rate through the se
tion, or:�El = Kl(12 _mV 2l ) (2.14)Sin
e the energy ratio is de�ned with respe
t to the test se
tion power, the lo
al loss 
oeÆ
ientsmust be referen
ed to the test se
tion dynami
 pressure:Klt = Kl qlqt (2.15)The expression of Pt (Eq. 2.12) 
an also be referen
ed to the test se
tion:�El = Klt(12 _mV 2t ) = KltPt (2.16)
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ir
uit loss, P
, 
an be found by summing the rate of loss in ea
h se
tion:P
 =Xl �El =Xl KltPt (2.17)and Eq. 2.11 
an thus be expressed in terms of these se
tion loss 
oeÆ
ients:ER = 1�lKlt (2.18)At this point, the individual Kl 
oeÆ
ients for ea
h se
tion were estimated.2.8.1 Constant Area Se
tionsFor areas of 
onstant 
ross se
tion, a simple pipe 
ow analysis was adopted. Therefore, the loss
oeÆ
ient 
ould be expressed in terms of the fri
tion fa
tor, f, the se
tion length, L, and thehydrauli
 diameter, Dh: Kl = f LDh (2.19)From the Prandtl universal law of fri
tion, the Colebrook equation gives an iterative expressionfor the fri
tion fa
tor of a smooth-walled pipe [28℄:1pf = 2log10(Repf )� 0:8 (2.20)where Re is the Reynolds number based on the se
tion mean speed and the hydrauli
 diameter.There were four su
h 
onstant area se
tions in the 
ir
uit under investigation, the test se
tion,the settling 
hamber, and the se
tions between 
orners 1 & 2, and 3 & 4. The results for theasso
iated loss 
oeÆ
ients are given in Table 2.3.2.8.2 Di�usersFor a diverging du
t, the asso
iated loss 
oeÆ
ient was 
ommonly broken up into two 
omponents;the fri
tion loss 
oeÆ
ient and expansion loss 
oeÆ
ient [2℄.Kl = Kf +Kex (2.21)
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Dimensions [mm] Dh [mm] V [m/s] Re f L [mm] Kl

Test Section 152 x 152 0.152 45.00 438,912 0.01348 450 0.0404

Settling Chamber 290 x 290 0.290 12.47 231,006 0.01520 432 0.0182

Duct Between Corners 1&2 381 x 381 0.356 8.27 188,105 0.01583 152 0.0064

Duct Between Corners 3&4 290 x 290 0.381 7.20 175,565 0.01605 244 0.0128Table 2.3: Loss 
oeÆ
ients for 
onstant area se
tionsThe fri
tion loss 
oeÆ
ient, Kf , was estimated as:Kf = �1� 1AR2� f8sin� (2.22)where AR is the area ratio, f is the fri
tion fa
tor 
al
ulated as in the 
ase of a 
onstant arease
tion, and � is 
al
ulated using the inlet and outlet hydrauli
 diameters, and the di�user length,L: � = ar
tan�DH;outlet �DH;inlet2L � (2.23)The experimental data from E
kert et al. [29℄ was used in estimating the expansion loss 
oeÆ-
ients: Kex = Ke�AR� 1AR �2 (2.24)where, Ke = 8>><>>: 0:09623� 0:004152� for 0 < � < 1:5o0:1222� 0:0459�+ 0:02203�2:::+ 0:00002337�6 for 1:5o < � < 5o�0:01322+ 0:05866� for 5o < � (2.25)The losses for the di�user, transition 1, and transition 2 were 
al
ulated using this method, andare tabulated in Table 2.4. Even though transitions 1 and 2 did not remain 
onstant in 
rossse
tion, this analysis was 
onsidered reasonable sin
e both transitions typi
ally only a

ount fora 
ombined 1.5% of the total 
ir
uit losses [1℄.
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AR Re f L [mm] q [deg] Kf Kex Kl

Diffuser 3.61 438,912 0.0135 635 6.16 0.0145 0.1821 0.1966

Transition 1 1.51 231,006 0.0152 610 3.10 0.0197 0.0278 0.0475

Transition 2 1.15 188,105 0.0158 813 0.90 0.0305 0.0015 0.0321Table 2.4: Loss 
oeÆ
ients for di�user and transition se
tions
Vane Chord [mm] Local Cross Section [mm] Local Velocity [m/s] Rec Kl

Corners 1 & 2 36 381 x 381 7.20 16,589 0.2109

Corners 3 & 4 36 290 x 290 12.47 28,719 0.1962Table 2.5: Loss 
oeÆ
ients for the 
orner turning vanes2.8.3 CornersThe losses o

urring in the 
orner turning vanes were split into two 
oeÆ
ients, the skin fri
tion
oeÆ
ient, Kf , and the loss 
oeÆ
ient due to the 
ow rotation, Kr. The experimental work ofWattendorf [30℄ 
on
luded that the vorti
es generated by the turning of the 
ow a

ounted fortwo-thirds of the losses, while the skin fri
tion a

ounted for the rest. He formed an expressionfor the total 
orner loss 
oeÆ
ient whi
h 
ombined the two 
omponents to give:K
 = 0:10 + 4:55(log10Re
)2:58 (2.26)where Re
 was the Reynolds number based on the turning vane 
hord length and the lo
al velo
ity.The loss 
oeÆ
ient 
al
ulations are tabulated in Table 2.5.2.8.4 S
reens and Honey
omb Se
tionsThe loss 
oeÆ
ient for the wire s
reen was approximated by using an expression from Pope et al.[2℄: Kl = KmeshKRn�s + �2s�2s (2.27)
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Dh [mm] e ReD b Lh [mm] lh Kl

9.00 0.00015 0.6912 0.972 76.00 0.0120 0.1461Table 2.6: Loss 
oeÆ
ients for the honey
omb se
tionswhere �s is the s
reen porosity (see se
tion 2.7) and �s is the s
reen solidity, �s = 1 � �s. Themesh fa
tor, Kmesh, was estimated by Idel'
hik [31℄ as 1.0 for new metal wire, and KRn is givenby E
kert et al. [29℄ using the Reynolds number based on the wire diameter.KRn = �0:785�1� Rd354�+ 1:01� (2.28)With a porosity of 0.538 and a Reynolds number of 234, the loss 
oeÆ
ient for the s
reen was
al
ulated to be Kl = 1:23.The losses asso
iated with the honey
omb se
tions des
ribed in se
tion 2.7 were given by E
kertet al. [29℄ as: Kl = �� LDH + 3�� 1��2 + � 1� � 1�2 (2.29)where � = 8<: 0:375� "DH �0:4R�0:1e" for R�0:1e" � 2750:214� "DH �0:4 for R�0:1e" > 275 (2.30)In Eq. 2.29, � is the porosity as de�ned in Se
tion 2.7, DH is the hydrauli
 diameter of thehexagonal honey
omb 
ell, and L is the thi
kness of the honey
omb in the 
ow dire
tion. InEq. 2.30, " is the honey
omb material roughness, and Re" is the Reynolds number based onthe material roughness and the in
oming velo
ity. For the honey
omb used in this study, theparameters mentioned above were 
al
ulated and tabulated in Table 2.6.2.8.5 Contra
tionThe losses in
urred in the 
ontra
tion se
tion were assumed to a

ount for a small per
entage ofthe total 
ir
uit loss, and was hen
e treated in a rudimentary fashion [2℄. It was assumed that
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tion only, a

ording to the standard law of pipe fri
tion:�p = Z LN0 f �2 V 2DH dx (2.31)The results of the integral were found by Wattendorf [30℄ to be largely independent of the 
on-tra
tion shape, and he therefore formulated an approximation for the loss 
oeÆ
ient as:Kl = 0:32fav LnDH (2.32)where Ln is the 
ontra
tion length, DH is the hydrauli
 diameter of the test se
tion, and fav istaken as the average value of the fri
tion fa
tor between the 
ontra
tion inlet and outlet (usingthe average velo
ity between the inlet and outlet). Based on this analysis, the loss 
oeÆ
ient ofthe 
ontra
tion used in this study was 0.0126.2.8.6 Total Cir
uit LossesThe loss 
oeÆ
ients asso
iated with ea
h wind tunnel 
omponent are summarized in Table 2.7.The Kl 
olumn 
ontains the loss 
oeÆ
ient values from the previous se
tions, andKlt are the same
oeÆ
ients when referen
ed to the test se
tion using the average velo
ity through the 
omponentand the dynami
 pressure (Eq. 2.15). The rightmost 
olumn gives an idea of whi
h 
omponentsa

ount for most of the losses within the tunnel. In this parti
ular tunnel, the di�user was the
omponent with the highest loss for the 
ir
uit. Pope et al. [2℄ suggested that the di�user, as wellas the 
orners, typi
ally a

ount for more than half of the 
ir
uit losses. The main dis
repan
yfrom this referen
e was the high loss 
al
ulated for the test se
tion (Table 2.7). This was to beexpe
ted sin
e this parti
ular test se
tion was three times longer than typi
al test se
tions (itslength was approximtely three times its side dimension). The fri
tion losses were 
ompoundedhere sin
e the velo
ity is always highest in the test se
tion.The sum of the Klt values in Table 2.7 gave a total 
ir
uit loss value of 0.21. When entered intoEq. 2.18, an energy ratio of 4.77 was 
al
ulated. The 
ir
uit power loss was then 
al
ulated fromEq. 2.11 to be 263 W (0.35 Hp). Therefore, the total power that was to be required from thefan was Pt + P
 = 1516 W (2.03 Hp). Based on a velo
ity of 45 m=s in the test se
tion, the
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Section Kl Vavg [m/s] ql Klt % of Total Loss

Test Section 0.0404 45.00 1198.8 0.0404 19.29

Settling Chamber 0.0182 7.20 30.7 0.0006 0.30

Duct Between Corners 1 & 2 0.0064 7.20 30.7 0.0002 0.08

Duct Between Corners 3 & 4 0.0128 12.47 92.0 0.0010 0.47

Diffuser 0.1966 28.73 488.7 0.0801 38.23

Transition 1 0.0475 10.37 63.6 0.0025 1.20

Transition 2 0.0321 7.73 35.4 0.0009 0.45

Corners 1 & 2 0.4217 7.20 30.7 0.0108 5.15

Corners 3 & 4 0.3924 12.47 92.0 0.0301 14.36

Contraction 0.0126 26.10 403.3 0.0042 2.01

Screen 1.2253 7.20 30.7 0.0314 14.96

Honeycomb 0.2921 7.20 30.7 0.0075 3.57

0.2096 100%Table 2.7: Summation of wind tunnel loss 
oeÆ
ientsrequired volumetri
 
owrate was 
al
ulated to be 1.045 m3=s. When sele
ting the fan however,this 
owrate value was in
reased to 1.4 m3=s in order to a

ount for the de
rease in 
ow at highstati
 pressures. Details of the fan and drive system are given in Chapter 3.To summarize, the design pro
edure outlined in this 
hapter resulted in the �nal wind tunnelgeometry shown in Figure 2.1. Its fabri
ation is outlined in the following 
hapter .



Chapter 3Wind Tunnel Constru
tion3.1 Introdu
tionAs with most engineering proje
ts, the potential of any design 
an only be realized if it is fab-ri
ated a

urately a

ording to the original design drawings. The 
ase of a wind tunnel is noex
eption, sin
e the length, shape, and surfa
e �nish of ea
h se
tion is 
riti
al to the end result -a uniform and adjustable air
ow with low turbulen
e.This 
hapter outlines the fabri
ation pro
ess as well as the materials used for the wind tunnel inthis study. The fabri
ation of those 
omponents whi
h presented unique 
hallenges are des
ribedin more detail, while the simple, more 
onventional 
omponents are only brie
y mentioned.3.2 Test Se
tionThe test se
tion, as mentioned in Se
tion 2.1, was where all aerodynami
 measurements were tobe performed. Sin
e the tunnel was designed to be used with the opti
al measurement te
hniqueof PIV, it was logi
al to allow for the maximum opti
al a

ess possible in the test se
tion. Forthis reason, the test se
tion was fabri
ated using transparent a
ryli
 panels for all four walls.40
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Figure 3.1: A
ryli
 test se
tion (152.4mm x 152.4mm x 450mm)This would allow a

ess for the laser and 
amera at any point around the test se
tion, resultingin more 
onvenient equipment setups. The four panels were fastened together using hex so
ket
ap s
rews as opposed to adhesives in order to allow for a

ess to the inside of the test se
tionwithout moving any of the wind tunnel 
omponents.3.3 Corner Turning VanesThe fabri
ation of the 
orner turning vanes 
reated a unique 
hallenge due to the 
omplex shapeand stru
tural demands imposed on them. Ea
h turning vane needed to be as thin as possibleto minimize 
ow blo
kage, and 
ould only be fastened to the wind tunnel at the top and bottomof the vane. Several options were evaluated for their fabri
ation. One su
h option was to obtainlengths of thin-walled metal or plasti
 tubing, and slit the tubes longitudinally into four, quarter-
ir
ular se
tions. These 
ould then be 
ut into individual turning vanes ready for installation.However, this would have required approximately 18 m of tubing and 70 m of 
utting. As well,
utting tubes longitudinally and ensuring a straight 
ut along their entire lengths would be avery diÆ
ult task. This method was dis
arded for these reasons.The alternative method was to form ea
h turning vane from sheet metal blanks. Using Aluminumsheet of 0.635mm (0.025 in.) thi
kness, ea
h vane was 
ut to the appropriate length and width
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Figure 3.2: Turning vane fabri
ating toolsusing a table shear. The use of the table shear gave smooth, straight 
uts, and eliminated theneed for any deburring of edges. On
e the turning vanes were 
ut to the proper length and width,they 
ould be formed from 
at blanks into quarter 
ir
les. This was done with the use of a maleand female half-
ir
ular die (Figure 3.2). Ea
h pie
e of sheet aluminum was pla
ed between themale and female die and pressed together using a hand press. The dies were 
hosen with a radiusof 19mm (0.75 in.) to allow for springba
k in the metal, resulting in a 25.4mm (1 in.) radius inea
h turning vane. In Figure 3.2, the leftmost sta
k shows the turning vane blanks before forming,the dies are shown at the right, while the two middle sta
ks are 
ompleted turning vanes.In order to se
urely hold and lo
ate ea
h turning vane, top and bottom rails were fabri
ated froma
ryli
. The rails were 
ut from 6.35mm (0.25 in.) thi
k a
ryli
, and measured 38.1mm (1.5 in.)in width. The lengths were determined by the diagonal dimension in ea
h of the four 
orners:539mm for 
orners 1 & 2, and 410mm for 
orners 3 & 4.To lo
ate ea
h turning vane, 
ir
ular grooves were ma
hined along the length of ea
h rail at12.7mm in
rements. With these grooves, ea
h turning vane 
ould be inserted into one groove inboth the top and bottom rails (Figure 3.3(a)). On
e all the turning vanes were inserted, smalldrops of epoxy were pla
ed in ea
h groove, se
uring the turning vanes in pla
e while still allowingthe edges of the vanes to be manipulated and adjusted.Figure 3.4 shows the method by whi
h the turning vane assemblies were inserted and lo
ated in
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Figure 3.3: Turning vane and rail assembly: (a) lo
ating rails (b) �nal turning vane assemblya 38.1mm wide groove 
ut into the top and bottom of ea
h 
orner along the diagonal so that theentire turning vane assembly would slide into the 
orner. Ea
h groove was 6.35mm deep so thatthe top and bottom rails of ea
h assembly would be 
ush with the 
oor and roof of the windtunnel.3.4 TransitionsIn the 
ases of transitions 1 and 2, a 
onversion from a square to a 
ir
ular 
ross se
tion wasrequired in order to blend smoothly with the fan se
tion. These parts are usually made withsheet metal, formed to the appropriate transition shape and then welded along a seam to seal thedu
t. In an e�ort to maintain 
onsistent use of one material in as many 
omponents as possible,an alternate te
hnique was developed.For this study, both transition pie
es were fabri
ated using medium density �berboard (MDF)panels fastened together. Their 
ross se
tions therefore remained square, and the transition toa 
ir
ular 
ross se
tion was performed with styrofoam �ller se
tions. Blo
ks of high densityinsulation styrofoam were 
ut using a hot wire 
utter to form a shape with a 178mm radius at
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Figure 3.4: (a) Lo
ating groove for turning vane assembly in 
orner 3 (b) insertion of turningvanes into 
orner 3
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Figure 3.5: Transition 1 with styrofoam �ller se
tionsone end (to mate with the fan), and de
reasing to a point (0mm radius) at the other end (seeFigure 3.5). These se
tions were 
oated with epoxy resin whi
h sealed and hardened over thesoft styrofoam surfa
e. They were then fastened and glued into the transition 
orners and thetransitions were 
ompleted with a wooden 
ange with fastening holes for the fan se
tion.3.5 Contra
tionThe 
ontra
tion se
tion was another 
omponent whi
h presented a unique fabri
ating 
hallenge.Its 
urvature did not allow for the use of wood panels as with the other straight se
tions. Thefabri
ation of the 
ontra
tion required, above all, the a

urate forming of the radius whi
h madeup ea
h of the four walls. It was de
ided that this shape 
ould most easily be made from reinfor
edepoxy resin formed over a male mold of the 
ontra
tion shape.The male mold for the 
ontra
tion was fabri
ated from high density insulation styrofoam, andwas 
ut using a hot wire 
utter. Figure 3.6 shows the apparatus used to swing the hot wire along
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Figure 3.6: Hot wire 
utter used to form the male 
ontra
tion molda 775mm radius (as per the design outlined in Se
tion 2.6). The blo
k of styrofoam was lo
atedand held in pla
e while the hot wire was allowed to swing down, 
utting an ar
 of 
onstant radiusinto the blo
k. This was repeated until all four sides were 
ut.The mold was then sanded and �lled to remove any surfa
e imperfe
tions, and a 
at styrofoampanel was glued to the top and bottom to form fastening 
anges for the 
ontra
tion (Figure 3.7).The mold was then wrapped in pa
king tape whi
h a
ted as a mold release layer as well as a
ontrol surfa
e for the �nal part. The 
ontra
tion se
tion was made using a wet layup te
hniquewith glass �bre reinfor
ed epoxy. Se
tions of Nomex honey
omb were inserted between the glass�bre layers to in
rease the sti�ness of the four walls. The styrofoam mold was then removed fromthe part, leaving a smooth surfa
e �nish from the pa
king tape.3.6 Fan and Speed ControllerThe main 
hara
teristi
s of the fan, su
h as the size, 
owrate, and required power were determinedin se
tion 2.8. Based on these 
riteria, a tube axial fan (Type AID-143) was pur
hased from
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Figure 3.7: Contra
tion mold a) after hot wire 
utting, b) after �lling and sanding with 
angesadded
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h HVAC Produ
ts (An
aster, Ontario). The fan 
asing was 508mm (20 in.) long witha diameter of 356mm (14 in.). The impeller 
onsisted of �ve 
ast aluminum blades, and wasdire
tly driven by a 1500 W (2 Hp), 208 VAC motor. At 3450 rpm, the fan was 
apable of a
owrate of approximately 1.4 m3=s (3000 ft3=min). Fan performan
e 
urves have been in
ludedin Appendix A.A variable frequen
y drive (Te
o Spee
on 7210M) was pur
hased from MDI systems (Salt LakeCity, Utah) in order to vary the motor rotational speed. The unit took a 208 VAC, 3 phase inputand varied the output frequen
y from 0 to 60 Hz. With the variable frequen
y drive, the fan exitvelo
ity was 
ontinuously adjustable from nearly 0 m=s up to 10 m=s (60 Hz). The 
ontrol unitwas fastened to the outside wall of transition 2 (Figure 3.8).3.7 Remaining ComponentsAll remaining wind tunnel 
omponents (ex
luding the test se
tion, 
ontra
tion, and fan se
tion)were fabri
ated using 16mm thi
k medium density �berboard (MDF). The panels were fastenedusing wood s
rews as well as 
arpenter's glue in order to seal ea
h 
omponent. Before assembly,a layer of 
lear 
oat paint was applied to the inside of ea
h 
omponent. This was done to prote
tthe wood from oil whi
h 
olle
ts on the tunnel walls due to the 
ondensation of the smoke usedfor PIV measurements.The wind tunnel was pla
ed on a table top, raising it nearly 1m from the ground. This 
reated amore 
onvenient setup for inserting test models, running experiments, and modifying the tunnel.The 
ompleted tunnel is shown in Figures 3.8 and 3.9.
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Corners 3 & 4 Corners 1 & 2

Transition 1 Fan Transition 2Figure 3.8: Fan side view of the 
ompleted wind tunnel
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Settling
Chamber

Contraction Test
Section

DiffuserFigure 3.9: Test se
tion side view of the 
ompleted wind tunnel



Chapter 4Parti
le Image Velo
imetry in theWind Tunnel4.1 Introdu
tionIn this 
hapter, a literature review is provided whi
h outlines the main types of measurementte
hniques available for use in wind tunnel 
ows. This is followed by an overview of the theorybehind parti
le image velo
imetry (PIV). Afterwards, a brief literature review is in
luded, ex-amining previous works involving both wind tunnels and the PIV measurement te
hnique. The
hapter 
loses with a des
ription of the experimental setup and hardware used to obtain themeasurements in this study.4.2 Literature Review - Measurement Te
hniques for WindTunnel FlowsThe 
lassi
 type of measurement in the wind tunnel is pressure measurement in order to 
al
ulatevelo
ity. Perhaps the oldest method for measuring pressure is the manometer, where a pressure51
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le Image Velo
imetry in the Wind Tunnel 52di�erential 
an be 
al
ulated by measuring the verti
al displa
ement between two 
onjoined
olumns of 
uid. The manometer remains one of the oldest methods of measuring pressure in awind tunnel [32℄. A more modern method of pressure measurement is the pressure transdu
er,whi
h 
an be loosely de�ned as a devi
e whi
h takes a 
hange in pressure and returns an ele
tri
alsignal [2℄. The various types of pressure transdu
ers are des
ribed by Benedi
t [32℄ and Soloukhin[33℄. In 
omparison to manometers, pressure transdu
ers provide higher a

ura
y, sensitivity,and the potential for 
onne
tion to a data a
quisition system. Both manometers and pressuretransdu
ers are typi
ally 
onne
ted to a pressure measurement probe whi
h is inserted into the
ow. The types of probes used for the measurement of pressure are dis
ussed by Pope et al. [2℄.For the measurement of velo
ity, 
ow visualization te
hniques are gaining popularity due to theirnon-intrusive 
hara
teristi
s. Velo
ities are measured opti
ally, usually through a window so thatno instrumentation is needed in the a
tual 
ow �eld. Early methods of 
ow visualization were
omprised mainly of tufts, or streamers atta
hed to the surfa
e of a model [2℄. These short, lightpie
es of string (or other suitable material) would align themselves with the surrounding 
ow,revealing qualitative 
ow patterns near the model surfa
e. In order to investigate the 
ow furtheraway from the model surfa
e, smoke or dye visualization is typi
ally used. For air 
ows (as inthis study), smoke is inje
ted into the 
ow and is either wat
hed, photographed, or �lmed. Thenumerous options available for smoke generation, inje
tion, and image re
ording are dis
ussed indetail by Smits and Lim [34℄.The non-intrusive methods introdu
ed thus far are only 
apable of providing qualitative observa-tions in a 
ow �eld. However, it is often desirable to obtain a more 
omprehensive 
hara
terizationof the 
ow in question. One su
h non-intrusive, but quantitative measurement te
hnique is LaserDoppler Velo
imetry (LDV). In general terms, LDV uses a measurement area formed by theinterse
tion of two laser beams. These beams interse
t to form an interfern
e pattern, and par-ti
les passing through this area will 
reate a signal whi
h 
an be retrieved by a photodete
torand 
onverted into a velo
ity. LDV 
an be used in high speed air 
ows, and 
an perform velo
itymeasurements at high frequen
ies with a high level of a

ura
y [2℄. Its main disadvantage in the
ase of wind tunnel 
ows is that it is a point measurement te
hnique. LDV 
an therefore onlydetermine velo
ities at a single point in the 
ow for ea
h setup. In order to measure an entiretest se
tion 
ow, the LDV system would typi
ally be mounted on a traversing assembly to avoid
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le Image Velo
imetry in the Wind Tunnel 53unne
essary setup time.The natural progression of non-intrusive measurement methods has led to a te
hnique whi
his 
apable of high a

ura
y velo
ity measurements over a larger spa
e to give more 
omplete
overage of a 
ow �eld. The development of PIV has made su
h full-�eld measurements possible.4.3 Parti
le Image Velo
imetry4.3.1 SeedingAs brie
y des
ribed in Se
tion 1.2, parti
le image velo
imetry (PIV) operates by 
apturing twosnapshots of a 
ow �eld separated by a short time interval. PIV a
tually measures the displa
e-ment of seeding parti
les inje
ted into the 
ow, and not the 
ow itself. These parti
les are neededbe
ause individual 
uid parti
les, su
h as air or water mole
ules, 
annot be distinguished by a
amera. Instead, the 
amera photographs seeding parti
les whi
h re
e
t light and 
an be lo
atedin ea
h su

essive image. For this reason, seeding parti
les must be 
hosen very 
arefully sothat they follow the 
ow 
losely. A seeding parti
le that is too heavy will not be 
arried by the
ow as easily and will be slow to rea
t to 
hanges in velo
ity. A parti
le that is too light may bedominated by buoyan
y for
es, also resulting in ina

urate 
ow tra
king. In addition, the parti
lesize must be large enough to s
atter enough light to be seen by the 
amera. In the ideal 
ase, the
hosen seeding parti
le should have the same density as the 
uid, making it neutrally buoyantwith respe
t to the 
ow [35℄. Basset [36℄ and Hinze [37℄ showed that a neutrally buoyant parti
le
ould be found by balan
ing the a

elerating for
e with the sum of the drag due to both vi
ousand unsteady motion, the pressure gradient for
e, and the 
uid resistan
e to the a

eleratingparti
le. A full des
ription of various seeding parti
les and their sele
tion 
an be found in Melling[38℄, Grant [39℄ and the Dante
 User's Guide [35℄.In this parti
ular study, the 
uid under investigation was air. Melling [38℄ suggested severalseeding parti
le 
hoi
es for gas 
ows in
luding TiO2 (titanium dioxide), Al2O3 (dialuminumtrioxide), and several types of vapourized oils. Vapourized mineral oil was 
hosen as the seeding
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imetry in the Wind Tunnel 54parti
le for all the PIV measurements 
ondu
ted in this study. This was 
hosen for severalreasons:1. Its vapour density is 
lose to that of air, �vap � 6:76kg=m3 (this value was estimated fromother seeding parti
les with known vapour densities);2. One litre of mineral oil 
an produ
e large amounts of smoke (enough for over 100 hours ofPIV measurements in this 
ase), making it an e
onomi
al seeding parti
le;3. It 
ould be easily vapourized and inje
ted into the wind tunnel;4. Smoke 
ould be easily removed from the wind tunnel at the 
on
lusion of an experiment byventing it out from any opening in the tunnel; and,5. It has low toxi
ity levels.Prior to all PIV measurements, small amounts of mineral oil were poured into a smoke generatorat regular intervals. The smoke generator a
ted simply as a hot plate, vapourizing droplets ofmineral oil as they 
ame into 
onta
t with it. With small bursts of 
ompressed air, the smoke
ould then be pushed out of the generator and dire
tly into the wind tunnel. The smoke wasinje
ted just upstream of the fan se
tion, through a hole in the wall of transition 1. The lo
ationof smoke inje
tion was not 
riti
al sin
e the 
ow in the wind tunnel re
ir
ulated several times ase
ond, resulting in very rapid mixing.At the 
on
lusion of an experiment, the smoke was vented from the tunnel by removing an a
ryli
se
tion in the settling 
hamber and running the fan at low speed, allowing the smoke to es
apeinto the surroundings. By doing this immediately following PIV measurements, most of the smokewas removed from the tunnel before it 
ould 
ondense ba
k into mineral oil and deposit in 
riti
alareas su
h as the motor internal windings.4.3.2 Capturing of PIV ImagesFigure 4.1 shows a typi
al PIV setup, 
omposed of a two-dimensional laser light sheet and a
amera oriented perpendi
ular to it. On
e the 
amera has been fo
used on the light sheet, PIV
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Figure 4.1: PIV overview [40℄images are ready to be 
aptured. Sin
e the laser must emit a light sheet of very high intensityover a small time interval, it is 
riti
al that the 
amera is syn
hronized with ea
h laser burst.This is done with a 
entral pro
essor, whi
h syn
hronizes the laser and 
amera, and ensures thatea
h image is taken at the set time separation. The time separation between the two images inan image pair is set by the user and must be sele
ted based on the predi
ted velo
ities and thesize of the interrogation areas used for 
ross 
orrelation. The pro
ess of 
ross 
orrelation will bedis
ussed in the following se
tion.The high speed 
amera utilizes a 
harged 
oupled devi
e (CCD) to temporarily store ea
h imagebefore it is uploaded to a 
omputer. The images must 
ontain a bla
k ba
kground in order toprovide enough 
ontrast so that the illuminated seeding parti
les 
an be distinguished. Figure4.2 shows a typi
al PIV image 
olle
ted in an air 
ow. The spe
ks of light represent the seedingparti
les passing through the two dimensional light sheet. Ea
h image 
olle
ted is stored as anarray of pixel values ranging from 0 to 255, with 0 being the darkest and 255 being the brightest
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Figure 4.2: Typi
al PIV image 
aptured in an air 
ow (approximate size, 85mm x 85mm)light intensity. On
e two of these images are 
olle
ted, the pro
ess of 
ross 
orrelation 
an beperformed to obtain velo
ity information.4.3.3 Cross CorrelationEa
h 
ross 
orrelation takes pla
e between a single pair of images, image A, and image B 
aptureda short time after. The images are broken up into smaller areas, 
alled interrogation areas (Figure4.3). The size of the interrogation area, N (in pixels), should be 
hosen so that the parti
ledispla
ements within the area do not ex
eed N=4 [41℄. Even with this 
riteria satis�ed, it isstill possible that parti
les near the edge of an interrogation area will move into the adja
entinterrogation area by the time image B is 
aptured. This is demonstrated in Figure 4.3, whereparti
le (b) moves into the next interrogation area (solid line) in image B. This 
an result inerroneous displa
ement data near the edge of the interrogation area due to the \loss" of that
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Figure 4.3: PIV image broken up into smaller interrogation areaspair. To redu
e this error, interrogation areas 
an be overlapped. For example, if an overlapof 50% is used, there will be a new interrogation area every N=2 pixels. The areas in brokenlines in Figure 4.3 represent the lo
ation of the se
ond interrogation area if 50% overlap wasused. With this overlap used, parti
le (b) would be retrieved in the 
ross 
orrelation of these
ond interrogation area (broken lines). Therefore, the two main user inputs required for 
ross
orrelation are the interrogation area size in pixels and the amount of overlap used.On
e these two parameters are determined, 
ross 
orrelation 
an begin between ea
h 
orrespond-ing interrogation area in image A and B. The 
ross 
orrelation algorithm used for all PIV mea-surements in this study utilized the fast Fourier transform (FFT) to determine the parti
le dis-pla
ements in ea
h interrogation area. Details of the FFT-based 
ross 
orrelation te
hnique 
anbe found in [41, 42, 43, 44, 35℄. The end result of the 
ross 
orrelation is a displa
ement for ea
hpair of interrogation areas in the image pair, whi
h represents the mean parti
le motion withinthe interrogation area. The displa
ement has two 
omponents, �x and �y, and is given in pixels.In order to obtain a
tual parti
le velo
ities from these measured displa
ements, two other pie
esof information are needed. First, the time separation, �t, between the 
apturing of image A andB is needed so that the displa
ement 
an be 
onverted into a velo
ity of pixels per se
ond. To
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onvert that velo
ity into a physi
al value su
h as meters per se
ond, a magni�
ation fa
tor,M , is needed whi
h relates the number of pixels in the image to a physi
al dimension in the 
ow.The velo
ities in the x and y dire
tions, u and v, 
an therefore be 
al
ulated as:u =M�x�t ; v =M�y�t (4.1)The two velo
ities determined are then lo
ated at the 
enter of the interrogation area from whi
hthey were determined.4.3.4 Sour
es of Error in PIVIn this se
tion, the various sour
es of error asso
iated with PIV are brie
y des
ribed. With PIVbeing a relatively new measurement te
hnique (its widespread use did not begin until the 1990's),many of the error sour
es have been identi�ed but not quanti�ed a

urately. This is due to thefa
t that many PIV errors depend greatly on the physi
al measurement environment su
h as thenature of the 
ow (i.e. a

eleration present in the 
ow), and the exa
t size and shape of theseeding parti
les. For this reason, the errors listed in this se
tion will be outlined qualitatively,although a quanti�able per
entage error will be quoted wherever possible. The various errorsdes
ribed below are generally 
lassi�ed as either random errors or bias errors [45℄.Random ErrorsRandom errors are 
lassi�ed here as any error whi
h 
an result in either the overestimation orunderestimation of the true answer. Sin
e these errors 
ause the measurement to fall above andbelow the true value with equal probability, random errors 
an be redu
ed with averaging if thesample size is large.1. Image Re
ordingErrors originating from the image 
apturing pro
ess have been attributed to noise in there
ording devi
e by Pi
kering and Haliwell [46℄. The level of resolution in the re
ordingdevi
e 
an also e�e
t the amount of error in the results [47, 48, 49℄.
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orded ImagesAs mentioned in Se
tion 4.3.2, it is important that the images 
aptured with PIV havean adequate level of 
ontrast between the bright parti
les and the dark ba
kground. Ifthe ratio of the brightness of the parti
les to the brightness of the ba
kground (referredto as the signal-to-noise-ratio, SNR) is too low, it will be
ome in
reasingly diÆ
ult todistinguish the seeding parti
les from the rest of the ba
kground. This will adversely e�e
tthe a

ura
y of the predi
ted displa
ements. Guezenne
 and Kiritsis [50℄ suggested thatthe amount of error was insensitive to the SNR as long as it was kept above a 
ertain
riti
al value of approximately 100 
ounts of 
ontrast. In this 
ontext, 
ontrast refers tothe di�eren
e between the parti
le intensity and the ba
kground intensity, and a 
ount is aunit of measurement for intensity.3. Parti
le SizeErrors in the predi
ted displa
ement 
an arise from improper parti
le sizes in the 
apturedimage. For example, if a seeding parti
le takes up less than one pixel in a re
orded image,there is no way to determine its exa
t lo
ation be
ause one pixel 
an only hold one intensityvalue. Consequently, if that parti
le happened to be lo
ated in the upper left hand 
ornerof the pixel, there would be no way to resolve this lo
ation. It is therefore important thatthe 
amera be adjusted su
h that the seeding parti
les (as 
aptured in the 
amera images)are at least 2 pixels in diameter. Figure 4.4 shows a predi
tion of the relationship betweenthe error (in pixels) and the parti
le image diameter (also in pixels) given by Prasad et al.[47℄.4. Parti
le Number DensityThe number of parti
les whi
h appear in ea
h interrogation area 
an a�e
t the a

ura
y ofthe 
ross 
orrelation. Ea
h interrogation area should 
ontain more than 10 to 20 parti
les toattain a

eptable levels of error [43, 39℄. Huang et al. [49℄ suggested a relationship betweenthe random error and the number of parti
les in an interrogation area whi
h is plotted inFigure 4.5.
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tsEven when it is reasonable to assume a purely two-dimensional 
ow, some degree of out-of-plane motion exists in most physi
al 
ow �elds. It is possible that any given parti
le withenough out-of-plane motion 
ould pass through the laser sheet before the se
ond image ofan image pair is 
aptured. This would result in a failure to �nd that mat
hing parti
le inthe se
ond image, 
ausing a redu
tion in the SNR. To prevent this e�e
t, it was suggestedby Adrian [43℄ that the seeding parti
les should not travel more than one-quarter of thelaser sheet thi
kness before the se
ond image is 
aptured.6. ParallaxAs mentioned above, the error due to out-of-plane motion 
an be minimized with a lasersheet that is at least 4 times thi
ker than the out-of-plane motion. However, if the lasersheet be
omes too thi
k, the error due to parallax will in
rease. Parallax error o

urs whenparti
le displa
ement in the out-of-plane dire
tion is interpreted as an in-plane displa
ement.This error 
an be quanti�ed if the out-of-plane velo
ity is known [51℄, and 
an be redu
edif the distan
e between the 
amera lens and the measurement plane is in
reased.Bias ErrorsIn 
ontrast to random errors, bias or �xed errors will 
ause the measurement to be either 
onsis-tently above or below the true value.1. Tra
king ErrorTra
king error o

urs when the seeding parti
les do not follow the 
ow exa
tly. Sin
e PIVmeasures the displa
ement of seeding parti
les, it is essential that they are 
hosen so thatthey are neutrally buoyant in the 
ow (Se
tion 4.3.1).2. A

eleration ErrorsIn the 
ross 
orrelation of an image pair, it must be assumed that the velo
ity remains
onstant over the time interval sin
e the only three pie
es of information available are the
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imetry in the Wind Tunnel 63starting and �nishing position of the parti
les, and the elapsed time for this displa
ement.The path taken by the parti
le is not known (i.e. the parti
le may follow a 
urved path,or may 
hange speed along a straight path). Therefore, a

eleration 
annot be measuredwith PIV unless more than two images are used in a 
ross 
orrelation te
hnique [52℄. Anestimation of the a

eleration errors in PIV 
an be found in Boillet and Prasad [53℄.3. Velo
ity Gradient ErrorsDuring 
ross 
orrelation, one velo
ity ve
tor is 
al
ulated for ea
h interrogation area. How-ever, these areas have some �nite size (N), so it is possible that di�erent parti
les within theinterrogation area 
ould have di�erent velo
ities. For this reason, it is wise to use smallerinterrogation areas when high velo
ity gradients are expe
ted. The errors resulting fromthe assumption that all parti
les within an interrogation area display uniform motion wereinvestigated by Huang and Fielder [54℄.4. Sub Pixel InterpolationSub pixel interpolation errors are similar to the parti
le size errors des
ribed above. Unlessthe parti
le displa
ements within an interrogation area happen to be an exa
t integer valueof pixels, then some sort of interpolation is required. The various fun
tions available forestimating the exa
t displa
ements are des
ribed by Gilbert [40℄. Based on the theoreti
aland simulation results of Westerweel [55℄, typi
al sub pixel interpolation errors are in therange of 0.05 to 0.1 pixels.For ea
h of the experiments performed in this thesis proje
t, the above error sour
es were evalu-ated and quanti�ed wherever possible. The results are reported in ea
h 
orresponding 
hapter.4.4 Literature Review - Parti
le Image Velo
imetry and theWindTunnelThis se
tion brie
y reviews the existing publi
ations pertaining to the use of PIV in wind tunnels.At present, this topi
 remains largely unexplored, as is eviden
ed below by the small number ofpubli
ations found in this literature sear
h.
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ation found involving the use of PIV in a wind tunnel was from 1989. Ho
kerand Kompenhans [56℄ investigated ways to improve the performan
e of their PIV system for themeasurement of low and high speed air 
ows. Some te
hni
al improvements involved repla
ingphotographi
 �lm with a CCD 
amera for digitizing the re
orded images, and determining eÆ
ientmethods for (image) brightness 
ontrol and seeding 
on
entration. These improvements weremade with the purpose of justifying PIV as a feasible measurement te
hnique in the wind tunnel,and are now re
ognized as standard pra
ti
es in PIV measurements.Willert et al. [57℄ investigated various appli
ations of a two dimensional PIV system in the 6 � 8m2 test se
tion of the DNW Large Low Speed Testing fa
ility (German-Dut
h wind tunnel). PIVwas used to measure: (1) heli
opter rotor blade/vortex intera
tions, (2) 
ow in the wake of anair
raft in landing 
on�guration, and (3) the 
ow between the slats of a high-lift airfoil. Willertet al. 
on
luded that in light of these su

essful experiments, PIV should be 
onsidered a verypromising te
hnique for wind tunnel measurements [57℄.Willert [58℄ later explored the appli
ation of stereos
opi
 PIV in the wind tunnel. Stereos
opi
PIV uses two 
ameras to re
ord image pairs simultaneously in order to 
apture the third (out-of-plane) velo
ity 
omponent. A detailed des
ription of stereos
opi
 PIV was given by Willert[58℄ as well as in [59, 60, 61, 62, 63℄. Willert [58℄ tested the three dimensional PIV system byperforming measurements of an unsteady vortex ring. He 
on
luded that an extension from twoto three dimensional PIV would be possible in most wind tunnel appli
ations [58℄.Arik and Carr [64℄ investigated the use of a PIV system for real-time measurements in the windtunnel. The main di�eren
e with this system was the ability to qui
kly adjust parameters su
has the time separation between images, the image quality, and the 
ross 
orrelation parameterssu
h as the size of the interrogation areas and the overlap. These 
apabilities are now 
ommonin the majority of 
ommer
ial PIV systems. Arik and Carr [64℄ used this system to performmeasurements of the 
ow along the fuselage and behind the wing 
aps of a transport air
raft.It was interesting to note that Arik and Carr [64℄ attempted to inje
t the seeding parti
les justupstream of the model (lo
al seeding). They reported this method to be unsu

essful due tothe intermitten
y of the smoke stream in the 
olle
ted images. Instead, it was de
ided to seedthe entire tunnel by running the smoke generators and the tunnel for one hour before 
olle
ting
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essful appli
ation of PIV in a windtunnel 
ow.A re
ent appli
ation of PIV in the automotive industry was performed by Cogotti and De Gre-gorio [65℄, where a full s
ale automobile was tested in an open se
tion resear
h tunnel. PIVmeasurements were made immediately downstream of the side view mirrors and the front wheelswith a two dimensional PIV system. Vapourized olive oil was 
hosen as the seeding parti
le, andwas inje
ted into the 
ow at the 
ontra
tion inlet with a traversing seeding rake. For 
omparison,the same areas were investigated using both LDV and a 14-hole pressure probe and found to givegood agreement with the PIV results. The authors 
on
luded that PIV showed a great deal ofpotential for use in automotive wind tunnels [65℄.4.5 PIV Hardware SetupThis se
tion des
ribes the PIV hardware 
omponents used to obtain the 
ow measurements inthis study (Figure 4.6). Sin
e the same equipment was used for all the experiments in Chapters5, 6, and 7, this des
ription has been in
luded here for 
onvenien
e.4.5.1 LaserThe laser unit used in this study was a New Wave Gemini 15Hz dual 
avity Nd-YAG laser (the15Hz reported here refers to the frequen
y at whi
h pairs of laser pulses 
an be emitted). Thisunit a
tually 
ontained two lasers, allowing for very small time separations (�t) between pulsessin
e it was not ne
essary to wait for a single laser to re
harge before emitting a se
ond light burst.The New Wave Gemini was 
apable of produ
ing two 500mJ=5ns laser pulses at a wavelengthof 532nm. Along with the time separation between laser bursts, the user 
ould also vary theintensity of the laser beam. This was generally kept in the range of 75% of full power, as thiswas usually enough to provide properly illuminated PIV images. The opti
s whi
h spread thelaser beam into a two dimensional sheet 
ould also be adjusted. The main user adjustment of
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e here was the laser sheet thi
kness. For all experiments, the light sheet thi
kness wasset between 2 and 3mm.4.5.2 CCD CameraThe re
ording devi
e used in the PIV system was a Kodak Megaplus ES1.0 CCD 
amera with aframe resolution of 1008 by 1018 pixels. The Kodak Megaplus was 
apable of a
hieving minimumtime separations of 1�s [35℄. The only two user adjustments were the zoom and fo
us of thelens installed on the 
amera. The zoom 
ould be adjusted to vary the overall size of the areaphotographed by the 
amera, while the fo
us was used to a
hieve sharp images of the measurementplane.4.5.3 Pro
essing UnitA pro
essing unit was required to syn
hronize the laser and 
amera to ensure that the 
amera
aptured an image at the same instant that a laser burst was emitted. The pro
essor used in thisstudy was a Dante
 1100 Flow Pro
essor. Through this pro
essor (and its software), the user
ould adjust all other ne
essary parameters su
h as the time separation (�t), the magni�
ationfa
tor M , and the options for image 
ross 
orrelation, su
h as the interrogation area size andoverlap.At this point, the reader should have enough theory and ba
kground on both wind tunnels andPIV. The following 
hapters dis
uss the 
ow measurements performed in the wind tunnel usingthe PIV system des
ribed above.



Chapter 5Wind Tunnel Flow Validation5.1 Introdu
tionPrevious 
hapters have reviewed the wind tunnel and measurement te
hnique used in this study.The remaining 
hapters des
ribe the 
ow measurements performed in the wind tunnel usingparti
le image velo
imetry (PIV).Before any useful measurements 
an be made in a new wind tunnel, it is ne
essary to examinethe 
ow in the empty test se
tion. Parameters su
h as 
ow uniformity and turbulen
e levelsin the test se
tion should be kept within reasonable levels to provide meaningful results on testmodels. The �rst 
alibration test performed on the wind tunnel in this study was a wind speed
alibration test.5.2 Mean Wind Speed Calibration5.2.1 Obje
tiveThe main obje
tive of this experiment was to generate a mean wind speed 
alibration 
urve in thetest se
tion. Sin
e the fan was driven with a variable frequen
y drive, it was ne
essary to know68
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tion at di�erent frequen
y settings of the 
ontroller.The 
alibration 
urve generated in this way should only be used as an approximate method forobtaining a desired test speed, due to the fa
t that the experiment was 
ondu
ted with no modelin the test se
tion. The pla
ement of a model in the test se
tion would typi
ally indu
e higherlo
al velo
ities around the model due to the 
ow obstru
tion. The base wind speed 
alibration
urve 
an therefore be used as a starting point, however, the true test speed must be measuredand �ne tuned in the vi
inity of the model.5.2.2 Experimental SetupFor this parti
ular test, a verti
ally oriented measurement area was lo
ated along the 
entrelineof the test se
tion (Y = 76.2 mm), with its bottom left hand 
orner lo
ated at (X;Z) = (191.9,68.3)mm (Figure 5.1). The laser was pla
ed beneath the test se
tion while the 
amera was pla
edto one side of the test se
tion as shown in Figure 5.1. With a physi
al image size of 84.4mmx 85.3mm and a CCD array of 1008 x 1018 pixels, the resulting image resolution was 0.084mm/pixel.5.2.3 Sample SizingBefore 
olle
ting PIV measurements, it was ne
essary to determine how many image pairs wouldbe suÆ
ient in determining the desired parameters su
h as mean velo
ity and turbulent kineti
energy. In an initial PIV experiment in the empty se
tion, 500 image pairs were 
olle
ted, and theaverage velo
ity in a small area was plotted against 1=n, where n was the sample size (number ofimage pairs) used. In Figure 5.2, sample sizes of 50, 100, 200, 300, 400, and 500 images pairs wereused in the determination of the plotted velo
ities. From 1/n = 0.02 to 0.005 (50 to 200 imagepairs, respe
tively) the average measured velo
ity di�ered by 0.11%. However, from 200 to 500image pairs (0.005 to 0.002 in Figure 5.2), the measured velo
ities only varied by a maximum of0.019%. Based on these results, it appeared that a sample size larger than 200 image pairs wouldprovide stabilized velo
ity measurements, with a variation of less than 0.02%. Average values of



Chapter 5: Wind Tunnel Flow Validation 70

(a) (b)Figure 5.1: Experimental setup and measurement window for wind speed 
alibration test (alldimensions in mm)
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Figure 5.2: Average velo
ity values as a fun
tion of the sample size, nturbulent kineti
 energy followed the same trend, with the variation dropping to less than 2.5%above a sample size of 200 image pairs.5.2.4 Experimental Un
ertaintyIn Table 5.1, the various sour
es of error in PIV (outlined in Se
tion 4.3.4) are estimated based onthe velo
ities measured in this 
hapter. The basis for ea
h estimation is in
luded in the rightmost
olumn as many error sour
es were 
onsidered negligible.Based on these estimates, the total error in the measured displa
ements was 0.008mm (given atypi
al measurement area of 80mm x 80mm). In terms of velo
ities, the error ranged from 1.5%to 2.3%, depending on the average velo
ities measured.
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Error Source Error Estimate Total Error [mm] Description

Image Recording Negligible Amount of electrical noise not known

Contrast Negligible Level of contrast was high in all images (above 100 counts of contrast)

Particle Number Density 0.0175 pixels 4.07E-05
Taken as lowest error value from Figure 4.6 of Huang et al. [49] since all

interrogation areas contained at least 50 particles

Loss of Pairs Due to

Out-of-Plane Motion
Negligible

Maximum out-of-plane velocities measured were 0.3 m/s, resulting in a

displacment of only 0.003mm compared to a 3mm sheet (factor of 1000)

Parallax 0.00151 pixels 5.37E-06

Calculated from the estimates of Sinha [51] using a 80mm x 80mm

measurement area, 0.3 m/s maximum out-of-plane displacement, and a

distance of 508mm from the camera lens to the measurement plane

Tracking Error Negligible
Mineral oil was calculated to have a response time of 0.00000009 (i.e. time

lag with respect to air)

Acceleration Errors Negligible
Acceleration unknown but assumed negligible since the empty test section

flow was expected to be extremely uniform and steady

Velocity Gradient Error Negligible Also assumed negligible here due to the test section being empty

Particle Image Size Negligible
Negligible since the particles were assumed to be smaller than 1 pixel,

resulting in cross correlation of entire smoke particle-clusters

Sub-pixel Interpolation 0.10 pixels 7.95E-03 Based on the theoretical and simulation results of Westerweel [55]Table 5.1: Estimation of the errors in the PIV measurements 
olle
ted in the test se
tion5.2.5 ResultsIn order to generate a fan/speed 
alibration 
urve, 50 PIV image pairs were 
olle
ted in themeasurement area at eleven di�erent values of drive 
ontroller frequen
y ranging from 5.83 Hzto 60 Hz (full load). Based on the results of Se
tion 5.2.3, a sample size of only 50 image pairs
ould di�er by as mu
h as 0.11% from the expe
ted true value. This amount of variation wasa

eptable in this 
ase however, sin
e the main obje
tive here was only to obtain a rough estimateof the velo
ities at ea
h 
ontroller frequne
y.Sin
e the test se
tion wind speed 
hanged with every frequen
y, it was ne
essary to �rst determinethe appropriate time separation between image pairs in order to ensure proper 
ross 
orrelation.Table 5.2 shows the eleven frequen
y values 
hosen along with the time separation used in ea
h
ase. These frequen
ies are 
onverted to a 
orresponding fan rotational speed in the se
ond 
olumnfrom the left. The average velo
ities in the rightmost 
olumn were 
al
ulated by averaging thevelo
ity values in the free stream of the test se
tion (well 
lear of the wall boundary layer).The images 
olle
ted were pro
essed using interrogation areas of 32 x 32 pixels (2.7mm x 2.7mm),
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Controller Frequency [Hz] Fan Speed [rpm] Time Separation [ms] Wind Speed [m/s]

5.83 350 100 3.29

11.67 700 60 7.31

17.50 1050 35 11.75

23.33 1400 30 15.95

29.17 1750 25 19.97

35.00 2100 20 24.67

40.83 2450 18 28.20

46.67 2800 15 32.84

52.50 3150 12 36.04

57.50 3450 8 41.10

60.00 3600 7 42.72Table 5.2: Controller frequen
ies used for wind speed 
alibrationwith 50% overlap. This resulted in ve
tor maps 
ontaining 3844 velo
ities (62 x 62) for ea
h speed.Figure 5.3 is a pi
ture of one su
h seeded image 
olle
ted in this experiment (at 17.5 Hz).Figure 5.4 is a plot of the results in Table 5.2. The se
ondary Y -axis represents the 
orrespondingfan rotational speed and was determined from the 
ontroller frequen
y. The 
alibration 
urvewas approximated with the following linear relationship:(
ontroller frequen
y, Hz) = 1:3805� (desired wind speed, m/s) + 1:4322 (5.1)Although the 
alibration 
urve is nearly linear in this 
ase, it 
annot always be expe
ted sin
e
ow losses may in
rease with the square or 
ube of the velo
ity. Equation 5.1 was used as astarting point in �nding the appropriate wind speed for all the remaining measurements in thisstudy.5.3 Corner Flow Validation5.3.1 Obje
tiveApart from the test se
tion, the wind tunnel used for this study was fabri
ated with one otherarea of opti
al a

ess. Two a
ryli
 panels were installed on the top and side wall, just downstream
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Figure 5.3: Sample PIV image from wind speed 
alibration measurements (approximate size,85mm x 85mm, smoke parti
les in air)
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orner 2 (settling 
hamber). This allowed for PIV measurements to be performed on the 
owexiting 
orner 2, upstream of the 
ontra
tion se
tion.The obje
tive of this experiment was to investigate the e�e
tiveness of the turning vanes installedin 
orner 2. The performan
e of the turning vanes 
ould be evaluated by looking at the uniformityand alignment of the exiting velo
ity pro�le. The measurements performed in this area wouldalso de�ne the true inlet 
onditions for the 
ontra
tion and test se
tion.5.3.2 Experimental SetupFor the turning vane measurements, the PIV system was set up to utilize a horizontal lightsheet with the 
amera pla
ed above the wind tunnel, looking down (Figure 5.5). The light sheetwas pla
ed at the mid-height of the wind tunnel 
ross se
tion (190.5mm from both the top andbottom walls). Due to the width of the wind tunnel 
ross se
tion at that point (381mm), four PIVmeasurement windows were used. Ea
h window measured 100mm x 101mm, giving a resolutionof 0.099 mm/pixel. At a test se
tion speed of 25 m=s, 250 image pairs were 
olle
ted in ea
hof the four windows spanning the wind tunnel width. The image pairs were pro
essed usinginterrogation areas of 32 x 32 pixels (3.17mm x 3.17mm) and 50% overlap, resulting in 3,844 (62x 62) ve
tors.The estimated errors in these PIV measurements are tabulated in Table 5.3 and resulted in atotal error of 0.01mm (displa
ement), or 2.3% (velo
ities).5.3.3 Results5.3.4 Mean Velo
itiesFigure 5.6 is a 
ontour plot of the longitudinal (X-dire
tion) velo
ities measured in the fourPIV measurement windows (given in m=s). A signi�
ant amount of variation was observed inthe velo
ity pro�le, ranging from 1.8 m=s to 4.9 m=s. The highest velo
ities were lo
ated nearthe inner and outer walls, while the lowest velo
ities were seen in a region to the left of the
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Figure 5.5: Experimental setup used for turning vane measurements

Error Source Error Estimate Total Error [mm] Description

Image Recording Negligible Amount of electrical noise not known

Contrast Negligible Level of contrast was high in all images (above 100 counts of contrast)

Particle Number Density 0.0175 pixels 7.75E-05
Taken as lowest error value from Figure 4.6 of Huang et al. [49] since all

interrogation areas contained at least 50 particles

Loss of Pairs Due to

Out-of-Plane Motion
Negligible

Maximum out-of-plane velocities measured were 0.175 m/s, resulting in a

displacment of only 0.003mm compared to a 3mm sheet (factor of 1000)

Parallax 2.49E-05 pixels 1.11E-07

Calculated from the estimates of Sinha [51] using a 100mm x 100mm

measurement area, 0.175 m/s maximum out-of-plane displacement, and a

distance of 620mm from the camera lens to the measurement plane

Tracking Error Negligible
Mineral oil was calculated to have a response time of 0.00000009 (i.e. time

lag with respect to air)

Acceleration Errors Negligible
Acceleration unknown but assumed negligible since the empty test section

flow was expected to be extremely uniform and steady

Velocity Gradient Error Negligible Also assumed negligible here due to the test section being empty

Particle Image Size Negligible
Negligible since the particles were assumed to be smaller than 1 pixel,

resulting in cross correlation of entire smoke particle-clusters

Sub-pixel Interpolation 0.10 pixels 9.90E-03 Based on the theoretical and simulation results of Westerweel [55]Table 5.3: Estimation of the errors in the PIV measurements 
olle
ted downstream of the 
orner2 turning vanes
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entreline (Y � 150mm). This skewed velo
ity pro�le was most likely 
aused by the fan se
tion.The motor (whi
h dire
tly drove the fan) 
reated a large 
ow blo
kage in the fan se
tion, whi
hfor
ed all the air 
ow to pass through the ring of area between the 
asing diameter and the outerdiameter of the motor. Sin
e the area of measurement (exit of 
orner 2) was lo
ated less than2 m downstream of the fan, it was reasonable to assume that these fan e�e
ts had not beenfully dissipated. Although the s
reen and 
ontra
tion se
tion largely eliminated this variation invelo
ity before the test se
tion, further improvements in the 
ow quality 
ould be a
heived witha longer settling 
hamber and/or individual adjustment of ea
h vane in 
orners 1 and 2 to dire
thigher velo
ity 
ow towards the 
entre.
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Figure 5.7: Transverse velo
ities measured at the exit of 
orner 2 (presented as angles of mis-alignment in degrees) Note: All axis dimensions in mmFigure 5.7 is a plot of the mean transverse (Y -dire
tion) velo
ities in terms of the angle formedwith the 
orresponding X-dire
tion velo
ity. The degree of misalignment of the 
ow varied from�3o to 3o with respe
t to the tunnel walls (Y -axis). Two main streams of 
ow were observed.The region between 70 < X < 160 
ontained a stream of 
ow dire
ted (to the right) towards the
enter of the wind tunnel. On the right side, at 275 < X < 340, a similar stream was seen, also
owing towards the 
enter of the tunnel (to the left). This phenomenon was most likely an e�e
tof the velo
ity pro�le seen in Figure 5.6. As the qui
ker 
ow along the sides de
elerates, it tendsto 
ow towards the 
enter by 
ontinuity.The degree of non-uniformity and misalignment in the 
ow exiting 
orner 2 was expe
ted due to
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e from the fan se
tion and 
orners 1 and 2. However, it was alsoexpe
ted that the honey
omb se
tion (lo
ated downstream of the measurement area) would besu

essful in redu
ing the 3o of misalignment to an a

eptable level in the test se
tion. In addition,the s
reen se
tion (lo
ated immediately downstream of the honey
omb se
tion) was expe
ted to
orre
t the non-uniformity in the velo
ity pro�le seen in Figure 5.6. The 
hara
terization of the
ow in the test se
tion was ne
essary to verify this behaviour.5.4 Test Se
tion Flow Validation - Verti
al Plane5.4.1 Obje
tiveTo validate the quality of the air 
ow in the test se
tion, it was ne
essary to observe the 
owin greater detail, along both verti
al and horizontal planes. The obje
tive here was to 
apturea larger number of images so that statisti
al properties su
h as turbulent kineti
 energy andturbulen
e intensity 
ould be quanti�ed using a verti
ally oriented measurement area. In addition,a full velo
ity pro�le (spanning from the bottom to the top wall) was desired so that any non-uniformity in the 
ow 
ould be addressed.5.4.2 Experimental SetupTwo PIV measurement areas were required in order to 
apture a velo
ity pro�le spanning theentire height of the test se
tion. The two measurement areas were lo
ated at the midpoint (Y =76 mm) of the test se
tion width (Figure 5.8(b)). Windows A and B both measured 83.1mm x83.9mm, giving a resolution of 0.082mm/pixel. The 
amera and laser were oriented in the sameway as for the wind speed 
alibration measurements (see Figure 5.8(a)).Flow measurements were performed in windows A and B at three di�erent speeds in order toobserve the wind tunnel behaviour near the upper and lower limits of the fan. The three 
ontrollerfrequen
ies 
hosen were 15.24, 35.95, and 56.65 Hz, representing approximately 10, 25, and 40m=s in the test se
tion. Ea
h window was tested at all three speeds before pro
eeding to the next
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(a) (b)Figure 5.8: (a)Experimental setup for verti
al plane measurements in the test se
tion (b)size andlo
ation of measurement area (all dimensions in mm)
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e it was mu
h easier to 
hange the wind speed as opposed to 
hanging the 
ameraand laser setup ea
h time. Ea
h measurement window required 
alibration only on
e using thismethod.Figure 5.9 shows a typi
al image 
olle
ted from window A using PIV. It is important to notethat even though the 
amera had been fo
used 
orre
tly on the measurement plane, obje
ts faroutside that plane 
ould still be 
aptured. In Figure 5.9, one of the s
rews used to fasten thetest se
tion walls was 
aptured in the PIV images taken at that lo
ation. The presen
e of thes
rew in the images resulted in erroneous velo
ity data in that region. One possible solution tothis problem was to 
oat the s
rew with a non-re
e
tive, 
at bla
k paint. However, light wouldstill be re
e
ted from the surfa
e of the threads 
ut into ea
h s
rew hole in the a
ryli
. Thisproblem was judged to be a

eptable for two reasons. First, the 
ow in an empty test se
tion wasassumed to be very uniform so that any small area 
ould be substituted with the values aroundit. Se
ond, it was unlikely that measurements would ever be made near the wall when a modelwas inserted in the test se
tion.For both windows A and B, and at ea
h speed, 500 image pairs were 
olle
ted and averaged.Ea
h image pair was pro
essed using interrogation areas of 32 x 32 pixels (2.6mm x 2.6mm)with 50% overlap. This gave ve
tor maps 
ontaining 3,844 ve
tors (62 x 62). From the 500image pairs 
olle
ted from ea
h of the six tests, mean velo
ities (in the X and Z dire
tions) andturbulent kineti
 energy values were 
al
ulated. For simpli
ity, the results of windows A and Bwere 
ombined and presented as one area of interest.Based on the estimates in Table 5.1, errors in the measured velo
ities were determined to be2.3%, 1.6%, and 2.0% at 10, 25, and 40 m/s, respe
tively. Se
tion 4.3.4 gives a des
ription ofea
h error sour
e.
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Figure 5.9: Sample PIV image from the test se
tion in the verti
al plane (approximate size, 85mmx 85mm, smoke parti
les in air)
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itiesFigure 5.10 presents the mean velo
ities (averaged from 500 image pairs) measured at the threetest speeds. For 
larity, only a small fra
tion of the 7,688 ve
tors 
olle
ted are shown. Asexpe
ted, a uniform 
ow was observed from left to right with a small boundary layer formed nearthe upper and lower walls. However, more detail was required in order to assess the quality ofthe 
ow for experimental purposes. Three 
ow 
hara
teristi
s were 
hosen as the best indi
atorsof 
ow quality:1. The maximum longitudinal (X-dire
tion) variation in velo
ity;2. The transverse (Y and Z dire
tion) variation in velo
ity (or 
ow angle variation); and,3. The levels of turbulent kineti
 energy.Contour plots showing the longitudinal velo
ities (m=s) at ea
h of the three test speeds arepresented in Figure 5.11. At 10 m=s, the maximum variation in longitudinal velo
ity was within0.6% of the mean, with the bulk of that variation appearing in a small 
ore near the upper wall.For the two higher speeds, a re
urring 
ow pattern was observed. A 
ore of lower velo
ities wasfound at the 
entre of the test se
tion, in
reasing steadily towards the upper and lower walls.The maximum variation in velo
ity was higher, approximately 1.5% and 3.25% at 25 m=s and40 m=s, respe
tively. The e�e
t of the fastening s
rew mentioned in Se
tion 5.4.2 is seen in theplots as an area of erroneous data 
entred at (X;Z) = (210, 9) (Figure 5.9).In Figure 5.12, the transverse velo
ities are plotted in terms of the angle they form with the
orresponding U (X-dire
tion) velo
ity. For example, a 
ontour value of -0.15 indi
ates that the
ow in that area is pointed downwards at an angle of 0:15o, while a value of 0o is perfe
tly alignedwith the test se
tion wall. Pope et al. [2℄ suggest that this variation should be kept to within�0:20o. For 
omparison against this 
riteria, the limits of the 
ontour levels in Figure 5.12 wereset to +0:20o and �0:20o. Therefore, any areas in blue or red indi
ate regions where the 
owapproa
hed 0:20o of misalignment.
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Figure 5.10: Mean velo
ities in the test se
tion (verti
al plane) (a) 10 m=s (b) 25 m=s (
) 40m=s Note: All axis dimensions in mm



Chapter 5: Wind Tunnel Flow Validation 86
(a) 10 m/s (b) 25 m/s

(c) 40 m/s

X

Z

150 175 200 225 250 275

0

25

50

75

100

125

150

9.50
9.48
9.46
9.44
9.41
9.39
9.37
9.35
9.33
9.31
9.29
9.26
9.24
9.22
9.20

X
Z

150 175 200 225 250 275

0

25

50

75

100

125

150

24.50
24.43
24.36
24.29
24.21
24.14
24.07
24.00
23.93
23.86
23.79
23.71
23.64
23.57
23.50

X

Z

150 175 200 225 250 275

0

25

50

75

100

125

150

39.50
39.18
38.86
38.54
38.21
37.89
37.57
37.25
36.93
36.61
36.29
35.96
35.64
35.32
35.00

Figure 5.11: Longitudinal velo
ities measured in the verti
al plane (given in m=s) (a) 10 m=s (b)25 m=s (
) 40 m=s Note: All axis dimensions in mm
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al plane, a repeating pattern was observed in the transversevelo
ities. This trend was observed in the areas near the upper and lower test se
tion walls,where the 
ow was dire
ted towards the 
entreline of the test se
tion. For example, at 10 m=s,the 
ow lo
ated between 10 < Y < 40 was dire
ted upwards at an angle of 0:20o. Along thetop wall, at 120 < Y < 145, the 
ow was dire
ted downwards at an angle of �0:20o. Thispattern was also observed at 25 m=s and 40 m=s. Some dis
ontinuity was observed in the plotsat the interfa
e between the upper and lower measurement windows. It was important to notein this 
ase that windows A and B were measured at di�erent times, whi
h 
ould have led tosome dis
ontinuity when attempting to join the two windows together. Note that the 
ow anglesplotted here represent Y -dire
tion velo
ities in the range of 0 to 0.05m=s. Therefore, despite theapparently large di�eren
e in 
ontour 
olour, the a
tual dis
repan
y in the velo
ities was verysmall.The variation in 
ow angle at all three speeds was 
onsidered to be satisfa
tory, sin
e mostregions fell within �0:20o of misalignment. Any regions outside this limit were only misalignedby a further �0:05o and therefore still 
onsidered to be a

eptable.Turbulen
e LevelsFigure 5.13 shows the levels of two-dimensional turbulent kineti
 energy at the three test speeds.The turbulent kineti
 energy, Kt, was 
al
ulated using the 
u
tuating 
omponents, u0 and v0, ofthe U and V velo
ities: Kt = u02 + v022 (5.2)where Kt has the units m2=s2. The turbulen
e intensity was 
al
ulated as the ratio of u0, v0, orw0 to the mean velo
ity, U [3℄. A

ording to Pankhurst [3℄, the dominant velo
ity (U) shouldused as the denominator in all three 
ases (i.e. u0=U , v0=U , and w0=U). At 10 m=s, Kt levelswere in the range of 0.005 to 0.02 m2=s2. The average turbulen
e intensity level was 
al
ulatedto be approximately 1.5% in the X-dire
tion, and 0.5% in the Z-dire
tion. At 25 m=s, thepattern observed in Figure 5.11(b) was seen. A 
ore of higher Kt existed along the 
entre of thetest se
tion, dropping o� from 0.18 to 0.02 m2=s2 towards the wall. Here, average turbulen
e
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Figure 5.12: Transverse velo
ities measured in the verti
al plane (presented as angles of misalign-ment in degrees) (a) 10 m=s (b) 25 m=s (
) 40 m=s Note: All axis dimensions in mm
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al
ulated as 1.3% and 0.4% in the X and Z dire
tions, respe
tively. A similarbut less pronoun
ed pattern was also observed at the third test speed, 40 m=s. Kt levels nearthe test se
tion 
entreline were approximately 1.3 m2=s2, and fell to 0.25 m2=s2 near the upperwall. At this speed, the average turbulen
e intensity was approximately 2.6% in the X-dire
tion,and 0.6% in the Z-dire
tion.5.5 Test Se
tion Flow Validation - Horizontal Plane5.5.1 Obje
tiveAfter quantifying the 
ow 
hara
teristi
s of the test se
tion in the verti
al plane, it was ne
essaryto evaluate these same 
hara
teristi
s in the horizontal plane to ensure 
onsistent behaviour. Theobje
tives of this experiment were therefore the same as for the verti
al plane: to 
hara
terize the
ow behaviour in the test se
tion by investigating velo
ity pro�les and turbulen
e levels using ahorizontal measurement plane.5.5.2 Experimental SetupThe experimental setup for this test was exa
tly the same as for the verti
al plane tests, the onlydi�eren
e being that these measurements were taken along a horizontal plane (X � Y plane) inthe test se
tion. This involved pla
ing the 
amera below the test se
tion and orienting the laseralongside of the test se
tion as shown in Figure 5.14(a). Two measurement windows were neededin order to 
apture an entire velo
ity pro�le from the left to the right wall of the test se
tion.The measurement windows A and B were lo
ated along the 
entreline (Z = 76mm) of the testse
tion, beginning at X = 160mm (along the test se
tion length) (see Figure 5.14). Windows Aand B measured 80.2mm x 81.0mm, giving a resolution of 0.080 mm/pixel.The measurements were performed in the same way as for the verti
al plane measurements.Three test speeds were used (10, 20, and 40 m=s), and 500 image pairs were 
olle
ted in ea
h
ase. Cross 
orrelation was performed on the images using interrogation areas of 32 x 32 pixels
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Figure 5.13: Turbulent kineti
 energy levels in the test se
tion (verti
al plane) given in m2=s2(a) 10 m=s (b) 25 m=s (
) 40 m=s Note: All axis dimensions in mm
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(a) (b)Figure 5.14: (a)Experimental setup for horizontal plane measurements in the test se
tion (b)sizeand lo
ation of measurement area (all dimensions in mm)and 50% overlap. Figure 5.15 shows a sample image in the horizontal plane 
aptured with PIV.As 
an be seen, two fasteners were 
aptured in ea
h image, resulting in erroneous data in ea
h ofthose regions. This was viewed as a

eptable given the reasons outlined in Se
tion 5.4.2.The estimated errors for the PIV measurements in this experiment were the same as those de-termined for the wind speed 
alibration and test se
tion verti
al plane measurements. Velo
ityerrors of 2.3%, 1.6%, and 2.0% were estimated for the three test speeds, 10, 25, and 40 m/srespe
tively. A breakdown of these error estimates 
an be found in Table 5.1.5.5.3 ResultsMean Velo
itiesFigure 5.16 shows the mean velo
ity ve
tors measured in windows A and B (the full 7,688 ve
torshave on
e again not been plotted for 
larity). Apart from the four areas of missing data (due tothe fasteners 
aptured in ea
h image), the velo
ity pro�les appear to be nearly identi
al to the
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Figure 5.15: Sample PIV image from the test se
tion in the horizontal plane (approximate size,85mm x 85mm, smoke parti
les in air)
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Figure 5.16: Mean velo
ities in the test se
tion (horizontal plane) (a) 10 m=s (b) 25 m=s (
) 40m=s Note: All axis dimensions in mm
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al plane results, as should be the 
ase. Contour plots of the longitudinal (X-dire
tion) andtransverse velo
ities are shown in Figures 5.17 and 5.18. At 10 m=s, the longitudinal velo
ityexhibited the same pattern as was seen in the verti
al plane at 25 and 40 m=s. A 
ore of lowervelo
ities was observed at the 
entre of the test se
tion while in
reasing slightly towards the leftand right walls (top and bottom walls, respe
tively, in these �gures). A maximum longitudinalvelo
ity variation of 2.1% was observed here. The areas in red whi
h were not within 3-4mmof the walls were 
onsidered to be erroneous data due to the light re
e
tions from the fasteners.At 25 m=s, the maximum variation was only 0.6%, with the same 
ow pattern as 10 m=s. At40 m=s, the expe
ted 
ow pattern was observed (although with a slight mis-mat
h between theupper and lower measurement windows) with a maximum longitudinal variation of 2.5%.In Figure 5.18 the transverse velo
ities are again plotted as angles of misalignment, with theupper and lower limits of the 
ontours representing �0:20o. At all three test speeds, the 
ownear the right (bottom) wall was dire
ted towards the 
entreline of the test se
tion. This patternhowever, was not observed at the opposite side (left wall) of the test se
tion. In fa
t, the resultsfrom 25 m=s and 40 m=s 
ontained small regions of 
ow dire
ted towards the left (top) wall.This was not expe
ted after observing the 
ow behaviour in the verti
al plane tests, but was
onsidered to be satisfa
tory as the angles of misalignment were again within a

eptable levels.Turbulen
e LevelsTurbulent kineti
 energy (Figure 5.19) and turbulen
e intensity levels were 
al
ulated in the sameway as for the verti
al plane measurements (Se
tion 5.4.3). At 10 m=s, turbulent kineti
 energylevels were in the range of 0.04 to 0.07 m2=s2, resulting in average turbulen
e intensities of 3%and 0.5% in the X and Y dire
tions, respe
tively. Higher values were observed near the walls, aswas also the 
ase at 25 m=s, where turbulent kineti
 energy levels rea
hed 0.15 m2=s2 near theright wall. Average values of turbulen
e intensity were 
al
ulated to be approximately 1.1% and0.4% in the X and Y dire
tions. At 40 m=s, the turbulen
e levels were signi�
antly higher, withvalues rea
hing 2.6 m2=s2. This resulted in average turbulen
e intensities of 4.0% and 0.5% inthe X and Y dire
tions, respe
tively.
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Figure 5.17: Longitudinal velo
ities measured in the horizontal plane (given in m=s) (a) 10 m=s(b) 25 m=s (
) 40 m=s Note: All axis dimensions in mm
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Figure 5.18: Transverse velo
ities measured in the horizontal plane (presented as angles of mis-alignment in degrees) (a) 10 m=s (b) 25 m=s (
) 40 m=s Note: All axis dimensions in mm
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Figure 5.19: Turbulent kineti
 energy levels in the test se
tion (horizontal plane) given in m2=s2(a) 10 m=s (b) 25 m=s (
) 40 m=s Note: All axis dimensions in mm



Chapter 5: Wind Tunnel Flow Validation 98In summary, the measurements made in the verti
al (X � Z) plane, and the horizontal (X � Y )plane revealed the 
ow 
hara
teristi
s in the test se
tion of the wind tunnel used in this study.Longitudinal and transverse velo
ities were measured at mean air speeds of approximately 10, 25,and 40 m=s. The longitudinal (X-dire
tion) velo
ities were found to vary by an average of 1.8%along any given velo
ity pro�le from one wall to the other. The 
ow was well aligned with thetest se
tion walls, deviating by no more than �0:20o (as re
ommended by Pope et al. [2℄) in most
ases, with a few instan
es of greater misalignment not ex
eeding 0:30o. Turbulen
e levels were
al
ulated from the 
u
tuating velo
ity 
omponents. The average level of turbulent intensity wasfound to be 2.0% in the longitudinal dire
tion, and 0.5% in both transverse dire
tions (Y and Z).5.6 Test Se
tion Flow Validation - Wall Boundary Layer5.6.1 Obje
tiveIn order to further 
hara
terize the 
ow quality in this wind tunnel, a third experiment was
ondu
ted in the empty test se
tion. The obje
tive for this experiment was to measure the shapeand size of the boundary layer formed along the test se
tion walls. Due to the length of the testse
tion (450mm) it was reasonable to assume that a boundary layer 
ould grow to a signi�
antsize before rea
hing its exit. This would have the e�e
t of redu
ing the amount of usable area inthe test se
tion.5.6.2 Experimental SetupTo redu
e the amount of data 
olle
ted, PIV measurements were performed only on one of thefour test se
tion walls. The bottom wall was 
hosen, requiring a verti
al measurement plane(X-Z plane). The experimental setup was therefore identi
al to that used for the verti
al planemeasurements in the test se
tion (Figure 5.8(a)). Figure 5.20 shows the measurement areas usedin this experiment. Four measurement windows were 
hosen, lo
ated along the bottom wall ofthe test se
tion, spa
ed approximately evenly along its length. Ea
h window measured 52.5mmx 53mm, giving a resolution of 0.052 mm/pixel. This gave higher resolution than the previous
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(a) (b)Figure 5.20: Size and lo
ation of measurement windows used for boundary layer experiments (alldimensions in mm)verti
al and horizontal plane measurements (whi
h were approximately 82mm x 83mm), in orderto retrieve more velo
ity data 
lose to the test se
tion wall. To further in
rease the amount ofdata near the wall, di�erent pro
essing parameters were used. Interrogation areas of 32 x 32pixels (1.7mm x 1.7mm) were used, but the overlap was in
reased to 75% in the verti
al (Z)dire
tion. The X-dire
tion overlap was un
hanged at 50%. By in
reasing the verti
al overlap,the number of ve
tors in the verti
al dire
tion was doubled, resulting in ve
tor maps 
ontaining62 x 124 velo
ity ve
tors.For ea
h of the four windows, two test speeds were 
hosen; 20 m=s and 40 m=s, and 500 imageswere 
olle
ted at ea
h speed. At both speeds, the estimated error in the measured velo
ities withPIV was approximately 2.6% (Table 5.4).
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Error Source Error Estimate Total Error [mm] Description

Image Recording Negligible Amount of electrical noise not known

Contrast Negligible Level of contrast was high in all images (above 100 counts of contrast)

Particle Number Density 0.0175 pixels 6.26E-05
Taken as lowest error value from Figure 4.6 of Huang et al. [49] since all

interrogation areas contained at least 50 particles

Loss of Pairs Due to

Out-of-Plane Motion
Negligible

Maximum out-of-plane velocities measured were 0.3 m/s, resulting in a

displacment of only 0.003mm compared to a 3mm sheet (factor of 1000)

Parallax 0.00457 pixels 1.07E-05

Calculated from the estimates of Sinha [51] using a 53mm x 53mm

measurement area, 0.3 m/s maximum out-of-plane displacement, and a

distance of 286mm from the camera lens to the measurement plane

Tracking Error Negligible
Mineral oil was calculated to have a response time of 0.00000009 (i.e. time

lag with respect to air)

Acceleration Errors Negligible
Acceleration unknown but assumed negligible since the empty test section

flow was expected to be extremely uniform and steady

Velocity Gradient Error Negligible
Velocity gradients here may not be negligible, but this was compensated

for with higher resolution and smaller interrogation areas

Particle Image Size Negligible
Negligible since the particles were assumed to be smaller than 1 pixel,

resulting in cross correlation of entire smoke particle-clusters

Sub-pixel Interpolation 0.10 pixels 5.20E-03 Based on the theoretical and simulation results of Westerweel [55]Table 5.4: Estimation of the errors in the PIV measurements 
olle
ted in the test se
tion boundarylayer
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A B C D E F G H Total Angle

20 m/s 1.50 1.67 2.00 2.45 3.22 4.00 5.20 6.14 0.64°

40 m/s 1.34 2.19 3.02 3.56 4.60 5.06 5.80 6.43 0.71°Table 5.5: Height of the boundary layer at various lo
ations along the test se
tion (mm)5.6.3 ResultsMean Velo
itiesFigures 5.21 and 5.22 are plots of the longitudinal (X-dire
tion) velo
ities in ea
h of the fourmeasurement windows at 20 m=s and 40 m=s, respe
tively. With the air 
owing from left toright, it 
ould be seen that the boundary layer grew steadily in size further downstream alongthe test se
tion. In order to better quantify the shape and size of the boundary layer, Table 5.5shows the height of the boundary layer at the extremity of ea
h measurement window at bothspeeds (points A through H in Figures 5.21 and 5.22). The reported height (given in mm) atea
h lo
ation was taken as the point at whi
h the velo
ity fell below 97.5% of the mean 
ow. Aslightly larger boundary layer was oberved at 40 m=s, however, this di�eren
e was quite small, inmost 
ases 1mm or less. These heights gave a good indi
ation as to the amount of useful area inthe test se
tion. For example, if a model was tested near the midpoint of the test se
tion length,then one 
ould assume that useful data would be obtainable as 
lose as 4mm away from thewall. Assuming the boundary layer was similar in size on all four test se
tion walls, then a 4mmboundary layer would leave 90% of the 
ross se
tional area available for useful measurements. Inthe very worst measured 
ase (point H in the test se
tion at 40m=s), 83.8% of the 
ross se
tionalarea would still give 
ow that is within 97.5% of the mean velo
ity. The rightmost 
olumn inTable 5.5 shows the overall angle formed by the �rst and last points, indi
ating the slope atwhi
h the boundary layer grew. Again, there was only a small di�eren
e in angle between thetwo speeds, indi
ating that the shape and size of the boundary layer was not heavily dependenton speed.It was interesting to note the 
ontra
ting e�e
ts of the growing boundary layer in the test se
tion.As the boundary layer grew, it left a smaller and smaller area for the main 
ow to pass through,
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ities 
olle
ted along the test se
tion wall at 20 m=s. Note: Allplots in this �gure follow the same 
ontour legend shown above, all axis dimensions in mm



Chapter 5: Wind Tunnel Flow Validation 103

X

Z

300

0

36.00 36.22 36.44 36.66 36.89 37.11 37.33 37.55 37.77 37.99 38.21 38.44 38.66 38.88 39.10

(a) Window 1 (b) Window 2

(c) Window 3 (d) Window 4

X

Z

30 40 50 60 70

0

10

20

30

40

50

A B

X
Z

150 160 170 180 190 200

0

10

20

30

40

50

C D

X

Z

270 280 290 300 310 320

0

10

20

30

40

50

E F

X

Z

390 400 410 420 430 440

0

10

20

30

40

50

G H

Figure 5.22: Longitudinal velo
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olle
ted along the test se
tion wall at 40 m=s. Note: Allplots in this �gure follow the same 
ontour legend shown above, all axis dimensions in mm
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eleration of the 
ow along the length of the test se
tion. On average,the velo
ity in
reased by 0.15 m=s from the �rst measurement window to the se
ond. From these
ond to the third, a further 0.1 m=s in
rease in velo
ity was seen. From the third to the fourthwindow however, a de
rease of 0.15 m=s was observed. This may be due to the de
elerativee�e
t of the di�user propagating slightly upstream from its entran
e. Due to this e�e
t, modelmeasurements should not be made beyond X � 430mm (Figures 5.21 and 5.22, Window 4).One method of 
orre
ting for the boundary layer growth in the test se
tion is to in
orporate adraft angle into the test se
tion walls [2℄. With the use of a moderate draft angle, the 
rossse
tional area of the test se
tion 
an be gradually in
reased, allowing for the thi
kening boundarylayer while maintaining 
onstant stati
 pressure in the main 
ow outside of the boundary layer.Pope et al. [2℄ suggested a draft angle of 0:5o in ea
h test se
tion wall, although little informationwas available. Based on the results of this se
tion, this parti
ular wind tunnel would bene�t froma 0:7o draft angle in order to a

omodate the boundary layer growing at that approximate angle(Table 5.5). The use of this draft angle however, would have 
ompli
ated the fabri
ation of thetest se
tion, and made it more diÆ
ult to distinguish transverse velo
ities with respe
t to thetest se
tion walls and it was therefore de
ided to utilize a 
onventional design with 
onstant 
rossse
tion.5.6.4 Comparison of Boundary Layer Sizes with CFD Simulation ResultsIn Se
tion 2.6 a CFD study was performed in order to determine the optimum 
ontra
tion shapeto be used in the wind tunnel. In the simulation, an outlet du
t (representing the test se
tion)was pla
ed at the outlet of the 
ontra
tion (Figure 2.13). With these results, it was possible to
ompare the boundary layer sizes as determined by CFX TASC
ow to those found using PIV inthe previous se
tion.In Figure 5.23 the general style of the plots in Figure 5.22 were reprodu
ed, using the results ofthe CFD simulation. As in Se
tion 5.6.3, the points A through H in Figure 5.23 represented thetop of the boundary layer at the edge of ea
h of the four plotted areas. Their heights (or distan
efrom the test se
tion wall) were determined as the point at whi
h the X-dire
tion velo
ity fell to



Chapter 5: Wind Tunnel Flow Validation 105
A B C D E F G H Total Angle

PIV Results (40 m/s) 1.34 2.19 3.02 3.56 4.60 5.06 5.80 6.43 0.71°

CFD Results (40 m/s) 3.02 3.80 4.53 4.92 5.35 5.74 6.04 6.43 0.47°

% Difference 56% 42% 33% 28% 14% 12% 4% 0% 34%Table 5.6: Comparison of the boundary layer size (mm) as determined by PIV measurementsand CFD simulation at 40 m=s97.5% of the free stream value, indi
ating the beginning of the boundary layer. In Table 5.6, theseboundary layer heights (as determined with CFD) were 
ompared to the 
orresponding heightsdetermined using PIV at 40 m/s.The boundary layer was observed to rea
h a maximum size of 6.43mm at the furthest downstreampoint in the test se
tion in both 
ases (PIV and CFD). However, there was a signi�
ant di�eren
ein the boundary layer size at the inlet of the test se
tion. The PIV results showed a boundarylayer of 1.34mm while the CFD simulations predi
ted a larger boundary layer of 3.02mm. Con-sequently, the CFD simulation predi
ted boundary layer growth at an angle of 0:47o 
omparedto 0:71o with PIV. There are several possible reasons for this dis
repan
y. First, the upstream
onditions in the CFD model were very di�erent from those in the wind tunnel. In the model,the inlet 
ow traveled along a 12.5 m long du
t to ensure a fully developed velo
ity pro�le. Inthe wind tunnel, the velo
ity pro�le at the inlet was not fully developed due to the presen
e of
orners 1 and 2. Se
ond, in order to 
ompensate for this, a s
reen and honey
omb se
tion wasinstalled before the 
ontra
tion in the wind tunnel. These would likely a
t to de
rease or delaythe development of the boundary layer. As a third reason, it was possible that the interfa
ebetween the 
ontra
tion and the test se
tion was not seamless in the wind tunnel as it was inthe CFD model. Even an extremely small downwards step from the 
ontra
tion wall to the testse
tion wall (in the wind tunnel) 
ould e�e
tively disrupt the 
ontinuity of the wall boundarylayer. In 
on
lusion however, the results of this 
omparison proved to be satisfa
tory sin
e thereal measured boundary layer was smaller than the simulated boundary layer, resulting in a largerusable test se
tion area than would have been predi
ted 
omputationally.
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Figure 5.23: Longitudinal velo
ities along the test se
tion wall at 40 m=s (CFD results). Note:All plots in this �gure follow the same 
ontour legend shown above, all axis dimensions in mm



Chapter 5: Wind Tunnel Flow Validation 1075.7 Temperature Rise in the Wind Tunnel5.7.1 Obje
tiveAs a �nal performan
e test for the wind tunnel in this study, it was ne
essary to determine thetemperature behaviour within the tunnel. Without the presen
e of a heat ex
hanger to 
ool the
ow in the wind tunnel, it was important to determine just how long the tunnel 
ould be operatedbefore the 
hange in air temperature, and hen
e a 
hange in 
iud properties, would be
ome afa
tor in the results.5.7.2 Experimental SetupIn order to measure the air temperature within the wind tunnel, a K-type thermo
ouple wasinserted into a hole in the wall of transition 1 (just upstream of the fan inlet). Figure 5.24shows the setup used in this experiment. The thermo
ouple was 
onne
ted to a Keithley 2700Multimeter/Data A
quisition System, whi
h allowed for the temperature data to be 
olle
tedand transferred to a 
omputer for post pro
essing.The experiment was 
omprised of three temperature trials, during whi
h the tunnel was allowedto run at a 
onstant speed for 45 minutes while the air temperatures were 
olle
ted. Ea
h of thethree trials were run at di�erent speeds; 10, 25, and 40m=s, representing the full range of typi
alwind speeds in the test se
tion.5.7.3 ResultsFigure 5.25 shows the results of the three temperature trials over the 45 minute span. In orderto 
ompare the three di�erent test speeds, the relative temperatures were plotted (i.e. the initialtemperature of ea
h trial was subtra
ted from the 
olle
ted data). For example, at a test se
tionspeed of 10 m/s, the temperature inside the wind tunnel rose by 1:6oC after 45 minutes. In termsof the air properties, this resulted in a 0.50% de
rease in density, and a 0.086% in
rease in dynami
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Figure 5.24: Experimental setup used for temperature measurements of the wind tunnel air 
ow
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Figure 5.25: Temperature rise in the wind tunnel air
ow at three 
onstant speeds; 10, 25, and 40m=svis
osity [21℄. At 25 m=s, the total temperature rise after 45 minutes was 4:7oC, 
ausing a 1.50%de
rease in density and a 0.25% in
rease in dynami
 vis
osity [21℄. At 40 m=s the temperaturerose at a mu
h higher rate than the two lower speeds, resulting in a 15:0oC temperature risein the wind tunnel. At this speed, the e�e
t on the air properties was signi�
ant, with a 4.8%de
rease in density and a 1.07% in
rease in dynami
 vis
osity [21℄. Depending on the parti
ulartoleran
es of the experiment, or the preferen
es of the operator, these results 
an be used as aguideline on how long ea
h experiment should run before temperature e�e
ts would signi�
antlya�e
t the results. For example, if the maximum tolerable 
hange in density was determined tobe 2%, then a wind tunnel test at 40 m=s should not last more than 9 minutes.The three temperature 
urves in Figure 5.25 were extrapolated using fourth-order polynomial
urves in order to estimate the time at whi
h an equilibrium temperature would be rea
hed atea
h test speed. At 10 m=s, the temperature in the wind tunnel was estimated to stabilize after
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ontinuous operation, at a temperature of approximately 4oC (above the initialtemperature). At 25 m=s, the time to steady state was signi�
antly redu
ed, with the tunnelstabilizing after only 59 minutes, rea
hing 5oC above the starting temperature. At 40 m=s, theestimated stabilization 
ame after 52 minutes, rising to approximately 17oC above the initialtemperature.5.8 SummaryWith the 
on
lusion of these experiments, it was determined that the 
ow quality in the windtunnel had been well 
hara
terized. The results showed a uniform, well aligned 
ow with lowturbulen
e intensity. These qualities suggested that the wind tunnel in this study would be asuitable fa
ility for obtaining useful experimental measurements on models pla
ed in the testse
tion.In the following 
hapter, PIV measurements of the 
ow around a square 
ylinder are des
ribed,and the results are 
ompared to previous experimental work.



Chapter 6PIV Measurements of the Flow Overa Square Cylinder6.1 Introdu
tionAfter validating the empty test se
tion 
ow in Chapter 5, it was de
ided that further validationwith an obje
t pla
ed in the test se
tion would be ne
essary. For this experiment, a square
ylinder was 
hosen. Two-dimensional measurements were performed in the wind tunnel usingPIV, and the results were 
ompared to previous experimental work. A review of the previousstudies on the 
ow over a square 
ylinder is given in the next se
tion, followed by an overview ofthe experimental setup along with the presentation and 
omparison of the results.6.2 Literature Review - Flow Over a Square CylinderThe 
ow over a square 
ylinder has been 
hara
terized in numerous reports, using methods su
has LDV [66, 67, 68, 69℄, PIV [70℄, and DNS (dire
t numeri
al simulation) [71℄. For 
omparisonwith the measurements obtained in this study, the LDV results of Lyn et al. [66, 67℄, Durao et111
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Reynolds number Turbulence intensity [%] Blockage [%] Aspect ratio Measurement region

Lyn et. Al [66, 67] 21,400 2.0 7.0 9.75 {-0.5 < x/d < 8}, {0 < y/d < 2.5}

Durao et. al. [68] 14,000 6.0 13.0 6.00 {-0.5 < x/d < 6}, {-2 < y/d < 2}

McKillop & Durst [69] 15,000 2.0 10.0 10.50 {0 < x/d < 5}, {0 < y/d < 1.5}

Present study 21,400 2.0 8.3 12.00 {-0.8 < x/d < 6.3}, {-3.6 < y/d < 3.6}Table 6.1: Summary of the experimental parameters used in Lyn et al. [66, 67℄, Durao et al. [68℄,M
Killop and Durst [69℄, and the present studyal. [68℄, and M
Killop and Durst [69℄ were 
hosen, as these reports provided the largest quantityof measurements at similar Reynolds numbers. Table 6.1 summarizes some of the experimentalparameters used in these previous studies, as well as those used in the present study. The Reynoldsnumber in Table 6.1 was 
al
ulated as, Re = U1d� (6.1)where U1 is the free stream velo
ity in m=s, d is the side length of the 
ylinder in m, and � isthe kinemati
 vis
osity of the working 
uid, in m2=s (Figure 6.1). The free stream turbulen
e(X-dire
tion) value for this study was taken as the average of the turbulen
e intensity valuesdetermined in Chapter 5. The blo
kage (%) was 
al
ulated as the ratio of the 
ylinder frontalarea to the test se
tion 
ross se
tional area, dL=B2 (Figure 6.1). The aspe
t ratio was 
al
ulatedas L=d, and the measurement regions were stated with referen
e to the origin shown in Figure6.1.6.3 Experimental Setup - Flow Over a Square CylinderTo 
arry out the experiments, a square 
ylinder was fabri
ated out of a
ryli
, with a side lengthof d = 12.7 mm, and a length of L = 152.4mm in order to span the entire test se
tion width.The origin of the 
oordinate system was lo
ated at the 
enter of the square 
ylinder, as shown inFigure 6.1, to remain 
onsistent with previous work. The average air temperature measured in thewind tunnel during the experiments was 28:9oC, giving a kinemati
 vis
osity of 1.59 �10�5m2=s
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Figure 6.1: De�nition sket
h of the various 
ow parameters for a square 
ylinder[21℄. In order to mat
h the Reynolds number used in the experiments of Lyn et al. [66, 67℄, afree stream velo
ity of U1 = 26.8 m=s was used, giving a Reynolds number of Re = 21,400.The PIV system used here was the same as that used for the test se
tion validation measurementsin Chapter 5. The square 
ylinder was pla
ed in the wind tunnel, spanning the test se
tionhorizontally. A verti
al light sheet was used, resulting in a setup similar to that used for theverti
al plane test se
tion measurements (Figure 5.8). The window of measurement was 91.6mmx 92.5mm, giving a resolution of 0.091 mm=pixel. A total of 1000 image pairs were 
olle
ted,with a time separation of 7 �s between exposures. The 
ross 
orrelation was performed usinginterrogation areas of 16 x 16 pixels, or 1.45mm x 1.45mm with an overlap of 50%. This resultedin a total of 15,750 (125 x 126) ve
tors.Table 6.2 lists the estimation of the PIV error sour
es outlined in Se
tion 4.3.4. Based onthese estimated values, a total error of 0.0092mm (in the measured parti
le displa
ements) was
al
ulated, resulting in a per
entage error of 4.9% in the determined velo
ities. This error washigher than the typi
al error estimated for the experiments in Chapter 5 (approximately 2% to2.5%). The main reason for this was the 
hoi
e of smaller interrogation areas (16 x 16 pixels) for
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Error Source Error Estimate Total Error [mm] Description

Image Recording Negligible Amount of electrical noise not known

Contrast Negligible Level of contrast was high in all images (above 100 counts of contrast)

Particle Number Density 0.0175 pixels 5.03E-05
Taken as lowest error value from Figure 4.6 of Huang et al. [49] since all

interrogation areas contained at least 50 particles

Loss of Pairs Due to

Out-of-Plane Motion
Negligible

Maximum out-of-plane velocities were not known here, but assumed to be

highly two-dimensional. (Out-of-plane velocities would have to be 107 m/s

in order to travel 1/4 of the laser sheet thickness)

Parallax 0.00304 pixels 8.07E-06

Calculated from the estimates of Sinha [51] using a 92mm x 92mm

measurement area, 0.5 m/s maximum out-of-plane displacement (this was

assumed to be a worst case, as this flow was expected to be largely two-

dimensional), and a distance of 570mm from the camera lens to the

measurement plane

Tracking Error Negligible
Mineral oil was calculated to have a response time of 0.00000009 (i.e. time

lag with respect to air)

Acceleration Errors Negligible
Acceleration unknown but assumed negligible since the empty test section

flow was expected to be extremely uniform and steady

Velocity Gradient Error Negligible
Velocity gradients here may not be negligible, but this was compensated

for with higher resolution and smaller interrogation areas

Particle Image Size Negligible
Negligible since the particles were assumed to be smaller than 1 pixel,

resulting in cross correlation of entire smoke particle-clusters

Sub-pixel Interpolation 0.10 pixels 9.10E-03 Based on the theoretical and simulation results of Westerweel [55]Table 6.2: Estimation of the PIV errors in the square 
ylinder measurementsthe square 
ylinder measurements. An error value of 0.0092mm would have twi
e the e�e
t in a16 x 16 pixel interrogation area as 
ompared to a 32 x 32 pixel area.6.4 Results and Comparison6.4.1 Mean Velo
itiesAll of the velo
ity results presented in this se
tion were normalized by the free stream velo
ity,U1, giving u� and v�. As well, the X and Y dimensions were normalized by the 
ylinder sidelength, d, giving x� and y�. Figure 6.2 (a) shows a 
ontour plot of the resultant velo
ities obtainedover the entire 91.6mm x 92.5mm measurement area. In all three plots (a through 
) of Figure6.2, the square 
ylinder (drawn in white) was lo
ated at (x�; y�) = (0,0). In Figure 6.2 (b), a
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loser view of the area surrounding the square 
ylinder is shown, with velo
ity ve
tors in
ludedto show dire
tion. The overall 
ow pi
ture displayed reasonable symmetry about the x� axis.The area immediately upstream (to the left) of the 
ylinder between y� � �0:5 was not 
apturedin the PIV images due to the positioning of the 
amera. This area therefore 
ontained erroneousvelo
ity data in all of the plots in this 
hapter.The velo
ities in Figure 6.2 ex
eeded the free stream value immediately upon rounding the forwardfa
ing 
orners due to blo
kage. The 
ow also separated at the two forward 
orners, leaving areasof extremely low velo
ities near the upper and lower surfa
es of the 
ylinder. In the near wake ofthe 
ylinder, a large velo
ity defe
t was observed, whi
h gradually de
reased further downstream,but remained present at more than 5 side lengths downstream from the 
ylinder (Figure 6.2 (
)).6.4.2 Turbulent Kineti
 EnergyIn Figure 6.3, the non-dimensional turbulent kineti
 energy is plotted around the square 
ylinder.These values were 
al
ulated by dividing Kt (as 
al
ulated in Eq. 5.4.3) by U2.As expe
ted, a 
ore of high turbulen
e was observed in the wake of the 
ylinder, with the highestvalues lo
ated in the near wake at x� � 1.6 (just over one side length downstream of the 
ylindertrailing edge). In this area, the turbulent kineti
 energy levels were in the range of 0.32 to 0.35(or 230 to 250 m2=s2), approximately 1250 times higher than the free stream turbulen
e level(free stream average of 0.2 m2=s2 from Chapter 5 results). This area also 
ontained high velo
itygradients as observed in Figure 6.2.After viewing the overall 
ow patterns around the square 
ylinder, it was ne
essary to explorethe 
ow 
hara
teristi
s in greater detail. In the following se
tion, velo
ity pro�les over the topsurfa
e of the 
ylinder are shown and 
ompared to the previous work of Lyn et al. [66℄.
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Figure 6.2: Velo
ities measured over the square 
ylinder at Re = 21,400 (a) Dimensionless resul-tant velo
ities plotted over the entire measurement window, (b) dimensionless resultant velo
itiesand ve
tors near the square 
ylinder, (
) dimensionless velo
ity pro�les plotted downstream ofthe 
ylinder showing the velo
ity defe
t present (square 
ylinder drawn in white on all plots)Note: All plots in this �gure follow the same 
ontour legend shown above.
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u*Figure 6.4: Dimensionless mean velo
ity pro�les over the top surfa
e of the square 
ylinder atRe = 21,400 at x� = 0, 0.25, 0.50, 0.75, and 1.00: �, present results; �, Lyn et al. [66℄6.4.3 Flow Chara
teristi
s Over the Top Surfa
e of the Square CylinderFigure 6.4 shows �ve velo
ity pro�les along the top surfa
e of the square 
ylinder. For simpli
ity,the origin of the 
oordinate system was pla
ed at the top left 
orner of the 
ylinder (shiftedfrom the original de�nition in Figure 6.1). Therefore, the �rst pro�le in Figure 6.4 at x� = 0was lo
ated at the leading edge of the top surfa
e, while the last one (x� = 1.00) was lo
atedat the trailing edge. These pro�les are 
ompared in the same �gure to those measured by Lynet. al [66℄. Good agreement was found here, with the shape of ea
h pro�le being very similar atea
h of the �ve lo
ations. The only notable dis
repan
y found between the two data sets was a
onsistent shift of the measured velo
ities. In all �ve plots, the velo
ities obtained in this studywere appoximately 10% lower than those measured by Lyn et al. [66℄.At the leading edge of the 
ylinder's top surfa
e (x� = 0), the velo
ity pro�le was not retarded,and most of the velo
ities measured were equal to the free sream velo
ity (u� = 1). By these
ond station (x� = 0.25), signs of 
ow separation be
ame evident, with an area of low velo
ity
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ylinder surfa
e (y� = 0) to y� = 0.15. The rapid 
hange in velo
ity betweeny� = 0.15 and y� = 0.2 is indi
ative of the forming of a shear layer due to separation from the topleft 
orner of the 
ylinder. A detailed 
hara
terization of this shear layer 
an be found in Lyn et al.[66℄. After this point, the shear layer appeared to begin 
apping, or os
illating in the y� dire
tion.This 
an be seen in the three plots at x� = 0.50, 0.75, and 1.00, where the in
rease in velo
itytook pla
e over an in
reasingly larger distan
e. At x� = 0.50, the maximum velo
ity was rea
hedat y� � 0:37. At x� = 1.00, however, the maximum velo
ity was not rea
hed until y� � 0:53. It isimportant to note here that the shear layer still existed at these downstream lo
ations, but dueto its os
illation, its presen
e was spread out by the averaging pro
ess. Furthermore, the size ofthe velo
ity transition region (0.3 y� units at x� = 1.00) gave an indi
ation of the amplitude ofos
illation of the shear layer.Figure 6.5 plots the non-dimensionalized x�-dire
tion turbulen
e intensities (u0) measured overthe top surfa
e of the 
ylinder at the same x� lo
ations as in Figure 6.4. The u0 values plottedhere represent the rms 
u
tuating velo
ity 
omponents, divided by the free stream velo
ity, U1.Good agreement was also seen here when 
ompared to the results of Lyn et al. [66℄, althoughthe turbulen
e intensities measured in this study were 
onsistently higher (by an average of 0.1normalized turbulen
e units) than those measured by Lyn et al. [66℄The most important feature of the plots in Figure 6.5 was the lo
ation of the highest turbulen
eintensity in ea
h. It is reasonable to expe
t that the turbulen
e intensity should peak in the areasof highest velo
ity gradients, or in this parti
ular 
ase, in the area where the shear layer developed.This was in fa
t the 
ase in Figure 6.5, where the peaks in u0 o

urred in the same y� lo
ationsas the largest velo
ity gradients in Figure 6.4. At x� = 0.25, the peak in turbulen
e intensitywas very narrow, with values dropping o� sharply above or below y� = 0.2. Further downstream,these peaks be
ame wider, with turbulen
e values blending gradually above and below the peak.This behaviour was again indi
ative of a shear layer (area of high velo
ity gradient) whi
h wasnot �xed in lo
ation, but instead os
illated between y� = 0.1 and y� = 0.4 at x� = 1.00.
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teristi
s in the Wake of the Square CylinderIn this se
tion, the velo
ities measured in the wake behind the square 
ylinder are investigated.Spe
i�
ally, the velo
ities and turbulen
e statisti
s measured along the 
entreline (y� = 0 inFigure 6.1) were plotted and 
ompared to the results of Lyn et al. [67℄, Durao et al. [68℄, andM
Killop and Durst [69℄.In the near wake of the 
ylinder, starting at x� = 0.5, negative velo
ities were observed (
owingtowards the ba
k surfa
e of the 
ylinder in Figure 6.1). This indi
ated a region of re
ir
ulationbehind the 
ylinder. In the LDV results in Figure 6.6 (a), this re
ir
ulation zone appeared morepronoun
ed than in the present results, with u� velo
ities rea
hing -0.20 at x� = 1.0 in Lyn etal. [67℄, Durao et al. [68℄, and M
Killop and Durst [69℄ as opposed to -0.08 in the results ofthis study. Past x� = 2 (1.5 side lengths downstream of the 
ylinder trailing edge), the presentresults agreed well with the three previous experiments [67, 68, 69℄. With in
reasing distan
edownstream of the 
ylinder, the 
entreline velo
ity gradually approa
hed the free stream value.However, these velo
ities only rea
hed 0:7U at 5.5 side lengths downstream, and the asymptoti
nature of the 
urve in Figure 6.6 (a) suggested that the 
entreline velo
ity would not be re
overedfor at least another 30d further downstream.In Figure 6.6 (b), the x� dire
tion turbulen
e intensities (u0) measured in this study showed goodagreement with those of M
Killop and Durst [69℄, but were lower than those measured by Lyn etal. [67℄ and Durao et al. [68℄. However all datasets showed similar behaviour, with the highestturbulen
e intensities o

urring at x� = 1.25 (approximately 0:75d downstream of the 
ylindertrailing edge) and leveling o� further downstream.A similar relationship was observed in Figure 6.6 (
), where the y� dire
tion turbulen
e intensities(v0) measured in this study were lower than those measured by Lyn et al. [67℄ and Durao et al.[68℄ but similar to those of M
Killop and Durst [69℄. Here, the results of Lyn et al. [67℄ peaked atx� = 1.85 while the other three datasets suggested a peak of turbulen
e intensity 
loser to x� =1.65. The turbulen
e levels then de
reased with in
reasing downstream distan
e, falling to 0.45at x� = 6.0.
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Figure 6.6: Dimensionless 
entreline velo
ities (y� = 0) measured in the wake of the square
ylinder at Re = 21,400. (a) dimensionless velo
ities, u�; (b) dimensionless turbulen
e intensityin the x� dire
tion, u0; (
) dimensionless turbulen
e intensity in the y� dire
tion, v0. �, presentresults; �, Lyn et al. [67℄; 4, Durao et al. [68℄; Æ, M
Killop and Durst [69℄



Chapter 6: PIV Measurements of the Flow Over a Square Cylinder 1236.4.5 Comparison of Instantaneous Flow Field MeasurementsThe results presented thus far have shown the time averaged 
ow �eld 
hara
teristi
s aroundthe square 
ylinder. This 
ow however, has been shown by Lyn et al. [66℄ to be approximatelyperiodi
 due to vortex shedding. The PIV measurement te
hnique used in this study did notallow for temporal velo
ity data to be resolved. This was due to the fa
t that the PIV systemused here only 
ontrolled the time separation between the two images of an image pair, but notthe time separation between 
omplete pairs. That is, PIV 
ould only provide spatially resolvedvelo
ity data 
olle
ted at random time intervals (approximately every 0.25s). It was, however,possible to view the data from individual image pairs, providing an instantaneous snap shotof the 
ow in ea
h 
ase. Figure 6.7 shows 3 of the 1000 image pairs used to determine theaverage 
ow �eld around the 
ylinder. Ea
h one of these instantaneous pi
tures is signi�
antlydi�erent from the next, indi
ating unsteadiness and/or periodi
ity in the 
ow. For example,in Figure 6.7 (a), the dominant 
ow behind the 
ylinder was dire
ted downward in the region1:2 < x� < 3. Conversely, in Figure 6.7 (b), this same area 
ontained 
ow dire
ted upwards,indi
ating os
illatory behaviour in the wake. In Figure 6.7 (
), vortex shedding is evident witha 
lo
kwise rotating vortex 
entered at (x�; y�) = (1.8, -0.2) and a weaker, 
ounter-
lo
kwisevortex 
entered at (x�; y�) = (4.1, 0.5). These instantaneous 
ow pi
tures show an unsteady 
owbehaviour whi
h was e�e
tively eliminated in the averaging pro
ess that gave the 
ow �eld seenin Figure 6.2. The high levels of Kt in Figure 6.3 also indi
ate this unsteady behaviour, sin
ehigh Kt levels were the result of large standard deviations in the u� and v� velo
ities.6.5 Con
lusionsIn this 
hapter, the 
ow around a square 
ylinder was 
hara
terized in the wind tunnel using PIVmeasurements. The 
omparison of these results with the previous results of Lyn et al. [66, 67℄,Durao et al. [68℄, and M
Killop and Durst [69℄ indi
ated that the wind tunnel in this study wasable to a

urately reprodu
e velo
ity measurements of a known 
ow �eld.In the following 
hapter, PIV measurements are reported on a less-studied 
ow �eld. Spe
i�
ally,the following 
hapter presents the measurements of the 
ow around an open-wheeled ra
e
ar.
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Figure 6.7: Instantaneous pi
tures of the 
ow �eld around the square 
ylinder at Re = 21,400.Dimensionless resultant velo
ities shown by 
ontours and dire
tion is shown by the ve
tors. Note:All plots in this �gure follow the same 
ontour legend shown above. Figures were taken at di�erentinstan
es in time.



Chapter 7PIV Measurements of the Flow Overa Formula One Ra
e
ar7.1 Introdu
tionIn this 
hapter, PIV measurements are des
ribed for 
ow over a more 
omplex geometry in orderto further test the 
exibility and robustness of the wind tunnel/PIV system. The geometry 
hosenwas that of a Formula One ra
e
ar (1:18 s
ale model). The 
ow over the model was measured infour di�erent planes over its entire length using PIV. Due to the absen
e of any spe
i�
 publishedresults on ra
e
ar aerodynami
s, it was impossible to 
ompare the present results to previousworks. Therefore, the results are presented here and dis
ussion is provided where available.7.2 Model SetupIn order to obtain velo
ity measurements from a s
ale model, whi
h 
ould be applied to the fulls
ale prototype, it was essential to have a model with a

urate geometry and surfa
e �nish. Amodel fabri
ated by Mattel In
. (United States) to a very high level of detail was found. Several125
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Figure 7.1: Formula One ra
e
ar model used for aerodynami
 measurements (1:18 s
ale)dimensions of the model were measured and veri�ed against the full s
ale dimensions [72℄. Theoverall length, width, height, and the front and rear tra
k widths were measured and found tos
ale properly to the 
orresponding full s
ale dimensions. The die-
ast model therefore provideda

urate geometry as well as surfa
e �nish, and was 
onsidered ideal for the present study.Figure 7.1 shows the 1:18 s
ale Formula One ra
e
ar used for the measurements in this study. Thevarious elements of the ra
e
ar model are labeled for referen
e in later se
tions. In order to keepthe model away from the boundary layer of the test se
tion walls, it was mounted on a platformwhi
h elevated the model to the middle of the test se
tion. The platform served a dual purpose inthis 
ase. Apart from elevating and mounting the model, its wedge-shaped leading edge a
ted asa 
ow splitter as well (Figure 7.2). Mounting the model only 8mm from the leading edge of theplatform allowed very little length for a new boundary layer to develop before rea
hing the frontof the ra
e
ar. The maximum width of the ra
e
ar model was 102mm, leaving approximately25mm between the wheels and the test se
tion walls.The platform and model were mounted in the test se
tion using four lengths of threaded rodthat allowed leveling adjustments of the platform at ea
h of the four 
orners to be made. Themodel was mounted sideways in the test se
tion in order to allow for more 
onvenient laser and
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Figure 7.2: Formula One ra
e
ar model mounted on test platform
amera lo
ations (Figure 7.3). The model was held to the platform using two small mountings
rews on its underside. The platform, measuring 300mm in length, spanned the entire testse
tion width in order to avoid any end 
ow e�e
ts along its edges. It is important to note thatthese experimental 
onditions were simpli�ed 
ompared to the real world 
ase. The absen
e ofa moving ground plane would result in the formation of a boundary layer, however small, alongthe mounting plate. In addition, the wheels of the ra
e
ar model did not rotate during the tests,further simplifying the 
ow over the wheels.7.3 Model S
aling E�e
tsBefore 
ondu
ting any velo
ity measurements on the ra
e
ar model, it was important to assesshow the model testing parameters would s
ale to the full s
ale vehi
le. The Reynolds number,Re, was 
al
ulated as, Re = UL� (7.1)where U was the free stream velo
ity, in m=s, � was the kinemati
 vis
osity of air, in m2=s, andL was taken as the overall length of the ra
e
ar, in m. With a free stream velo
ity of 40 m=s inthe tunnel, a kinemati
 vis
osity of 1.612 � 10�5 m2=s [21℄, and a length of 243mm (0.243m),
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ar 128the Reynolds number was 
al
ulated to be 603,000. Sin
e the Reynolds number determined herewas very large, it was assumed that the inertial for
es greatly overpowered the vis
ous for
es,allowing for the vis
ous for
es to be negle
ted outside the surfa
e boundary layers [21℄. Thisassumption made it possible to overlook Reynolds number similarity between the model and thefull s
ale vehi
le [21℄. In other words, it was reasonable to assume that a 
ow of 40 m=s appliedto the model in this study would 
orrespond to a 40 m=s (144 km/hr) velo
ity applied to the fulls
ale vehi
le as well. For exa
t Reynolds number similarity to be maintained, the model wouldhave to be tested at 720 m=s to simulate 40 m=s over the full s
ale vehi
le. This is more thantwi
e the speed of sound, and obviously an unreasonable test speed.7.4 Verti
al Plane Measurements - Formula One Ra
e
ar7.4.1 Obje
tiveThe 
ow over the ra
e
ar model was �rst investigated using a verti
al measurement plane (withrespe
t to the model orientation). The main obje
tive for these experiments was to observe theair 
ow over the model in two di�erent X�Z planes. The �rst plane of measurement was lo
atedat the model 
entreline, while the se
ond plane was lo
ated over the wheels of the ra
e
ar model.7.4.2 PIV Setup - Formula One Ra
e
ar - Verti
al PlaneIn order to obtain a verti
al measurement plane with the model setup shown in Figure 7.3 (a),a horizontal light sheet was needed. Figure 7.3 shows the hardware setup used as well as thelo
ations of the two measurement planes. The �rst measurement plane was lo
ated at Y = 0(model 
entreline) and would show the 
ow 
hara
teristi
s over the aerobody and rear wing ofthe model. The se
ond plane was lo
ated at Y = -37mm, showing the 
ow over the front andrear wheels as well as the sidepod.Three PIV measurement areas were needed to perform measurements over the entire length ofthe vehi
le (243mm). Sizing ea
h of these areas at 100mm x 100mm 
reated a measurement
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(a) (b)

0mm (centreline)

-37mmFigure 7.3: PIV setup used in the verti
al plane measurements performed on the Formula Onera
e
ar model, (a) hardware setup (b) lo
ation of measurement planesplane of 300mm in length, allowing for measurement of the near wake behind the ra
e
ar as well.This resulted in a resolution of 0.099mm/pixel.For ea
h of the three measurement areas, a 
ommon origin/
alibration method was used in orderto ensure that the results 
ould be joined together a

urately to form one 
omplete measurementplane over the model. At ea
h lo
ation, 250 image pairs were 
olle
ted, and a time separation(�t) of 14 �s was used. All 
ross 
orrelations were performed using interrogation areas of 32 x32 pixels (3.17mm x 3.17mm) and 50% overlap, resulting in 3,844 (62 x 62) ve
tors in ea
h area,or a total of 11,532 ve
tors over one 
omplete plane.Figures 7.4 (a through 
) and 7.5 (a through 
) show the 
alibration images of ea
h of the sixmeasurement windows used in verti
al plane tests. The use of the long s
ale made it easy tomat
h ea
h of the adja
ent measurement windows to ea
h other.Corresponding PIV images are shown in Figures 7.4 and 7.5 (d through f), below the 
alibrationimages. These �gures show the unique 
hallenges in performing PIV measurements on the ra
e
armodel. With a model fabri
ated primarily from die 
ast metal and painted to a glossy red �nish,several 
hallenges arose in obtaining 
lean PIV images (i.e. with minimal light re
e
tion and
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Figure 7.4: Calibration (a to 
) and sample PIV images (d to f) obtained in the verti
al planemeasurements over the ra
e
ar model (
entreline)
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Figure 7.5: Calibration (a to 
) and sample PIV images (d to f) obtained in the verti
al planemeasurements over the ra
e
ar model (in the plane of the wheels)
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ar 132adequate 
ontrast level). For example, in performing the measurements along the 
entrelineplane, problem areas in
luded the pitot tube (mounted on the nose just above the front wheels),the driver's helmet, and the bodywork extending at a downwards slope towards the rear wheels.All of these areas 
aused bright spots in the PIV images as a result of laser light re
e
tion. Theseareas needed to be kept to a minimum in order to obtain as mu
h useful velo
ity data as possible.The main areas of re
e
tion 
ould be 
overed with small pie
es of bla
k ele
tri
al tape, while 
atbla
k paint 
ould be applied to other small areas on the model. In the plane of the wheels (Figure7.5), the major problem areas were a
tually behind the plane of measurement, su
h as the driver'shelmet and bodywork near the 
entreline of the model. Ea
h su

essive measurement windowrequired di�erent solutions to 
over and redu
e the re
e
tive areas. The main obje
tive, however,remained the same for all measurement windows; ensuring that as many seeding parti
les aspossible 
ould be seen and distinguished in the PIV images.In Table 7.1 the amount of expe
ted error in the PIV measurements was estimated a

ordingto the PIV error sour
es outlined in Se
tion 4.3.4. A total error of 0.0113mm (in the measuredparti
le displa
ements) was 
al
ulated, resulting in a per
entage error of 2.0% in the determinedvelo
ities.7.4.3 Results - Formula One Ra
e
ar - Verti
al PlaneCentreline PlaneThe following results were obtained from the average of 250 image pairs, with a free streamvelo
ity of U = 40 m=s. Figure 7.6 shows the average velo
ities obtained along the 
entrelineover the ra
e
ar model in m=s (see Figure 7.4 for 
orresponding PIV images). The origin of theX �Z axis was pla
ed at the tip of the ra
e
ar's front nose, level with the ground (platform). Api
ture of the ra
e
ar model was superimposed on the results in order to provide a visual referen
eand to 
over the unusable data inside the boundaries of the model.From the 
entreline measurements in Figure 7.6, the aerodynami
 e�e
ts of the various elements ofthe model 
ould be seen. The �rst notable 
ow disturban
e arose from the pitot tube (wind speed
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Error Source Error Estimate Total Error [mm] Description

Image Recording Negligible Amount of electrical noise not known

Contrast Negligible Level of contrast was high in all images (above 100 counts of contrast)

Particle Number Density 0.0175 pixels 1.10E-04
Taken as lowest error value from Figure 4.6 of Huang et al. [49] since all

interrogation areas contained at least 50 particles

Loss of Pairs Due to

Out-of-Plane Motion
Negligible

Maximum out-of-plane velocities were not known here, but assumed to be

of an acceptable magnitude. (Out-of-plane velocities would have to be 107

m/s in order to travel 1/4 of the laser sheet thickness)

Parallax 0.288 pixels 1.28E-03

Calculated from the estimates of Sinha [51] using a 100mm x 100mm

measurement area, and 25 m/s maximum out-of-plane displacement (this

was assumed to be the worst case), and a distance of 620mm from the

camera lens to the measurement plane

Tracking Error Negligible
Mineral oil was calculated to have a response time of 0.00000009 (i.e. time

lag with respect to air)

Acceleration Errors Negligible
Acceleration unknown but assumed negligible since the empty test section

flow was expected to be extremely uniform and steady

Velocity Gradient Error Negligible
Velocity gradients were not known here, but were assumed to be small

within each interrogation area (3.17mm x 3.17mm in size)

Particle Image Size Negligible
Negligible since the particles were assumed to be smaller than 1 pixel,

resulting in cross correlation of entire smoke particle-clusters

Sub-pixel Interpolation 0.10 pixels 9.90E-03 Based on the theoretical and simulation results of Westerweel [55]Table 7.1: Estimation of the PIV errors in the Formula One ra
e
ar model measurements
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Figure 7.6: Average velo
ities measured in the verti
al plane along the 
entreline of the ra
e
armodel (in m=s) Note: All axis dimensions in mm, some ve
tors removed for 
larity
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e), lo
ated downstream of the front nose of the ra
e
ar, at X;Z � 44,40. Thestem of the pitot tube 
aused a 3 to 6 m=s redu
tion in the downstream velo
ities, propagatingalong the remainder of the nose all the way to the driver's helmet. It was important to note herethat this 
ow e�e
t 
ould only have been 
aptured at the 
entreline of the model, and wouldlikely not have been seen at all had the measurement plane been 2 or 3mm to either side of the
entreline. Upon rea
hing the driver's helmet, the air 
ow was observed to in
rease by 3 m=s asit a

elerated around the helmet 
ontour. The highest wind speeds were seen just above the top-mounted 
amera (atX;Z � 150,50). This area represented the largest amount of 
ow redire
tion,as the average resultant velo
ity rea
hed 46.5 m=s over the top of the 
amera. Downstream ofthe top-mounted 
amera, the 
ow attempted to re-atta
h itself along the downwards slopingbodywork (towards the rear wheels). This was only partly a
hieved, as the 
ow did re-atta
h(as eviden
ed by the downward sloping ve
tors), but did so at a redu
ed speed (approximately25 m=s). The �nal, and largest disturban
e to the 
ow was 
aused by the rear wing of thera
e
ar model. The uppermost wing element did not redire
t a signi�
ant amount of 
ow, buta

elerated the 
ow at its trailing edge (X;Z � 238,50). The lower wing element was observedto signi�
antly redire
t the 
ow in this region (X;Z � 245,38), where the air 
ow exiting thewing area was dire
ted upwards at 40o from the horizontal. This produ
ed a substantial 
hangein 
ow momentum, as the 
ow in
ident on the lower wing element was dire
ted downwards byas mu
h as 35o from the horizontal (X;Z � 220,38). A third downfor
e-produ
ing devi
e waslo
ated in the rear di�user, where a plate diverted a portion of the underbody 
ow upwards (inthe region exiting at X;Z � 246,20). In this area, the dire
tion of 
ow ranged from 40o to 50oupwards from the horizontal.The 
ow in the near wake of the ra
e
ar model provided some insight on the topi
 of vehi
ledraughting. Vehi
le draughting is a ta
ti
 used by ra
e
ar drivers to perform passing maneuverson 
ompeting ra
e
ars, and is used in many forms of ra
ing to 
onserve fuel or energy. Byfollowing very 
losely behind another 
ompetitor's vehi
le, drivers have reported feeling as if theywere being pulled along by the vehi
le in front, and in fa
t had to redu
e the throttle level toavoid hitting the 
ompetitor. The reason for this phenomenon be
ame 
lear upon observing the
ow 
hara
teristi
s in the wake of the ra
e
ar model in Figure 7.6.Figure 7.7 shows a detailed view of the wake region behind the model, with all of the ve
tors
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Figure 7.7: Detailed view of the average velo
ities measured in the wake of the ra
e
ar model(verti
al plane along the 
entreline, in m=s) Note: All axis dimensions in mmin
luded. In the region where the nose of a following ra
e
ar would be (below Z � 35), theaverage resultant velo
ity was 10 m=s, pointed upwards at 45o from the horizontal. Consideringonly the horizontal (X-dire
tion) 
omponent of that velo
ity, the in
ident air speed on the nose ofa following ra
e
ar would only be 7 m=s. Therefore, while the ra
e
ar in the lead must over
omethe drag for
e asso
iated with a 40 m=s air 
ow, the following ra
e
ar needs only to over
ome adrag for
e due to a 7m=s air 
ow (at least over the �rst third of its length). This is 
learly a largeadvantage, 
onsidering that the drag for
es in
rease with the square of velo
ity. It is importantto note here that ground plane was stationary in all experiments performed here, and that theaddition of a moving ground plane 
ould result in higher X-dire
tion velo
ities.Another 
ommon phenomenon felt by the driver of a draughting ra
e
ar, is the sensation of very
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Figure 7.8: Velo
ities in
ident on the front wing of a following ra
e
arlittle grip at the front (steering) wheels, or impeded ability to turn the ra
e
ar. This 
an againbe explained by observing the velo
ities in the wake region of Figure 7.7. In the region wherethe front wing of a following ra
e
ar would lie (below Z � 15), the average resultant velo
itywas 10 m=s, pointed upwards at an angle of 60o above the horizontal. This means that the frontwing 
ould only produ
e downfor
e with an in
ident (X-dire
tion) velo
ity of 5 m=s. As well,the verti
al 
omponent of the in
ident velo
ity was 8.7 m=s (Figure 7.8). This is a signi�
antamount of upwards 
ow whi
h 
ould result in small amounts of lift being generated at the frontwing of the following ra
e
ar, de
reasing even further the net amount of downfor
e generated.Plane of the WheelsFigure 7.9 shows the average resultant velo
ities obtained in the plane over the wheels of thera
e
ar model (at Y = -37mm in Figure 7.3 (b)). A pi
ture of the model was again superimposedon the velo
ity data (note that the only areas shown were those in front of the light sheet).As expe
ted, the main e�e
ts in this plane were 
aused by the front and rear wheels of the ra
e
armodel. As the 
ow rea
hed the front wheel, it was for
ed to a

elerate around its upper surfa
e,
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Figure 7.9: Average velo
ities measured in the verti
al plane along the wheels of the ra
e
armodel (in m=s) Note: All axis dimensions in mm, some ve
tors removed for 
larity
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Figure 7.10: Detailed view of the average velo
ities measured in the wake of the front wheel ofthe ra
e
ar model (verti
al plane along the wheels, in m=s) Note: All axis dimensions in mmresulting in high velo
ities in the region of X;Z � 58,40. Behind the front wheel, a unique 
owpattern was observed. Figure 7.10 shows a detailed view of the region dire
tly behind the frontwheel with the ve
tor lengths in
reased for visibility. At the top of the wake region in Figure7.10, severe 
ow reversal was observed between Z = 20 and Z = 28, with velo
ities rea
hing-5.5 m=s (
owing to the left). This area of reverse 
ow appeared to originate in the area of81 < X < 83, however there was no distin
t origin in this area. This indi
ated that the 
ow inthis area was highly three dimensional, and that the 
ow reversal was most likely due to out-of-plane velo
ities. This area will be revisited in the following se
tion, where the velo
ities weremeasured in the horizontal plane.It was important to note that for the results presented above, the wheels of the model were
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ondition. With the wheels spinning 
ounter
lo
kwise, the upper surfa
e of the wheel would have experien
ed earlier 
ow separation [73℄.This redu
ed 
ow atta
hment (over the rotating wheels) 
ould ultimately result in in
reased dragdue to the four wheels.7.5 Horizontal Plane Measurements - Formula One Ra
e
ar7.5.1 Obje
tiveThe main obje
tive of the experiments presented in this se
tion was to extend the PIV mea-surements to the horizontal plane, further 
hara
terizing the 
ow over the ra
e
ar model. Two
omplete horizontal (X � Y ) planes were measured, with the �rst lo
ated at the wheel (or axle)
entreline, and the se
ond lo
ated along the driver's helmet and the rear view mirrors.7.5.2 PIV Setup - Formula One Ra
e
ar - Horizontal PlaneFigure 7.11 (a) shows the PIV setup utilized to obtain a horizontal measurement plane (withrespe
t to the ra
e
ar model). In Figure 7.11 (b) the lo
ations of the two measurement planesare shown, with the �rst lo
ated at Z = 17.5mm, and the se
ond lo
ated at Z = 35.5mm. The�rst plane would show the behaviour of the air 
ow around the wheels and sidepods of the model,while the se
ond plane would show the 
ow patterns around the 
o
kpit and over the nose andrear bodywork of the model.As with the verti
al plane measurements, three PIV measurement windows 100mm x 100mm insize were used to view one plane over the entire length of the ra
e
ar model. A 
ommon originand 
alibration te
hnique was used in order to easily join the three measurement areas afterpro
essing. These 
alibration images were shown in Figures 7.12 (a to 
) and 7.13 (a to 
).In ea
h of the six measurement windows (forming the two 
omplete X � Y planes), 250 imagepairs were 
olle
ted at a time separation (�t) of 14 �s between images. As for the verti
al
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(a) (b)

35.5mm

17.5mmFigure 7.11: PIV setup used in the horizontal plane measurements performed on the FormulaOne ra
e
ar model, (a) hardware setup (b) lo
ation of measurements planes
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)

(f
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Figure 7.12: Calibration (a to 
) and sample PIV images (d to f) obtained in the horizontal planemeasurements over the ra
e
ar model (wheel 
entreline)
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Figure 7.13: Calibration (a to 
) and sample PIV images (d to f) obtained in the horizontal planemeasurements over the ra
e
ar model (in the plane of the driver's helmet)
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ross 
orrelation was performed using 32 x 32 pixel (3.17mm x 3.17mm)interrogation areas with 50% overlap. This resulted in 3,844 (62 x 62) ve
tors in ea
h area (or11,532 ve
tors over one 
omplete measurement plane).In Figures 7.12 (d through f) and 7.13 (d through f), sample PIV images are shown, ea
h one
orresonding to the 
alibration image above it. As was the 
ase with the verti
al plane mea-surements, several 
hallenges arose here when performing the PIV measurements. For example,in the �rst measurement window (Figure 7.12 (d)), the entire top surfa
e of the front wing hadto be 
overed in bla
k ele
tri
al tape in order to allow for the distin
tion of seeding parti
lespassing over the white surfa
e of the wing. The front wheel of the ra
e
ar model also 
reated alarge shadow behind it (in the area of the ra
e
ar suspension), resulting in the loss of all velo
itydata in this area. In this 
ase, the laser was positioned su
h that the shadowed area would beminimized.In Figure 7.12 (e), the entire area of the 
o
kpit (driver's helmet, rear view mirrors et
.) wasfound to be extremely re
e
tive. Even though there were no measurements to be made in thatlo
ation, the area was blo
ked from view of the 
amera by pla
ing a pie
e of masking tape on thetest se
tion window. This was to prevent the overexposure of those pixels in the CCD array ofthe 
amera due to the high laser light intensity.In Figure 7.13 (d through f), most of the measurement area was above the ra
e
ar model. Eventhough most of the model 
ould be seen underneath the measurement plane, useful velo
ity datawas still retrieved in the majority of these areas. For example, in Figure 7.13 (d), the nose, frontwheel, and suspension arms of the ra
e
ar 
ould all be seen in the PIV images. However, theseeding parti
les 
ould still be distinguished. This was a 
lear indi
ation of the robustness ofthe PIV 
ross 
orrelation te
hnique. The main observation made here was that it is not alwaysne
essary to have a 
at bla
k ba
kground in a PIV image to ensure strong 
ross 
orrelation.Instead, it is essential to obtain a PIV image where the seeding parti
les 
an be distinguished,regardless of what is behind the measurement plane. If the seeding parti
les 
an be seen 
learlyto move from one image to the next with the naked eye, it is highly likely that this motion willbe 
aptured during 
ross 
orrelation.
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e
ar - Horizontal PlaneWheel CentrelineFigure 7.14 shows the average resultant velo
ities measured at the 
entreline of the wheels in thehorizontal plane. The origin of the X � Y 
oordinate system in all of the following plots waspla
ed at the tip of the ra
e
ar's nose. The three measurement windows were joined together toshow a 
omplete pi
ture of the 
ow �eld over the model. As with the verti
al plane results, themodel was superimposed on the 
ontour plots to provide a visual referen
e of the boundaries ofthe 
ow �eld.At the front of the model in Figure 7.14, some velo
ity data was 
aptured over the front wing(whi
h was therefore removed from view). The front wing was responsible for dire
ting thein
oming 
ow upwards (in the Z-dire
tion) as was demonstrated by the lower velo
ities near thefront of the wheel (i.e. a signi�
ant amount of 
ow 
oming out of the page was expe
ted in thisregion). In the region surrounding X; Y = 51,-59, the 
ow a

elerated around the outside of thefront wheel. It was important to re
ognize here that mu
h of this a

eleration was 
aused by thetest se
tion wall, and would not have been as pronoun
ed over the full s
ale model.Behind the front wheel, a wake region was formed by air 
ow around both the inside and outsideof the wheel due to the streamlined design of the suspension. This wake area is viewed in moredetail in Figure 7.15 to reveal the third velo
ity 
omponent from Figure 7.10. Based on the 
owpatterns seen in these two �gures, it was reasonable to assume that the reverse 
ow seen in Figure7.10 was 
aused by the 
ow around the inside of the wheel in Figure 7.15 (Y > �34mm). The
ow around the inside of the wheel had a higher tenden
y to reverse itself and �ll the wake regionas it exited the suspension area at a lower velo
ity than the 
ow around the outside of the wheel(approximately 23 m=s versus 37 m=s around the outside of the wheel).The 
ow upstream of the sidepods was largely a�e
ted by the barge boards of the ra
e
ar model(Figure 7.14). Their main purpose was to limit the amount of stagnation at the sidepod entran
eby splitting the upstream 
ow, allowing one portion to enter the sidepods (and heat ex
hangers)while diverting the rest of the 
ow to the outside of the sidepod, redu
ing the overall drag in this
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Figure 7.14: Average velo
ities measured in the horizontal plane along the wheel 
entreline of thera
e
ar model (in m=s) Note: All axis dimensions in mm, some ve
tors removed for 
larity
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Front left wheel

Figure 7.15: Detailed view of the average velo
ities measured in the wake of the front wheel ofthe ra
e
ar model (horizontal plane at the wheel 
entreline, in m=s) Note: All axis dimensionsin mm
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Figure 7.16: Detailed view of the average velo
ities measured in the wake of the ra
e
ar model(horizontal plane along the wheel 
entreline, in m=s) Note: All axis dimensions in mmarea. This was evident in the upstream 
ow, whi
h was dire
ted outward by the barge board (inthe �Y dire
tion) resulting in a smoother transition to the outside of the sidepod.A similar level of 
ow a

eleration (as was observed around the front wheel) was seen around theoutside of the rear wheel, whi
h was again ampli�ed by the test se
tion wall in the near vi
inity.The wake region behind the rear wing of the ra
e
ar model is shown in more detail in Figure 7.16.Behind the rear wheel, the 
ow began to be redire
ted towards the 
entreline of the ra
e
ar (Y =0) to �ll the low pressure area in the wake region. Investigation of these transverse (Y -dire
tion)velo
ities suggested a stabilizing 
ondition for a ra
e
ar following 
losely behind. When perfe
tlyaligned with the ra
e
ar in front (i.e. both vehi
les in the same Y position), there would be abalan
e of transverse (Y -dire
tion) for
es pushing on the end plates of the front wing. However, if
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e
ar be
ame misaligned with the leading ra
e
ar, these for
es would no longer bein balan
e, and there would be a net for
e a
ting to realign the following ra
e
ar. For example, ata model misalignment of 12mm, 80% of the total transverse for
es would be dire
ted towards the
entreline of the wake, attempting to realign the following ra
e
ar, leading to a redu
ed amountof 
ontrol in the real situation.A 
ore of low velo
ities was found in the area surrounding X; Y = 258,0 in Figure 7.16, andthis was found to 
orrespond to the same 
ore found in Figure 7.7 in the area of X;Z = 270,30.This area made up the majority of the wake area whi
h was not a�e
ted by any of the rear wingelements.Plane of the Driver's HelmetThe se
ond horizontal plane of measurement was lo
ated in the vi
inity of the driver's helmet,at Z = 35.5mm (see Figure 7.11 (b)). The average resultant velo
ities were obtained from 250image pairs in ea
h of the three measurement windows, and are plotted in Figure 7.17.Along the nose of the ra
e
ar model, the velo
ity data was only partly retrieved, as parts of thenose protruded into the laser sheet (i.e. the pitot probe and �ns along the top edges of the nose).With the laser sheet less than 1mm above the front wheels, the 
ow 
ould be seen to a

eleratealong the top surfa
e of the wheel (in the vi
inity surrounding X; Y = 50,-42). The small area oflow velo
ity at X; Y = 60,-42 was 
aused by the redire
tion of the 
ow over the end plates of thefront wing. In this area, the 
ow was pointed upwards (in the Z-dire
tion) to promote smoother
ow over the top of the wheel. This area therefore 
ontained a signi�
ant out-of-plane velo
ity
omponent whi
h was not 
aptured in Figure 7.17.The air 
ow over the sidepods remained uniform until the rear wheel fairings were rea
hed (X; Y= 190,-35). As with the front wing end plates, these fairings were designed to blend the in
oming
ow with the top surfa
e of the wheel. Therefore, lower velo
ities were seen in this region ofFigure 7.17 due to the presen
e of out-of-plane velo
ities. The remainder of the 
ow over therear wheel remained signi�
antly three dimensional, with a negative velo
ity 
omponent in theZ-dire
tion (Figure 7.9).
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Figure 7.17: Average velo
ities measured in the horizontal plane around the ra
e
ar model in theplane of the driver's helmet (in m=s) Note: All axis dimensions in mm, some ve
tors removedfor 
larity
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Figure 7.18: Detailed view of the average velo
ities measured in the wake of the ra
e
ar model(horizontal plane along the driver's helmet, in m=s) Note: All axis dimensions in mmThe 
ow downstream of the rear wing was re-plotted in higher detail in Figure 7.18 to show the
ow behaviour in the wake region. In this plane, the 
ow towards the 
entreline of the model(around the edges of the rear wing) was not as prominent due to the absen
e of the rear wheelsin this plane. The unique 
urvature of the lower rear wing element produ
ed a stream of highexit velo
ities to either side of the model 
entreline (at Y = �14). The 
ore of low velo
itiesobserved in the verti
al plane (Figure 7.7) is also seen in Figure 7.18 in the area surroundingX; Y = 278,0. As expe
ted, this area was shifted further downstream (
ompared to Figure 7.16)sin
e the measurement plane was 18mm higher than the previous horizontal plane lo
ated at thewheel 
entreline.
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lusionsThe 
ow over a 1:18 s
ale model of a Formula One ra
e
ar at an air speed of 40m=s was measuredusing PIV. Four 
omplete measurement planes were utilized, ea
h one spanning the entire lengthof the 243mm model, as well as a further 40mm in the wake region behind the ra
e
ar.In 
ondu
ting the PIV measurements on the ra
e
ar model, an important 
on
lusion was formu-lated with regards to the robustness of the PIV measurement te
hnique. It was found that thedegree of 
ross 
orrelation was not as dependent on the image ba
kground as originally thought.More spe
i�
ally, the absen
e of a uniform, 
at bla
k ba
kground in a PIV image did not ne
-essarily result in erroneous, un
orrelated data (after 
ross 
orrelation). Being able to visiblydistinguish seeding parti
les over any sort of stationary ba
kground seemed to be the essentialrequirement for su

essful 
ross 
orrelation.In examining the 
ow over and around the Formula One ra
e
ar model, several 
on
lusions weredrawn with regards to its aerodynami
 shape.1. The ra
e
ar model 
arries numerous aerodynami
 devi
es aimed at produ
ing negative lift(downfor
e) in
luding the front wing, front wing end plates, the upper and lower elementsof the rear wing, and the rear di�user. It was 
lear from the abundan
e of these devi
esthat produ
ing downfor
e was a major obje
tive in the design of the ra
e
ar body.2. The dirtiest, or most aerodynami
ally de�
ient 
omponents of the ra
e
ar were the fourwheels and the rear wing. The wheels, whi
h a
ted essentially as rotating, short 
ir
ular
ylinders, indu
ed very low and in some 
ases, reverse velo
ities in their wake. Although therear wing produ
ed a signi�
ant per
entage of the ra
e
ar's downfor
e, the large amountsof 
ow redire
tion resulted in a highly 
omplex and unstable wake behind the ra
e
ar.3. The wake behind the ra
e
ar model is an ideal area for a following ra
e
ar to gain anaerodynami
 advantage. The horizontal velo
ities in
ident on the nose of a following ra
e
arare redu
ed by over 80% due to the wake of the leading ra
e
ar. However, these in
identvelo
ities also 
arry a large verti
al 
omponent whi
h 
ould potentially indu
e lift for
es
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le, resulting in redu
ed me
hani
al grip and 
orneringabilities.



Chapter 8Con
lusions and Re
ommendations8.1 Con
lusionsIn this study, a small s
ale, re
ir
ulating wind tunnel was designed to be used with the opti
almeasurement te
hnique of Parti
le Image Velo
imetry (PIV). Following its 
ustom fabri
ation,the wind tunnel was 
hara
terized using PIV in order to determine the quality of the 
ow inthe test se
tion. At this point, a square 
ylinder was inserted into the test se
tion, and PIVmeasurements were performed on the 
ow over the 
ylinder and 
ompared to previously publishedwork. Following this experiment, PIV was again used to measure the 
ow over a 1:18 s
aleFormula One ra
e
ar in the wind tunnel test se
tion. From these 
ombined proje
ts, four major
on
lusions were formed regarding the appli
ation of PIV in a small s
ale wind tunnel and arepresented below.8.1.1 Wind Tunnel Contra
tion DesignThe topi
 of wind tunnel 
ontra
tions was explored in Chapter 2, and a novel 
ontra
tion geome-try was designed to be used in the wind tunnel in this study. Based on CFD simulations performed154
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ommendations 155in Chapter 2, this novel geometry provided improved velo
ity, pressure, and turbulen
e 
hara
-teristi
s over six 
onventional 
ontra
tion shapes. On
e fabri
ated, the 
ow validation results ofChapter 5 veri�ed the performan
e of the 
ontra
tion (and the rest of the wind tunnel). Themeasured test se
tion 
ow had 1.8% variation in longitudinal velo
ity, 2.0% turbulen
e intensity,less than 0:3o of misalignment, and a boundary layer not ex
eeding 6.5mm.8.1.2 Compatibility/Usability of the Wind Tunnel/PIV CombinationThe experiments performed in Chapters 5, 6, and 7 illustrated the ease of use of the windtunnel/PIV system in this study. In these three 
hapters, a total of 48 di�erent PIV tests were
ondu
ted, all without any major impediments. The table-top 
on�guration of the wind tunnelallowed for 
onvenient set up of the PIV laser and 
amera, while the adjustability of the fan speedallowed for very qui
k 
hanges in Reynolds number. It was 
on
luded as a general guideline thata 1m spa
e around the wind tunnel would provide suÆ
ient room for the PIV hardware, anda

ess to the seeding parti
le generator, speed 
ontrol unit, and test se
tion for model setup and
alibration.8.1.3 Performan
e of the Wind Tunnel/PIV CombinationIn order to gauge the performan
e of the wind tunnel/PIV system used in this study, the air 
owover a known geometry was measured and 
ompared to previous results. This was the aim ofChapter 6, where a square 
ylinder was pla
ed in the test se
tion, and the 
ow was measured ata Reynolds number of 21,400. The results of these experiments 
ompared favourably to the LDVresults of Durao [68℄, M
Killop and Durst [69℄, and Lyn et al. [66, 67℄, whose results di�ered byan average of 10% from the new mean velo
ity measurements and turbulen
e statisti
s. Theseresults gave 
on�den
e in the a

ura
y of the wind tunnel and PIV system in reprodu
ing a 
ow�eld of known 
hara
teristi
s.



Chapter 8: Con
lusions and Re
ommendations 1568.1.4 Versatility of the Wind Tunnel/PIV CombinationIn Chapter 7, a 1:18 s
ale Formula One ra
e
ar model was used to produ
e a highly 
omplex
ow �eld and diverse measuring 
onditions in order to push the limits of measurement withthe PIV system. The elaborate geometry and re
e
tive surfa
es of the ra
e
ar model testedthe versatility of the PIV measurement system in retrieving velo
ity information from less thanoptimal ba
kgrounds and 
ontrast levels. At the time of writing, there appears to be no othermeasurement te
hnique 
apable of 
olle
ting this type of velo
ity information. Based on theabundan
e of data gathered in the results of Chapter 7, the wind tunnel/PIV system showed ahigh level of versatility and provided further 
on�den
e in its usefulness for testing even more
omplex 
ows.In summary, it is the opinion of the author that parti
le image velo
imetry is a measurementte
hnique that is extremely 
ompatible for use in wind tunnels, provided the wind tunnel is smallenough, and that its non-intrusive nature indeed makes it one of the best 
hoi
es for wind tunnelvelo
ity measurements. PIV 
an also be 
on�dently used in 
alibrating a newly fabri
ated windtunnel, as was shown in Chapter 5. As the levels of te
hnology in this �eld in
rease, digital
ameras whi
h 
ontain larger CCD pixel arrays, will allow for larger measurement areas, makingPIV a more feasible measurement te
hnique in large wind tunnels as well.8.2 Re
ommendationsThroughout the design, fabri
ation, and use of the wind tunnel in this study, several opportunitiesfor improvement were identi�ed, and are given below as re
ommendations for future work.8.2.1 Operational Improvements to the Present Wind TunnelThe re
ommendations made in this se
tion are aimed at improving the operation of the windtunnel used in this study.



Chapter 8: Con
lusions and Re
ommendations 1571. Test Se
tion Modi�
ation - Modi�
ations to the test se
tion 
ould make it more easilyremovable and a

essible. For example, mounting one of the four test se
tion walls onhinges would allow for qui
k a

ess to models inside the wind tunnel, redu
ing 
alibrationtimes. The main 
hallenge in doing this is ensuring proper sealing of the test se
tion (inthe absen
e of fasteners), and doing so without 
ompromising the interfa
e between the
ontra
tion and di�user se
tions.2. Hinged Panel for Smoke Venting - By adding a hinged panel to the wind tunnel (in alo
ation other than the test se
tion), the smoke used for seeding parti
les in PIV 
an beeasily vented from the wind tunnel at the 
ompletion of an experiment. Any remainingsmoke will eventually 
ondense ba
k into mineral oil and deposit itself inside the windtunnel. It is therefore important to remove as mu
h of this smoke as possible to preventex
essive amounts of oil from 
olle
ting in vulnerable areas su
h as the fan motor internals.For the measurements in this study, one of the a
ryli
 panels on the settling 
hamber wasremoved for this purpose. This same panel 
ould be modi�ed to open on hinges, simplifyingthe pro
ess.3. Implementation of a Data A
quisition System - The operation of the wind tunnel 
an befurther improved by utilizing a data a
quisition system to monitor su
h parameters as airtemperature, fan rotational speed, and fan load. The variable frequen
y drive (used to
ontrol the fan speed, as dis
ussed in Se
tion 3.6) is 
apable of generating analog outputsproportional to speed and ele
tri
al load. Details on the analog and digital outputs availablefrom the variable frequen
y drive unit 
an be found in [74℄. These and other parameters
an be fed to a 
entral data a
quisition system su
h as the Keithley 2700 Multimeter/DataA
quisition System used in the temperature measurements of Se
tion 5.7.8.2.2 Further Design Proje
tsThe re
ommendations in this se
tion provide ideas for design proje
ts intended to either improveor expand the use of the 
urrent wind tunnel in this study.



Chapter 8: Con
lusions and Re
ommendations 1581. Testing of Contra
tion Designs - The one major re
ommendation regarding the design ofthe wind tunnel 
ontra
tion was to verify the CFD simulation results from Chapter 2 withexperimental data. This 
ould be done by fabri
ating one or more of the 
ontra
tion designs
onsidered in Chapter 2, and installing them on the wind tunnel. Sin
e all 
ontra
tions weredesigned with the same length, ea
h test would require a simple ex
hange of the 
ontra
tion,followed by the 
hara
terization and 
omparison of the exiting 
ow.2. Design of a For
e Balan
e - When performing wind tunnel tests, it is often desirable todire
tly measure the drag for
e exerted on the test model. This 
an be a
hieved with thedesign of a for
e balan
e me
hanism to be used in the test se
tion. With a typi
al for
ebalan
e system, the model is mounted to an aerodynami
ally streamlined post whi
h passesthrough a test se
tion wall to a �xed base. The drag and lift for
es exerted on the model
an then be measured at the base of the post with s
ales, load 
ells, or spring systems, et
.It would then be possible to dire
tly 
ompare the measured drag for
e with the drag for
e
al
ulated from the integration of velo
ity pro�les determined with PIV.3. Design of Alternate Test Se
tion and Di�user Combinations - In the wind tunnel designedfor this study, a relatively long test se
tion and short di�user was used to allow for thepotential testing of long models. For most tests however, it is suÆ
ient to have a shortertest se
tion. The design and fabri
ation of a shorter test se
tion (with a 
orrespondinglylengthened di�user se
tion) would redu
e the 
ow losses in the tunnel, possibly resulting inhigher a
hievable wind speeds.8.2.3 Further Experimental Proje
tsIn this se
tion, various proje
ts are proposed to experimentally improve the wind tunnel operationwithout the redesigning of any 
omponents.1. Turning Vane Adjustment - PIV measurements in the settling 
hamber (as in Chapter 5),
ould be used to guide the adjustment of individual turning vanes in 
orner 2 to improvethe 
ow 
hara
teristi
s entering the 
ontra
tion se
tion. From the results of Se
tion 5.3.3,



Chapter 8: Con
lusions and Re
ommendations 159there was a 
onsiderable amount of variation in the velo
ity pro�le due to the fan, as well as�3o of misalignment in some areas. Adjustment of the 
orner 2 turning vanes 
ould providea more uniform, well aligned 
ow whi
h would improve the test se
tion 
ow quality.2. S
reen and Honey
omb Se
tions - Further improvements to the wind tunnel performan
e
ould be a
hieved with the experimentation in the use and lo
ation of various s
reens andhoney
omb se
tions. For example, s
reens with varying porosity (
ell size) 
ould be testedto maximize the turbulen
e redu
tion while minimizing the amount of 
onsequent pressuredrop. The same 
an be done with honey
omb se
tions of varying 
ell size. As well, thelo
ation and number of s
reens and honey
omb se
tions 
an be explored to gain furtherturbulen
e redu
tion without ex
essive pressure losses.3. Fan Blade Adjustment - The wind tunnel fan used in this study allows for adjustment ofthe angle of atta
k of the blades. For the fan requirements outlined in Chapter 2, the angleof atta
k of ea
h blade was set at 27o. A possible experimental proje
t would involve theadjustment of the angle of atta
k of the fan blades to in
rease either the available 
owrateor stati
 pressure rise. It is highly re
ommended that if the blade angles are modi�ed, thefan should be properly balan
ed by the manufa
turer or suitable axial fan establishment.Fan performan
e 
urves from Enviro-Te
h HVAC Produ
ts (An
aster, Ontario) have beenin
luded in Appendix A.8.2.4 Improvement of the PIV SystemThroughout all the experiments performed in this study, there were no major de�
ien
ies en
oun-tered in the PIV measurement system. The one re
ommendation made here involves a possibleimprovement to the system by redu
ing the required setup and 
alibration time.1. PIV Traversing System - A traversing system is 
ommonly used with LDV systems, as themeasurement area is extremely small (on the order of a few millimetres). Su
h a systemwould also be bene�
ial to the eÆ
ien
y of PIV measurements. Figure 8.1 shows a 
on
eptsket
h where the laser and 
amera are held rigidly with respe
t to ea
h other. On
e the
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amera has been fo
used properly on the laser light sheet, the entire assembly 
an be movedby a known distan
e in any dire
tion and immediately begin 
olle
ting fo
used PIV images.This type of system would be ideal for the wind tunnel in this study sin
e the test se
tionvolume is quite large 
ompared to the average size PIV measurement window (one entireplane in the test se
tion 
ould require as many as 10 PIV measurement windows). With atraversing assembly, the PIV system would only require 
alibration of the �rst measurementwindow, and the entire test se
tion 
ould be 
overed with that one setup. A se
ond setup,where the laser and 
amera positions were ex
hanged, would then 
apture the third velo
ity
omponent, fully 
hara
terizing the test se
tion 
ow in only two setups. The method oftraversing 
ould be as simple as a system of graduated a
me s
rews to move the assemblyof Figure 8.1 over a solid base.
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Figure 8.1: A traversing system to redu
e the amount of required setup time for PIV measure-ments
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Appendix AWind Tunnel Fan Performan
eCurvesThis Appendix 
ontains two stati
 pressure and impeller power 
urves for the AID-143, Tube Axialfan used for the wind tunnel in this study (Enviro-Te
h HVAC Produ
ts, An
aster, Ontario).These parameters have been plotted against the volume 
owrate, and at various fan blade angles.The �nal �gure shows some overall dimensions of the fan and 
asing. All performan
e 
urves anddrawings are in
luded as re
eived from Enviro-Te
h HVAC Produ
ts (An
aster, Ontario).
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Volume Flowrate (CFM)Figure A.1: Fan stati
 pressure 
urve (at 3450 rpm) for the AID-143, Tube Axial fan as pur
hasedfrom Enviro-Te
h HVAC Produ
ts (An
aster, Ontario): fan stati
 pressure (in in
hes of mer
ury)plotted versus the volume 
owrate (in 
ubi
 feet per minute) Note: fan blade angles given indegrees Celsius
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Volume Flowrate (CFM)Figure A.2: Fan stati
 pressure 
urve (at 1750 rpm) for the AID-143, Tube Axial fan as pur
hasedfrom Enviro-Te
h HVAC Produ
ts (An
aster, Ontario): fan stati
 pressure (in in
hes of mer
ury)plotted versus the volume 
owrate (in 
ubi
 feet per minute) Note: fan blade angles given indegrees Celsius



Appendix A: Wind Tunnel Fan Performan
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(a)

(b)Figure A.3: Fan power 
urve for the AID-143, Tube Axial fan as pur
hased from Enviro-Te
hHVAC Produ
ts (An
aster, Ontario): fan impeller power (in Hp) plotted versus the volume
owrate (in 
ubi
 feet per minute) Note: fan blade angles given in degrees Celsius, (a) 3450 rpm,(b) 1750 rpm


