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CHAPTER 1

INTRODUCTION

1.1 Motivation

Turbulent flow generated by grids and screens has been the mostaom
experimental configuration used to achieve nearly homogeneous and isotropic
turbulence (HIT) where the theoretical study concentrdiie$]. In fact, until more

recent progress wherein turbulent flow is generated experimefipty numeically

[6], the only way to study othe isotropic flow is grid turbulence. Was showrthat

flow characteristics such as turbulence del@a8], Reynolds shear strefg], self
preservation and similariff.0], spectra andmsvorticity distribution[11] are highly
influencedby thegrid geometry i e., initial conditions). Since then, the study on the
nearfield of the turbulence grids has receivaahsiderable attentiofl2i 19]; Near

field flow is highly inhomogeneous due toe presenceof simultaneos wakes and

jets [3,13,20] It was foundt ha't , close to the qomn d, t h
equilibriumd condi ti on where the meanturbbulerdw i nh.

kinetic energy (TKE}ransportand production in transverse directi@i].

The study on the turbulengenerated in theearfield andproduced by conventional

gridswas accompaniely the introduction of a new generation of turbulence grids,

called fractal/multiscale grid$22]. It was discoverethat specifically downstream of

a fspacefilling fractal square gria, turbulence intensitiesas well as Reynolds
numberar e unusuall y hiegpbnentialltkée r ea s ts T cay am
which was inbroadcontrast to the classical power law def23j. It was shown later

that the range where this exponential decay applies is ratheastd@&tclassical power

law fit to the data isalso possible[13]. However,still, there are some unanswered
guestions about thaulti-scale/fractatgenerated turbulencEorexamplethe ratio of

the integral length scale to the Taylor microscale during the decay was found to be
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constant while local Reynolds numbedecreasingvhich contradictshe assumption
ofaconstanb c o e ft f iod i en s s iapisattopicdurbulantdlowe Numerical

studies and experimenensurethat thenearfield of the gridgenerated turbulence
(GGT) is undeniably worth studying.

It has been almost a century since the first measurement of velocttyations by
Simmons and Saltgd] utilizing hotwire anemometryHWA). Since thena vast
amount of the grid experiments was focused on thé&dhat region using HWA as a
measurement techniqyié,12,22,24,25]Unlike thefar-field of turbulence generator
grids, the flow is highly thredimensional in th@earfield; specificallynearthe grid,
turbulence propertiesuch as theéemporaland spatialdevelopment of cadrent
structuresare very complex. Typically, theexist a largerecirculation zone behind
solid bars where the flows stronglyreversed This recirculation zone (the distance

between the grid and the possible apparent stagnation point) is repdmtesktended

from— pto 1.75[13,15]wherewis the downstream distance from the grid and

is the grid mesh sizeThe existence of regions with mean flow reversal and high
turbulent intensities in theiainity of the grid solid bars, make HWA useless to
measure the flow correct[{8]. In this respectParticle Image Velocimetry (PI\4nd

Laser Doppler Anemometry (LDAare more suitable candidates to investigate the
nearfield region. PIV itself gives spatial information ah accepthle spatial
resolution thatcan be used toobtain velocity gradientand derivecorrelation
functions. This is théenefiton the point measurement techniques such as LDA. On
the other hand, PIV techniques are still in a lack of spatial filtering effects and the

ability of PIV to effectively resolve all turbulent scales asto be establishd@6].

1.2 LiteratureSurvey onFractalGrid-Generatedl urbulence

Line, square and cube are simple geometries defined in Euclidean space with integer
dimensions of 1, 2, and 3, respectively. Fractals are special geometriesowith
integer (fractional number) dimension$he concept of neimteger dimension was
generalized by Hausdoif27] in the earlyl900s. Although it was just a mathematical

object to the 1980s, in the 1ai®70s, Mandelbrot turned this purely mathematical

1 Mesh size for regular grids is defined as the spacingdsstwwo nearby rods.
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concept into a realizable sense. He could convince scientistshigaes withiinon

integer dimensiortsare notexceptionabut very common. Fractals are everywhere.

In naturethey appeain clouds, trees, rivers, leaves, water drops, pinecone seeds, ice
crystals andair bubbles. Geological sites, coastlines, fluid tlehce, polymersand
fracturesar e al | made of fractal shapes. The \
from a Latina word AFract ugto desteba sucng A B
shapes. By that time, was figuredout that fractal shapes could &n effectively

infinite length within dimited surface, or at a higher order an infinite surface within

a finite volume. In other words, fractal shape can maximize contact within a finite
boundary. Human lungs as a part tbé respiratorysystem relyon their fractal
charactemaximizing the delivery of oxygen to the blood, as well as trees where the
photosynthesiss maximizedthrough their fractal shag28].

Fr act asdtaesimilarGe.e., by zoomingto a fractal body angroceedingo the
infinite level, only repeating patterns are seen. As an example, we canopliioth
curves[29] i also known as Koch snowflaké&swhich is depictedin Figure 1-1.

~

Mathematicallyf r act al s c¢ o ul stifiterativegprecesstr at ed by

It has been nearly two decadescg the pioneering studies on fradtatireelike 1
objects obstructing a steady laminar flow. Queitmde and Vassilico$30]
designed thefirst fractal object for wind tunnel experiments. Staicu et[3l]
measured thestatistics ofturbulence in th wake of fractal treéke generators.
Although the results were not conclusive to individuate the effects of the fractal
elements and their sedimilar structureanelongated production regiomas reported
downstream of the fractal bodiesmpared witlregular gridsThis led to some early
attempts on computer simulation of fractal/mslitaleforced turbulenc32i 34] and

after a while to the first extensiexperimental study of turbulent flogenerated by
mono-planefractal grids by Hurst and Vassilic®2] who introduced three different
patterns to generate fractal grids. Schematitheseturbulencegeneratinggrids are
shownin Figure1-2. The three fractajenerating patterns and correspondnagtal
grids,from left to right, crossl, and square, from Hurst and Vassili¢22]. Hurst and
Vassilicosreported remarkable features in turbulent flow generated by fractal square

gridsi i.e., an exponentidit to turbulent kinetic energy decay instead of weaibwn



power law fiti have inspired a chain of discussion and debate both on experimental
[13,14,17 19,35 55] and numerical28,56 62] point of view.

Stage 0

Stage 1

Stage 3

M Stage 2
m Stage 4
Continue ..

.

Figurel-1 Koch curve as an example of fractal geom§g2g].

There is no agreement on the actual extension ohelefield even in the case of
regular grids. Batcheld63] proposedhat the neafield of conventionayrid extends

tow ¢ 1, whileitis reported to be extended dowrttar by Corrsin[64].
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Figurel-2. The three fractagjenerating patterns and corresponding fractal grids, from

left to right, crossl, and square, from Hurst and Vassili¢22].



To the best of t he @&rebrnPlW meagureeantsiwtheendag e ,

field region carbe summarizeth a few fdlowing attempts.

Bai et al.[65] studied thestructure ofturbulent flow and mixing length in the near
wake of a fractal treeke model. Theydemonstrated theignificanceof the multi-

scale structurefdreesfor the actuamodelingof the flow.

Cardesa et al. measured turbulence statistics immediately downstream of a two

different biplane regular grids made of circular and square[6&]s They reported

spanwise homogenization in Reynolds shear stresses fo{. To check for the

isotropy, they use an isotropic relation between longitudinal and lateral correlation
functions of velocity fluctuations and conclude that the flow has yet far from being

isotropic at the furthermost downstream measurement locationg . In another

study[15] by the samegroup,therate ofdissipation of turbulent kinetic energy (TKE)
was assesse@dnd itsvalue was examinedy changing the number of derivatives
involved in the dissipation relation. They believed that the assumptions of isotropy or

axisymmetric condition do not influence the dissipation estimation.

GomesFernandes etlaperformed2-D PIV on fractal square grids inside a water
tunnel with nonnegligible freestream turbulence intensity. Succeeded in
characterizing the effects of backgroundbulence fluctuationsn the gridgenerated

f 1l ow, t he ygenpraliegvakeisteractmn léngth scafigl4]. Thiswas an

i mpr ov e me wakeinteraction femgth écafiewhich wasfirst suggestedy
Mazellier and Vassilicofs2]. This scale characterizes the longitudinal extent of the
production region and is shown ty. The generalized wakiateraction length scale
made it possible to compare the results for recanar fractal squargrids as well as
being a good estimator of the location of peak turbulence inte@sityesFernandes

et al. assessed the local gllband local isotropy of the flow using the velocity
gradients.

Earl et al. performed tomographic PIV (TofR®V) on the regular grids in an open
water channdb7]. They were able to visualize the instantaneous structure in the flow
passing through different grids. They analyzed the turbulent kinetic energy decay and
measured dissipation from thieeedimensionalelocity field data.
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Among the fractal patterns introduced by Hurst and VassilR@Jsfractal square grid

got more attention because of their unusual flow characteristics. Gesnegndes et

al. [50] studied ona spacdilling fractal square gridwith low solidity using
stereoscopic PIV in a water channel. They obtainecoatiponents othe fluctuating
velocity gradientin three downstream stationsn planes parallel to the grid. The
planes ardocatedin the production region, at the peak turbulence intensity arin t
finonequilibriumd decay region, respectivelyhey discussed on the flow structure
using thed  "Ydiagram and thstrainratetensor eigenvaluekater on, theyised 2

D PIV tostudy on differenterms of théinonhomogeneous &man-Howarth-Monin
equatioin the production region of a fractal square §tid]. They found out that in

the centerline of the grid and around temter of thgroductionzone the twepoint
advection term, the transport ternas well as the production are very high and the
interscale energy transfer is highly anisotropic both in forward and inverse directions.
However, the resultant flux of interscale energy is negative which shows the forward
cascade. In additionthe -5/3 power law is detected in tlemergyspectrum of the

streamwise&omponent ofluctuating velocity.

Uijttewaal and Jirk§68] studied thenearfield of grid turbulence inheshallowwater.
The grids were square and rowrdsssectionvertical columns put in a row inside a
basin with shallow water depth. Using PIV, they could capture the-taae
phenomengand with the help of LDA, flow statistics were accurately determined.

In comparison to the results of enhanced heat transfer by fracta]@f]d€afiero et
al. [16] studied the neawake flow ofa roundjet with a fractal grid insert using-D
2-C PIV. They analyzed the effect thfe fractalgrid on thedistribution ofturbulence
intensity as well as thplanarcomponent of the Rmolds stress tensor. They also
applied proper orthogonal decomposition (POD) to showhigka contribution of

intermittent wake shed from the largest baisthe modal energy.

In a recent study by Gan and Krogs{d®] which was inspired by the works of
Cardesa et aJ15] and is built on the works of Krogstad and Davidgl8], a detailed

2-D PIV was performed othree monoplane square grids two of which are multiscale
and the third one is of a conventional type. They found out that the midigéh

scales forced to the flow by the different bar sizes in the grids lose their impact on the
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flow much earlier thathe turbulenceéurns intohomogeneous aboutg) . Because

of the simplicity in the grid geometries, they were atdesdect afew generic
characteristic lines which were representative of many of the grid sections. They
showed that there was no significant difference among the three grids in feéhas o
mean and integral quantities, whereasrtite ofdecay of peak vorticity magnitude

and sectional vortex circulation show a clear difference specifically after the initial
development regiors{ 10 ). They linked the difference between decay ratéheo

multiple length scales introduced to the flow.

It is worth mentioning some PIV studies on fragjeherated flows, in thiar-field
region. Geipel et a[70] carried outa parametc study on théurbulent flowgenerated
by opposing jets with fractal cross gridsrids are locatedat the outlet section of
nozzles. They reportexh increase of up to 100% of the turbulence intewsitypared

to conventional perforated plates.

Suzuki @ al. [54] usedplanar laseinduced fluorescence (PLIF) in additionR&V to
look at the mixing of a passivescalarwith a high-Schmidtnumberin the flow
generated by regulaand fractalsquare gridsAn appreciablestirring and scalar

transfer improvemerdrereportedoy theuse ofthefractal square grid

The @pability of stereoscopic PIV to measure moderately low turbulence intensity
flows i where the noise can take over the signeds evaluated bRiscettiet al.[55].
Theyusedfractalsquare grido generate turbulence adidcovered a problem obrse

far downstream of the gridthere the turbulencatensity hasreducedtoo much.
However, they concluded th@®1V is capable of detecting many of the flow featbires
repored by[22], [51] and[52]. The result is thalPIV is well appropriate to the near

field of grid-geneated turbulence.

It is necessary to remark some of the studies im#wfield region of turbulence
generator grids, in which measurements tools other thani®Ili¥sed Hotwire
anemometry (HWA) halseenused as the major experimental apparatus to iigeatst

the flow. The studies cover the field from the very near neighborhood of the grid to
the far downstream. As mentioned before, flow reversal and high turbulence intensity

regions arebig trouble to hotwire measurements in the Aegd of any bluff ody.



Not only in thenearfield but everywhere inside the flow, only single point statistics
can beacquiredoy HWA which is not enough to assess the global structure of the flow

T or spatial informatiofl5].

Krogstad & Davidsorjl3] performed Laser Doppler Anemometry (LDA) and HWA
measurements in the ne@ld region of crosgyrids. They found that the flows

analogoudo that producetly a square fractal grid

Hearst and Lavoi@3] designed a novel fractal square grid in which several fractal
squarepatterrs are mountedto a conventional grid witla large mesh size of) .
Because ofhe ralucionin 0 comparing to older studies where used only one space
filling fractal inside the tunnel, the downstream measurement range relative to the

largest element of the grid has increased. They reported a very inhomogeneous and

anisotropic turbulencm the near grid region{ ¢ Jtwith a large power law decay

exponent of ¢& @nd growing dissipation coefficieat. Their results reconcile with

classical grid turbulence measurements.

Thormann and Meneved8] proposed an active gridhich is madeup of fractal
winglets to generate turbulence witte multi-scaleforcing of kinetic enggy at more
elevated Reynolds numbers. They verifiee rate opowerlaw decay in the near and
far-field and reported a dependency of decay exponent and dissipation coefficient on

the initial condition.

In a very recent study by Nagata et [@9], turbulence development and decay

characteristics has been investigated in different types of turbulence generator grids

including regular, fractal, combide r egul ar , andaquasiHracelwl v propos
grids; the latter habeen obtainedby replacing the region of fractal iterationgth

regular grids. liwas showrthatthe presence dractal pattern is not obligatory to

create an elongated newquilibriumregion, which is the specific nature of fractal grid

turbulence.

Despite the extensive experimental studies on fraeaérated turbulent flow, there
are remarkable computational efforts as well. Som@arfield studies using direct

numerical simulation(DNS) are as follows. It is worth to note that because of



computational limitations, the Reynolds number in DNS is typically one order of

magnitude smallethan that inexperiments.

To compare the experimental and numerical results of isotropic turleulenc
approximation, Djenid{71] usedthe lattice-Boltzmannmethod (LBM) to perform

DNS of gridgenerated tlnulence. The grid was similar to the conventional square
grids in a four by four array. The results were in agreement with existing experimental
data and they showed the importance of the mesh resolution and computational
domain size in the turbulence degc

Nagata et al[57] simulated the turbulent mixing of &ein gridgenerated turbulence
(GGT) using DNS. They used different types of grids and investigated the effect of

Prandtl number on the turbulent mixing and heat transfer.

Ertunc et al[72] investigated the homogeneity of turbulence generated by static grids
using hotwire measurements and direct numerical simulations based on the LBM.
Their experimental grid solidity waswer than that suggested in the literature to
establish homogeneous turbulent flow. However, they could perform DNS over a wide
range of solidities to explain the possible reasons for inhomogeneity. DNS results
showed that the homogeneisyonly foundin the mean velocity behind the symmetric
grids. In the case @ightly nonruniform grid, the flow is neither homogeneous in the

mean quantities nor the turbulence quantities.

1.2.1 Applications

In addition to the interesting physical properties, radtle/fratal grids have also
been examineth awide range of engineering applications including
1 Enhance mixing by energgfficient turbulent mixers in which it is required to
have high turbulence intensities witw-pressurairops (.e., less power loss)
[37], andits usage in inline static mixefs4,73}
1 Fractal fluidmixers used in higiprecision epoxies, sugar manufacturing, and
chromatography, developed by Amalgamated Researcf#ic.
1 Fractal blades to be used instead of solid paddles in stirring nir&drs
Enhancing pressure drop while maintaining turbulence intensities as low as
possible in airbrake®8];



Enhancéheat transfefrom impinging jets passing through gri@®];

Flow metering and flow conditioning using fractal shape orifj¢és7 7]
Acoustic noise reduction fre wings by modifying the geometry of spoilers
[78];

Reducing thevortex sheddingntensity of flows past normal platgz9];
Turbulence generators for combustion pro¢88582];

Applications in wind energgsin wind fences comprising fractal geometries
[83][84];

Enhancing convectivendradiative heat transfer in fins or heat sif85];
Microscale heat sinks used in electronic microc§es87];

Fractal Antennas produced for applications sucltedsphonesand WiFi
systemg88,89].

1.2.2 The Interest on the study of ftatgrid generated turbulence

The «istence of unusual turbulence properties (higfidnd Reynolds number
compared to conventional square grids) downstream of relatively low blockage ratio
fractal square grids (FSG) ( mit ) was previously shown in défent experiments
[51][52][35][14][39]. This is the main idea behind introducing CSG and FSG with
more @ less the same blockage ratio to prodacgmilar value of dag, so the near
wake flow of these two can be compared. In addition, DNS of [B8[3eveals much
longer production and neaquilibriumdecay region downstream of the fractal grids.
Also from the point of view of industrial applicability, the most attractive feature of
square fractals is the possibility tonithe position of the turbulent energy peak

intensity with a simple geometrical scalifig].

The planar fractatgrid introduced by Hurst & Vassilicd&2] is, in fact,theanalogs
2-D typeof the 3-D fractal structures used by QuewGsnde & Vasilicos[30] and
Staicu et al.[31] resembling treesThere exist very limited study of turbulence
generatedvy fractall-grids after Hurst and Vassilicd22]. Chester et al[91] and
Chester and Meneved®2] numericallystudiedfractal treesisilar to fractal Itrees

of [30]. The focus of thsestudieswason the calculation of drag using renormalized
numerical simulation tandersandthe interaction of turbulent flows with boundaries

characterized by multiple length scales and model the drag of unresolved branches of
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a fractal treeMazellier & Vassilicod93] used fractal-grid and fractal crosgrid data
from Hurst & Vassilicod22] to demonstrate the dependency of turbulence dissipation
constanta inlet conditionsMore recently, Bai et al. carried out PIV measurements in
the neaifield of a fractallike tree to demonstrate tlsggnificanceof the multi-scale
structures ofrees for the actuamodelingof the flow in sparse vegetation canopies
[65].

1.3 Objectivesand Sope

In this study, we perfornwo-dimensional particle image velocime(@-D PIV) on
three different pattern fractal grids well as conventional (regular) square grid. The
main objectives and contributions of this thesis to the turbulence and licsaéipps
are as follows:

1 To characterize fractajeneratedurbulentflow in more details. These include
statistical quantitiese(g, turbulence intensity, homogeneity and isotropy,
skewness and flatness of the streamwise velocity, correlation funciias
length scalesstc)

1 Propose a new generation of fractal turbulence generating grids with circular
elementsECG) to compare with thevell-knownfractal square grid (FSG).

1 To examine a method to reproduce méaeedimensionaflow usingtwo-
dimensimal data for axisymmetric flowsThis will provide an opportunity to
investigate the evolution of fractgenerated turbulence flow in more detail
since the spatial development of crasstional profiles, at least for mean
values are available.

1 Toinvesigate the flow development in the near wake of different grids to come
up with the most effective design in mixing performanice, (homogeneity
and turbulence intensitie®tc

1 Trends of longitudinal integral length scales as well as Taylor microstale
the neaifield region of the turbulenegenerating grids. Previously, Hurst and
Vassilicos [22] showed that these values are almost constant along the
centerline of the space filling, loockage fractal square grids in the decay

region.

11



1 Investigation on turbulent kinetic energy budget, concerningdiweensional

production rate andstimated mean dissipation rates.

1.4 Thesis outline

The present thesis is structured as follows. In chapter 2 general dathtischnical
propertief theexperimentafacility and measurement methaal®describedThese
include a wind tunnel, details of the turbulengenerating grids an@-D PIV
components. In chapter, 8esultsare given and discussed.Final discussions and

conclusionsarepresentedn the closing chapter four.
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CHAPTER 2

EXPERIMENTAL SETUP AND MEASUREMENT DETAILS

In this chapter, we first explain the wind tunnel in which the measurermentone
Fractal grids design, geometric parametersjaadufacturingprocessas well a$1Vv
equipment such as Laser, optics, and camara, reviewed and experimental
procedure and data processarg describedn the end, some notes on the uncertainty

of PIV experimentsire included

2.1  Wind Tunnel

Measurementare conductedh an opercircuit suction type wind tunnel. Schematics

of the tunneis shownin Figure2-1. Incoming air flow passes through a honeycomb,

a screen, and a 1.0 meter long settling chamber, then enters into a 9:1 contraction
before reaching the test sectidie test sectiors madeof 10mm thick transparent
Plexiglas with dimensions of 34340 1000 mni, specifically @signed to mount the
turbulencegeneratomrids at its front section. The flow then diffuseahrough a

2.0m long diffuser. The divergence angle is 2.43° to prevent adverse pressure gradient.
A 1.7m long adapter is turning tisguare cross sectionto circular one to attach to

the fan casingA 4.0 KW electric motor drives the fan

The inlet speedY ) is adjusted according to the frequervejocity diagram shown

in Figure 2-2. In this figure”YO refers tothe streamwisgurbulence intensity. The
velocity is obtained at the centertbétest setion entrance using hotwire anemometry
(HWA). Maximum velocity of about 20 m/s can behievednside the test section.

The free stream background turbulence intensity approaching the grid is estimated to

be about 0.5% of the mean flow velocity of 10 m/s.
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Fan Casing

Adapter

Dilluser

‘Test Section

(0.34m x 0.34 m)

Scttling chamber

9:1 Contraction

Screen location

1loneycomb

Figure2-1 Schematics of the open loop wind tunnel and the coordinate system

2-D PIV Measurementserecarried out from February"&o March, &' 2017. The

ambient air properties wemaonitored dung the experiments with the lpeof a

barometric pressure/humidity/temperature data logger. Distribution of these variables

is briefly expressed irFigure 2-2. Global Reynolds number variation is therefore

considered to be negligible.
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Figure 2-2 (Left) Streamwise velocity and turbulence intensity in the centerline of the
test sectiorentry, as a function of driver motor frequen(fight)Variation of relative
humidity, temperature, and atmdspic pressure throughout the experiments.

Uniformity of the flow entering the test sectias investigated twice both for

streamwise velocity and turbulence intensity. The coordinate systéimed at the

centerline of the tunnel where the grids are mednThe streamwise direction (x) is

14



along the tunnel, the spanwise direction (y) is from the center to the test section vertical
walls, ancthe vertical direction (z) is governed theright-hand rule The coordinate
systemis shownin Figure2-1. HWA is carried out along y=0 line at the entrance of
the test section. The resudt illustratedn Figure2-3. Characterization isarried out

at three different frequen@eorresponding to three inlet speeds (5, 10, and 15 m/s).

C
1

=5 mis U, =10 m/s U =15mfs
f =9.6 Hz f =19 Hz f =29Hz
1 1= 1=
o o Q
e} a (2]
o a [e]
08F a TS o 08 o)
o o &
0 Q a
0 O? Q
06} & sl 2 06 2
a a oo
5 & 5 o 5 &
a o [
04l ° vl o 0af- o)
o oo o
a ' o o
a o o
ozl = el o oz ES
ao Q. oo
el [=la ]
o a Guo
o 1 L 1 L 1 1 1 J a 1 1 1 1 1 1 1 J ") 1 1 1 1 1 1 1 J
= 5 = g - m T = © R R R R = g 2 § - g m @ o
¢ 3 ¢ 4duu,.= T = = ¢ & ¢ suu_.c T = T < 5 < 4duw, = T = T
{u} ™ o ™ o T
o T2 < TZ < T2
1 1 1 .
al a oo i
] [} a i
al a o !
0BF fos] LETS a 0B o i
& 5] o i
@ a o |
) o @ |
06| < (1S < a6 £ :
ES) ao o !
E o 5 o 5 o |
o a © !
04l o a 04t a |
o a Lo} H
o] fife} © |
ca [} o :
ozl “?m 62 i Cg oz % i i
=] : [ oo :
L H oo o0 H
? i (=R e o i
B e B
e EingEE:d S EnE 3 EE T2 EnEEECE
s T o= S S Toe E e S T T o9 E E

Figure2-3 Test section characterizationtateedifferent inlet velocities.

A picture of the tunnel and traversing unit for HViAshownin Figure 2-4. For the

rest of themeasurementshe frequency of the electric motisrkeptat 19.3 Hz.

Figure2-4 Open loop suction type wind tunnel and traversing ainthe top of the test
section to measure the incoming flow using HWA.
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2.2  Turbulencegenerating Grids

Four moneplane turbulencgenerating gridé T G Gmasle) of 4 mm thick Plexiglas,
are installed 100 mm downstream of the entrance of the test sé€atidsare cut in
a CQ glass tube type Laser cutting machine with a resolution of 0.5 mm. The Laser

cutting machinés shownin Figure2-5.

Figure2-5 Laser cutting machine.

Gridsarecovered withblack spray painto avoid laser light reflections'he first grid

is of a conventional type with regular repeating square holes (den@&Gastanding
for theclassicakquare grid). Other grids are of three different fractal pattetypgl
Square, and Circular (denoted as FIG, FSG, and FCG respectively). Thesagrids
shown in Figure 2-6. Various parameters required to define grid geomeiny

summarizedn Table2-1.

Table2-1 Parameters defining conventional and fractal grids geometry.

GRD Y 6 0 6 (mm o Yy 2 v " p
Y (mm)

CSG| 2 1 2 210 10 1.00 @05 200 200

FIG 3 4 2 200 85 049 1@ 005 2534 29.4

FSG 4 4 2 120 85 049 1@ 005 1976 237

FCG N/A 4 2 120 85 049 7005 2043 246

The pattern types embeddeth the parametei§ which is the number of rectangular

bars in each pattern. Since théseno rectangular element in FCG, the valueSof
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camot be definedfor this grid. () is the number of fractal iterations, afd ) i the

fractal dimension is defined as ifi22],
I T6C

R 2.1)

where ) is the number of patterns at each iteration arid is the length ratio of

each element (balt each successive iteration. Fractal dimension is the scaling
exponent that characterizes the fractal perimeter. For FCG, this length is considered

to be the mean diameter of each circle.

All grids are designed to have the largest possible @u® to maximize flow
homogeneityj22]. For this purposeY andoé in equation(2.1), ae fixed to 0.5 and
1.0respectivelyGrids withamaximum véue of O (i.e. 2.0) are calleGpacefilling 6

grids[22]. Other parameters listed in the table are as follows:

1 Minimum thicknessd¢ ) whi ch is the fAspanwiseo t
element and is shown Figure2-6;
{1 Thickness ratiod ) which is the ratio between the thickness of the thickest bar
and of the thinnest bar. Nothat minimum thickness is adjusted to maintain
the same value af for all fractal gridsThe thickness ratio for the fractal grids
was fixed at 8.5. 1fi22], different values ob were investigated for different
grid types nvolving 2.5, 5.0, 8.5, 13.0, and 17Although the value of 8.5 for
0, was not very high compared to previous studies, there are evidences that
this value is also acceptable (see for exarf§fig [14], [50]).
1 Maximum bar length (diameter for FC&)denoteds) (displayed inFigure

2-6) and its ratio to the test section width)(is given inTable2-1. For CSG,

0 is considered equal to its mesh size.
1 ParameteiY refers to the ratio adbar lengths in one iteration which is kept
constant for all the grids as 0.5 (j.i@.one iteration the length of barsr the

diameter of a circle in FCGbecomes half).

It is worth to note thatanventional grids cabe considereds a special casé foactal

grids where S=2Y 1, O ¢ ando p. [22]. According to[22], minimum
17



four parameters are required to define a complete fractal grid geometry, provided that
(97 i.e. Fractapaterni is known. In this stud{f,N,0 ,0,andO are chosen as

the geometry defining parameters.

() (R g )
1=t EAE Eaact e
el =] [z =
L] 5 [
] 5 (R
e 5| i1
! S S S
' - B
0s = Uen )
r

(d)
Figure2-6 Bar lengths and thicknesses in (a) CSG, (b) FSG, (c) FCG, and (d
1 Themesh size for a conventional grid is the repeating pattern size fenter

center bar spacing) as illustratedrigure 2-6.

It is obvious thatommondefinition of mesh size cannot be applied to fractal grids as
they have multiple bars with different sizes plaeedifferent distances. Instead, the

feffective meshsigze i s defi ned as,

Y

R
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where|fi s the fract al.e,thetotal lergth efthé grid Whemigig h ,
stripped of its thicknesfR2]. The highest value ai i for FIGT is still smaller
than 10% of the tesestion height (or width) which is a common practice in turbulence

generating grid§o4].

1 Solidity 1 or blockage ratid (,, ) is the ratio of solid area to the total area
covered by the gridY). It was tried to keep similar for all grids to maintain
the same drag coefficient. In the casethe convertional grid, it is easy to

derive the solidity as a function of bar widt) @nd mesh size)(),

&) &)
w o G = (2.3)
4] 4]
For fractal | and square grids this formula is more complex,
DOB 1T YY 0B ¢ Y 24)

” "Y

where0 08 s the bar thickness of the largest iteration'ahd |10 refers
to the ratio of bar thickness in one iteration (@e. 'Y & ). The same holds for the

length of the bars (i.d) Y & ) [22]. Another representation f@2.4) which is

taken from[22] is,
) 0 ™"Mop 0OYY

. 8Y'Y N 5 BV (25)

Forthefractalcircular grid,a straightforward formulbke (2.4) could notbe obtained
Instead, areas of eadirationare calculated separately and summed up to calculate
the solidity. This was also performed for the perimeter of all four iterationbeto
includedin the effective mesh size calatibn. The perimeter and area of-detation

circular grid can be estimated,by

19



F ¢‘O p cYTY T'Y

TO X X& 1 ¢m (2.6)

¢“O p CWTY v

TOX®W x& 1T ¢m

“00 oY’y

" : (o :
¢ OYp Y phpoxY @Y

Y oy
WY e 2.7)
p 0Y'Y

“,0‘7
° p LYY

. : [°F :
¢ oY p Y phpEY @Y
gy pr

where’Y 'Y to be consistent with circular pattern notation. The estimated error in
perimeter and area was o8t Pand 1@ B respectively.The blockage ratio for
CSG, FSG, and FCG is below than 25% while for | grid, due to cutting restrictions,
this value is about 29%. Nevertheless, the solidity ratio is kept well below the critical
solidity above which the homogeneity cannetdatisfied. This will be discussed in
more details in chapter 3. In addition to that, the value of solidities for the grids used

in previous experiments is in the same order; see for exdinphr2,51 53,72]

In addition to what is defined above, it is required to use more paraneterspare
the results with the literature. Omaportant parameter which is defined by Mazellier
and Vassilicog52] is the wakenteraction length scalendthe distance turbulence

intensity reaches its peak denotedibyndw |, respectively.
0
X — 2.8
@ 3 (28)
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@ 8 0 (29)

A regular square gricé madeof equally spaced bars with equal thicknesses (width).
Therefore, he wakes from the neighboring bars meet at the same distance from the

grid which scales as,

G (2.10
W

whered andare the mesh size and bar width for the regular grid, respectively as
defined in Equatiof2.3). Equation(2.10) is obtained using the wake growth relation,

i.e., thewakes grow with downstream distancé 4s[52],
o * Moo (211
andtwo neighboring wakes meet whabe @ andw 0.

For the fractal grids, there is no unique distanceesthere are different bar widths as
well as bar lengths. However, the distance obtained from the largest bar length and
width using Equatior(2.8) includes the other interaction distances due to smaller
iteratiors. So one can expect increased turbulence where the largest interaction
happeng37]. A schematic for wake interactions fronfaur iteration fractal square

grid is shownin Figure 2-7. Since these valueare determinedy the geometric
characteristics of the grids and test section, an estimation of those for ouargrids
presentedh Table2-2. From the values @b  in this téble, one can understand that

this study is carried out intiiev e r y  n eregion ohfeadtat ghids.

Another estimation of turbulence intensity peak point is from Hurst and Vassilicos

[22], andwe call this aso
‘ o
w X e—"Y (212

However, thepeakof turbulence intensity along theenterlineof CSG shouldbe

capturedsince it is still inside the current measurement region.
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Figure2-7 Schematic of wake interactions in a fotaration fractal grig52].

A setof spacdfilling (O  ¢8) fractal square grids with different thickness ratios
and a conventional grid were studied by Mazellier and Vassi[i6Bk (hereafter
denoted by MV(2010)), among which SFG8 grid is very similar to FSG in the current
study. SRG grid ifi52] is also comparable to our CSG grid. Details of these grids are
given inTable2-3.

Table 2-2 Wake interaction length scale atite peak of turbulence intensity for
various gridspo  values are obtained according to [17] and [32].

Grid  Symbol (?nm) (Umm) (n?m) (nL1)m) (Umm) @ (mm) (Fz];?) ([ngg)
CSG + 211 211 211 20.0 20.0 ¢e189 - e85
FIG I 20 225 17.0 180.2 25.34 e€1910 N/A N/A
FSG A 1.2 2258 10.2 180.7 19.76 e o ¢ 1 1355 1440
FCG 1 12 311 10.2 249 2043 e6078 €984 2735
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Table2-3 Comparisorbetween similar previous studies and the current study.

Ref. [52] Ref.[18] Ref.[35] Ref. [40] Gurrent study
MV(2010) GK(2016) V(2011) Disc(2013)
Grid SFG8 é‘;’g’ CONV SFG ((:;g)v ((,)FflGS) ((‘)FflG7) FSG CSG
Y& a 460 900 500 460 154 340
0 aa 9100 8000 9100 1500 1000
0 4 1 1 4 1 4 4 4 1
0 2 2 2 2 2 2 2 2 2
) 0.25 0.34 0.44 025 | 032 | 034 |032 | 0237 0.2
2% 05 1 05 1 05 1
Y em@w |1 1 0.39 1 e w 1
) e B 1 1 17 1 13 17 8.5 1
0 aa | 264 32 375 262 | 60 153 | 157 | 19.76 20.00
@ Ga eowxg epxp |epum 2945 360 804 748 eocqgmplepyPq
D aa 2375 32 375 2378 | 60 80.8 | 80.3 | 180.69 20.0
b aa 118.8 118.9 90.34 R
b aa 59.4 59.45 4517 R
b aa 29.7 - - 2972 | - 101 | 100 | 22.58 R
o ad 14.2 6 9.4 192 | 10 812 | 862 | 102 2.11
o aa 6.9 7.46 4.99 R
o ad 34 2.9 2.45 R
o ad 1.7 1129 | - 062 |05 1.2 R
. 10, 15,
Y ai Lg,p TP L ™ T8¢ | 10, 15 20 35,115 10.2376
eo080 | €
YQ e 17470 | PPTITTY pUX LT 11885 12064
e 26200 e 21170 XULT
< e 31760
, 81686 | 11000
YQ 935700 | 31760 108680 | 12064
. 4880 2060
YQ 14090 5050 6153 1273
, [50-
YQ [140-370] 840t (902601 | 700
Yoo | Dae | 62550 045075 | Qe | b
Yo [10-115] | [10-105] [21.435.7] [0.4-22.5] [212 5]
2.3 Particle Image Velocimetry Measurements

Two-dimensional particle image velocitmg (2-D PIV) is carried out in the nedield

of four types of turbulenegeneratinggrids. DynamicStudi®commercial software is

used to record the data and analyzafitgrward Details of 2D PIV componentsas

! Measured afo p0 where Turbulence intensity is maximum
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well as the analysis methoake listedin Table2-4. The components of the2 PIV

experimentre discussenh the next section.

2.3.1 Measurement procedure

Shown inFigure 2-8, is emitted a 532m (green lightbeam from the Laser head.
Using Mirror 1, this beanms reflected upwards (+Z direction) to the desired height.
The beanis thendirectedin +Y direction into a set of spherical and cylindrical lenses,
using Mirror 2. The first lens makes the beam focusethe measurement region
while the second one turiitsinto a laser sheeT he first illuminated plane, whicis
shownin Figure2-8, is at the center of the test sectiba,, the XY plane (Z=0), just
behind the grid. The calibration image is taken at this position so that a PIV field of
p¢Yeg maa (inXandY directions, respectively) is obtained. The wiogtcal
system(mirrors and lenses) and the camera stays eaxas3SEL heawyduty traverse

system and all but the Mirror 1 are fixed onto the Z arm as shotigume2-8.

Horizontal laser
sheet

lLaserbeamas

S \
a \ »
Camera

Mirror 1

3-axis Traverse
System

Figure2-8. 2-D PIV horizontalconfiguration.
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Table2-4 2-D PIV experimental parameters.

Seeding

Type

Olive ol

Nominal diameter

p' a

Specific gravity (at 15°C

0.91

Refractive indeX95]

1.5

Seeding generator

six-jet oil droplet generato
utilizing Laskin nozzle

Laser type Nd: YAG
Manufacturer New Wave research
Model Solo 120XT
Laser Sheet Maximum Energy 120mJpulse
Wavelength 532 nm
Thickness caa
Repetition rate 21 Hz
Mirrors Dielectric Mirror, 532 nm
Optics Spherical Lens Planaconvex, 500mm FL
Cylindrical Lens Planaconcave;6.4mm FL
Sensor type CMOS
Sensor resolution CLUQTp @ TETE BAI
Sensor size cad p@lli
Camera Pixel pitch (size) p 1t .é(
Depth 12 bit

Repetition rate

1400 fps @ Full resolutior
2500 fps @ w¢g¢ TP T Y-

Internal memory buffer

16 GB

Manufacturer Nikon
Camera Lens focal length 60 mm
f# 2.8
Image magnification 0.125
Imaging Field of wgw FQV) pCeyY ¢maa
Cameraobject distance 540 mm
Timebet ween fpuTi
Correlation method Crosscorrelation
Interrogation area (IA) oc¢ o PEIGA
1 sl OverlapbetweenAs 50%

Postprocessing

Moving average validatn
o o neighborhood

Vector spacing

P& Uit &
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Therefore, the distance from the camera to the object (Laser light sheet) is not
changing while traversing alorige verticaldirection and is always equal to 540mm.

Thus, the magnification factor of timaage is always fixed and equal to 0.125.

Olive oil particlesare uniformly seededhto the flow from the tunnel inlet. Oil
particles withp’ d&diameter are generated using ajsixoil droplet generator which
utilizes a Laskin nozzlePressurized air aiizes oil in the generator reservoir to

produce the droplets. The Reynolds number based on the effective mesh size,

YQ , for CSG, FSG, and FCG is about 12000 while it is about 15000 for

FIG."Y is the fre stream mean velocity at the grid position when the test section is
empty.”Y was measured using a single-dte probe, prior to the PIV experiments.
The wire has a ‘' & diameter anch® ux & sensor length: is the kinematic
viscosityof the air at the time of the experimerit®03 image pairs are recorded with
the time delay ob 1@ ibetween each two pulses. This provides a good convergence
of turbulence statistics. The imagae transferretb PG andthe traversés movedo

the rext vertical position (+5mm itheZ direction).35 horizontal planesre recorded

this way to covetheupperhalf of the test section. The streamwise locaitiomarked

as window 1(seeFigure2-9).

\ | C

%§W/ separated by

ot

mm o],

Figure2-9 Horizontal planes captured ByD PIV.
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The traversés then movedo the second streamwise positiomarked as window 2

i which is 108mm downstream of the first one. Two more statiotigir-direction

are capturedand the overlap between neighboring windows is 20mm corresponding
to 14 to 15 processed vectors. These Four window posaienschematically shown

in Figure 2-9. At the end of the measurements, ¢hekist 140 PIV windows, each

having 1003 image pairs, for each grid.

Measurements are carried outintheregionw T 104, pOeYw 0TaAq,
andm a p @@d,correspondingtor - p& TLYTE wL - TP, andm
- 1@ w,uespectively. Sice the effective mesh size for each grid is different than

the other, these values are normalized by the corresponding mesh size and listed in
Table 2-5. The cross section of the measurement volume for eachsgsidown in
Figure2-10.
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Figure2-10 Thecrosssectionof the whole measurement volume in CSG (a), FSG (b),
FCG (c), and FIG (d).
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Table2-5 Measurement volume normalized by effective mesh size for each grid.

w w a
Grid 5 o o
CSG | mt@u Y& fpgxm THE
FSG | mt@c¢ wikc mem
FCG | megy & Do TR C
FIG | mpRe ¢9®pdT TR O

2.3.2 Data analysis

PIV Image analysis is carried out in DynamicStudio software. Appoeessings
appliedto raw imagesn order toenhance the contrast and reduce the background
noise. Itis followed by crosscorrelation between each two image pair with
interrogation window size ofc ¢ ¢ @ Ei@AUsing a 50% overlap for the
interrogation windows results in a resolved field of view of alpogt y ¢ ma &

with a vector resolution afbout 1.28 mm, i.ew w p L wectors. The vector spacing

is comparable to the smallest bar thickness accordimghite 2-3, however, it is not
enough to resolve the wakes of the small iteratiossoApog-processing, moving
average validation on the resultant vector maps in a 3x3 neighborhood is applied. The
instantaneous flow fields (x, y, U, and V) were exported as data files for further

analysis using MATLAB and Tecplot.

2.4 Uncertaintes

A typical PIV algorthm has itgarticularuncertainty in obtaining the instantaneous
velocity field, and this uncertainty propagatésto statistical quantities whiclare
derivedfrom the instantaneous velocity fidlé6]. As stated irf97], roughly 90% of

the total uncertainty i2-D-PIV comes from the determination of the displacement in
pixels from raw images and the remainder 10% is due to camera calibration. There is
a minor and negligible uncertainty on the time interval betweetvb laser pulses.
Since the current measurements were carried out udnBI¥ technique, theut-of-
planevelocity is not accessihlandthus, the contribution of that to bias errors cannot

be quantified.
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However, with a light sheet thickness 2Zrihm, no significant errors were expected
from the owtof-plane motion. Since the camera pixel siggf @ is larger than the
averaged particle diameterg‘ &) the present data set is not affected by peak locking

which is a major source of systematic (bias) errors in[B'BY.

A typical PIV algorithm finds peaks and evaluates the displacement shift. In many
experimatal studies a displacement uncertainty of 0-03L pixel is reported97].

The uncertainty on the instantaneous velocity field is obtaineslbas the particle
disparity method98] and peak height ratio meth¢@d]. Both methods were carried

out on one andomly chosen instantaneous vector map in each measured window of
each grid. The maximum uncertainty in the instantaneous velsagfculatecabout

0.1 pixel which is in agreement with typical valuesthe literature [18]. As the
measurement of velocitg thepresence darge velocity gradient is affected by larger
uncertainty{100], the values are calculated specifically in regions with large velocity
gradients €.g, a shear layer in the jgtake combination) rather than to be averaged
on the whole window.

The uncertainty in turbulent statistics depends on the quantity of interest.d &ty

confidence level, the uncertainty in averaged veldEWgis estimated to be,
60 P %: (2.13)

where, is the standard deviation ®fand= is the number of finite samplgs8]. The
uncertainty in mean velocitig&YOand s estimated where the fluctuations are the
highest levels.

For the normal componentsthie Reynoldsstresgensor the uncertaity is computed
with [96],

< (2.14)

s 56 ®0 WO @O L (2.15)
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with the assumption of diagonal symmetdy 0O @ @,

o |

(2.16)

6 O " Cn

N

The valuesre listedn Table2-6 for selected high fluctuating regions in the flow field

of each grid.

Table2-6 Uncertainty in statisti@ quantities. Pointare sampledt a high fluctuating
region inside the wake of bars.

Selected point Uncertainty (%)

Elevation
Grid | Window [x,y] (mm) YO . .
) _ 0O WO & O @O
{x,y} (grid)
CSG 1 T [19,-30]- {10,107} 22% 8.7% 10% 8.8% 11%
FSG 1 0 [25,92]-{15,61} 46% 7% 4% 7% 2%
FCG 1 T [89,-125]-{70,35} 52% 11% 17% 15% 34%
FIG 1 0 [100,0]- {79,133} 60% 9% 10% 11% 12%
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CHAPTER 3

RESULTS AND DISCUSSION

This chapter consists @dur sectionsin the firstsectionthe process of reconstruction
of thethreedimensionamean flow field through symmetry explainedin thesecond
sectionthemeanflow characteristice f T @& ®&érearfield regionareanalyzed
and turbulent mixing is quantified. Third sectionconcernsmean turbulent kinetic
energy(TKE) andestimation ofts dissipation and production ratén the last section

length scales thenearfieldo f T Gelh§isvestigated

3.1 General aspects

3.1.1 Instantaneous velocity field

An example ofnstantaneougelocity map for CSGs shownn Figure3-1. This image
belongs to the centerlingj(L ) data in the vicinity of the grid (Window 1 in
Figure2-9). Square region on the instantaneous velocity field is zoomed in at the right
of Figure 3-1 involving streamwise velocity vectors while the mean velocity is
subtracted. The wakes of two individual bars at the top and bottom are clearly seen
and Coherent structures can be distinguished. Instantaneocustydields are
employed to calculate some flow properties like Reynolds stress tensor, dissipation
and production rates, length scales, etc. wthisgecombinatian of ensemle averaged

of these instantaneous fields would result in a tdieeensional likemean data in the
nearfieldof T GGO s .
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Figure3-1 Sample map of instantaneous streamwise velO¢iyg obtained from-BD

PIV for CSG at Z=0 (left). Y=0 represents the test section and grid centerline.
Zoomedin region of a jetwake interaction (right) with vectors ofie magnitude
ofcY 0Y&

3.1.2 Diagonal Symmetry

Looking at the geometry of CSG, FSG, aR@G (Figure 2-6) one can notice a
diagonal symmetry. In oth&rords the ensembl@averaged airflow is expected to hold
a90-dggreerotational symmetry about the test section centerlinaxix), keeping in
mind that this is not valid for the fractalgtid. It is also important to note that this
assumption is only valid if the incoming flow is inherently uniform. Effects of non
uniformities existing in the test section inleshown in the characterization plot of
Figure 2-3 1 on the symmetry of the downstream mean flow are inevitdlie.
assumption of conventional grid generated turbulent averdmsdo be diagonally
symmetric is fair according to the literaty8}. This hasbeen validatedbr the fractal
cross and square grid89][46]). Howeverthediagonalsymmetryfeature of the flow

is validatedby comparing mean and rms velocities and Reynolds stress components
on some horizontal planes to those corresponding verticgllanes. A vertical laser
sheetis configuredas showrin Figure3-2. All specifications for 2D vertical planes

are kepthe same as in horizontal configuration. Only downstream windows next to

the gridsare captured
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Figure3-2 Vertical Laser sheet configuration.

Sample vertical windows and corresponding horizontal @meshowrin Figure3-3

with contours of the mean streamwise velodi Here, 0Odenotes the ensemble

average and is used interchangeably Wﬁ).(FIG vertical planes are also shown in
order to compare the available mean velocity componéit&adaod'to those in the
volumetric data later in this section. Exact position of the planes are lisieabia
3-1

According to thditerature[39] and based on our analysis, the diagonal symmetry in
the flow can beshown by comparing mean velocities, mean vorticity, and components
of the Reynoldsstress tensor. To understand the diagonal symmetry in the flow and
check the validity of our hypothesis in the case of symmetrical grids, directly measured
vertical planesddto (Bin Figure 3-3) were compared to the corresponding rotated
planes, k., hose planes resulted from rotating horizontal ooEs Qin Figure3-3).
Furthermoe, after generating volumetric data, profiles of transverse rms velocities can
be examined to check whether they are in line with literature of3%t As an
example of this comparison, a contqlot of the mean vorticity component in the
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spanwise direatin (J,) for FSG is shown itrigure 3-4. The window isthe middle

vertical one (in Figure3-3-C). Data is extracted along a vertical lingxat ¢ 0

Table3-1 Positionof the horizontal and vertical plantes CSG, FSG, FCG, and FIG.

Corresponding

. Horizontal plane  vertical plane
vertical plane

Horizontal plane

Grid — - Grid — —
Label (I;;SI'{IOY; Label (z;smor)l Label (Z;Sltlor)] Label (E;,Smo';
a 0 a' 0 a 0 f 0
b 2 b' -2 b 1.578 g -1.578
CSG C 4 c' -4 FIG C 3.157 h -3.157
d 6 d' -6 d 4.735 i -4.735
e 8 e' -8 e 6.314 ] -6.314
a 0 a' 0
b 2.024 b' -2.024
FSG c 4.048 c' -4.048
d 6.072 d' -6.072
e 8.097 e' -8.097
a 0 a' 0
b 1.958 b' -1.958
FCG c 3.915 c' -3.915
d 5.873 d' -5.873
e 7.831 e' -7.831

This is somewhere within the wake of the largest horizontal bar (upper horizontal bar

in Figure3-3-C ataroundx v 0 ) and the mean streamwise velocity profile along

this line is plotted on the contours. Figure 3-4, (a) represents the vertical window

that was originally measured while in (b result of 90 degree rotation of the original
horizontal window at Z=0 is shown. The f or me
to the right while the |l atter is marked as i
(a) and (b) are in a good agreemastit is shown irFigure 3-4, and the profiles of

mean streamwise velocity are almost identical (c), while there is a small difference in

the upper half of the wake for the vertical mean velocity component (d). This similarity

is still visible in available Reynolds stress comgats (e and f).

As anotherexample the diagonal symmetrys investigatedin CSG. The mean
transverse vorticity fieldl , in the vertical plane marked by in Figure 3-3-a is

represented ifrigure3-5-a. The corresponding vertical window obtained by rotating

the Z=0 plane (plane a Figure3-3-a) is also shown iRigure3-5-b.

34



<U> (m/s)

12
1"

= 00> N

'
-0 =2 N W

o

Figure3-3 Measured horizontal and corresponding vertical planesibP2V for (A)
CSG (B) FSG, andC) FCG; Measured horizontal and vertical planeHi@ (D).
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Figure3-4 Plots of mean transverse vorticity on (a) measured vertical window(Y=0),
(b) corresponding vertical window obtained by rotating the (Z=0) window in FSG, (c)
to (f) represent profiles of mean streamwise and vertical velocities ymblde stress
components extracted along a line cutting the wake of aTbar.®lid line is the

originally measured datandthedashedine is the rotated data. The vertical extracted
line is shownin both (a) and (b).
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Figure3-5 Plots of mean transverse vorticity on (a) measured vertical window(Y=0),

(b) corresponding vertical window obtained by rotating the (Z=0) window in CSG, (c)

to () represent profiles of mean streamwise and vertical Miel®sand Reynolds stress
components extracted along a line passing consecutive wakes and jets formed by bars
and holesThe ®lid line is the originally measured da&ndthe dashedine is the

rotated data. The vertical extracted lisshownin both @) and (b).

Again the whole vorticity fields seem to sha@mnilar behavior andthe profiles of
mean velocities and Reynolds stresses on the righigafe3-5 prove this claim. The

profilesare extractedlong a vertical line aij 0 o8t for both cases.

3.1.3 Reconstruction of the threfmensional mean flow field

Using 2D PIV data, one can obtain some information about tBefldw field which
is listed in the first column ofTable 3-2. As it is mentionedbefore, there exist 140
windows captured for each grid in an arraycob Tt (Figure 2-9). Each set of 4
streamvise windows at the same heigire patchedogether Thusa region with 35
long horizontal planes distributed typicaly 5mm distance in firection is formed.
Considering the diagonal symmetry in the flow, the third component of the mean
velocity &o Gtan be obtained by rotating these horizontal planes to the corresponding
vertical ones. An example of a corresponding vertical plane to that of horizontal ones
is shown inFigure3-6-left for FCG. In this examplehe horizontal plane is the center
plane (Z=0) which was rotated 90 degrees clockwise to yield the corresponding
vertical plane (Y=0). The mean transverse velocity compofie@in the horizontal

36



window would be the mean vertical velocity component invibtical one with a
negative sig® ¢ O'Subsequently, the components of the Reynolds stress tensor and
mean velocity strain rate are changed to the rotated components in the vertical planes
as listed inTable 3-2.

<U>[mis]

Figure3-6 Sample rotation of horizontal planes to corresponding vertical ones in FCG;
Z=0 plane is rotated 90 degrees clockwise to result in Y=0 plane; Overlay is the mean
streamwise velocity (Left) 35 horizontal and 35 corresponding vertical planes in FCG
creating a volumdike region.The oserlay isthe mean streamwise velocity (Right)

Rotating all 35 planes to corresponding vertical ones creates a vbkemegion,as
shown inFigure3-6-right. Additional variables on the vertical plan@slfle 3-2) are
then interpolatedb the horizontal plane$hisis doneby selecting all vertical planes
as a source of interpolation and each horizontaieas a destinatioihis results in
35 horizontal planes with complementary data on mean variables aedrin Table
3-3. Two other mean vorticity components (andLl ) are calculated knowingl the
three mean velocities. Two componentthefReynolds sress tenso@ 0 U QU V)

as well as other components of the mean velocity gradient teiYsor (Y RY

"Y RY ) are also obtained. The only varialich remains unknown is the shear
stress on the planes parallel to the gridpi.é. 0 U As a result, a set of 35 horizontal
planes with more information on the mean flow variablesproducedThese planes
are sufficiently close to each otherstdnce is 5mm) to allow smooth interpolation of
the statistical fieldsto show the development of the mean flow using parallel planes
to the grid. The inversdistance interpolation is appliedtime Zdirection to create a
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3-D volumetric dataset. Thisolume is extended only in a quarter of the whole grid.

It is also possible to mirror the volume data along XZ and XY planes to create a full
volumetric dataA detaileddiscussion of velocity fields and statistar® presenteih

the results section.

Table 3-2 Data obtained by-B PIV on horizontal planes (original) and corresponding
data on vertical planes (rotated).

Horizontal plane Vertical plane

(original) (rotated)
8 8
Coordinate vector 9 :
: 9
, (0510} b0
Mean velocity vector BO 670
D O se) o
Reynolds stress tensor OO OO 0060 6 x®
We)e; o xO
8 O 8 O
Mean velocity strainrate Tensgy @ O 8 O 063 O 03 O
8 O 8 O

Table 3-3 Mean flow data obtained by-2 PIV and complementary data after
interpolating the vertical planes variables.

2-D PIV data (original) Rotated data

Mean velocity field B 06O BB O
Mean vorticity field 18 Lls Lg Ll
3 3 A 3 3 3
Mean velocity strain rate tens 3 3 A 3 3 3
A A 3 3 3 3
OO00COA O 006 0%
Reynolds stress tensor OOVDOA 0000 A
A A A X0 A Xx
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3.1.4 Characteristic lines

To investigate thenean flowevolution in thenearfield, in addition to the general
patterns whictare obtained by the area averaged values in® o pfanes, one could

extract variables al@wsone generidines.

lefd tgHd )

Ty ST O RY =0
A e e A2

-
il i}
(b)

(@) (d)

Figure3-7 Starting point of haracteristidinesin grids under investigatioifa) CSG,
. centerline (C1)s middle of the horizontal bar (C2), middle of the vertical bar
(C3), andé cross of horizontal and vertical bars (C4). (b) FSGienterline (FS1),
s middle of the horizontal bar in the lagt square (FS2), top left corner of the
largest square (FS3ande middle of the vertical bar in the largest square (F8%))
FCG,, centerline (FC1)s middle of the largest circlatthetop (FC2),I middle
of the largest circle on the diagonal bétgrid at the top left (FC3andé middle of
the largest circle at left (FC4{d) FIG,, centerline (FI1)s middle of the largest |
at the top (FI2)] top left corner of the largest | (FI3andé diagonally reflected
point of FI2

Table3-4 Characteristic lines for grids under investigation, their symbol and location.

Starting
Grid point Symbol Location
of the line
C1 , Centerline (opening)
CSG C2 S Middle of horizontal bars
C3 r Middle of vertical bars
C4 é Cross of horizontal and vertical bars
FS1 , Centerline
FSG FS2 S Middle of the %'iteration bar at the top of the grid
FS3 I Top leftcornerof the Ftiteration bar
FS4 e Middle of the vertical bar in the largest square
FC1 , Centeline
FCG FC2 S Middle of the ®iteration circle at the top of the grid
FC3 I Top leftcornerof the Fiteration circle
FC4 e Middle of the largest circle at the left side of the grid
Fl1 , Centerline
FIG FI2 S Middle of the ®'iteration bar at th top of the grid
FI3 I Top leftcornerof the Ftiteration bar
Fl4 e Diagonally reflectegboint of FI2
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These lines are called characteristic lines as they repredestinatlocation oneach

grid. The gartingpoint ischoservery near to the gili andeach line extends through

the whole domain under investigation. The starting point of the lines are schematically
shown inFigure 3-7 and listed inTable 3-4. Variation of many statistics of the

turbulentflow along these lineare presenteith following sections.

3.2 Mean flow characteristics

Effects of the growth of test section boundaryelacanbe investigateavhile there
was no grid installed inside the test secti®rme planes at different heights (@gre
capturedwith the help of PIV. Boundary layer thickness defined by the height with
6YO o OY was started froms 8 T8t ¢ 1 Yat the test section entrance and

grows td s 4 T8t v GY@t the rear part of the measurement region. The free

stream flow uniformity outside the boundary layer was confirmed by extracting some

spanwise lines from the PIV planes.

3.2.1 Center plane

Distribution of the mean streamwise velodityy on the horizontal centeslane

a .
(‘U

1) is shown irFigure3-8. §YOs normalized by the free stream veloGiYy

For conventional gd (Figure 3-8-a), the streamwise velocity is recovered to about
m@ OY after almost 10 mesh sizes downstream and the field seems to get uniform
afterwardsThis is not the case for all other fractal gridd #re flow field is still under

the influence of the wakes of the largest iterati@benjenty even at thendpoint of

the measuremerregion It is clearthatfor fractal squareKigure 3-8-b) and fractal
circular (Figure 3-8-c) grids the wakes still require more space to get fully merged.

This shows the importance of the central plane flow field which was at the focus of

study in most of the earlier worfg2]. Normalized mean velocities—->" and

streamwise turbulence intensityO 5 4ACross the test sectiareextractedatthree

downstream locations pip X Q@ T start the endpoint of the FIG
measureent regionandthe endpoint of theneasurement regiaof the rest of grids
T andprofiles are accordinglyshown inFigure 3-9, Figure 3-10, and Figure 3-11,
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regectively.lt is clear fromFigure3-9 thatclose to the grid, particularly downstream

of the gridbés bars, deficits of mean vel
by high mean flow gradients with lac maximum turbulence intensity as one
compares-igure3-9 andFigure 3-11.

<U=IU,

. 1.2
1

Figure 3-8 Normalized mean streamwise veitch—Odistribution ond 0 T
plane for CSG (a), FSG (b), FCG (c), and FIG (d).

Unlike the symmetric grids (CSG, FSG, and FCG), FIG does not possess diagonal

symmetry and the mean streamwise velocit)Wq;] niplane is ot the same as

in & 0 1t plane. Normalized mean streamwise velocit‘g‘/‘)%t Tt is shown

in Figure 3-12. Minor differences in the plots of mean streamwise velocity in
horizontal and vertidgplanes are due to the fact that the vertical planes are produced
from the reconstructed-B volume where the actual data belongs to the horizontal

planes.
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Figure3-9 Sparlwise distribution of mean streaisewelocityd YOhormalized by free
stream velocityY, atw p0 (@),® p¥ (b),andw® ¢ ® (c)on the
center plane- Ttis the centerline of the test secti@¥O Y is shown by vertical
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Figure 3-10 Sparwise digribution of mean spanwise velocifgoOhormalized by free
stream velocityY, at® pd (@),® pR (b),and® ¢ ©  (c)one the

center plane-  Ttis the centerline of the test secti@O Ttis shown byavertical
dashed line.
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p0 (@, pP (b), andw ¢ © (c) on the center plane Ttis the
centerline of the test section. Vertical dashed line is zero turbulence intensity.
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Figure 3-12 Normalized mean streamwiseelocity 2 O gistribution on the plane

@y mtfor CSG (a), FSG (b), FCG (c), and FIG (d).
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Normalized meamut-of-plane vorticityd G—, is shown inFigure3-13. Vortices
shed by the thickest vertical bar are appropriately resolved. These dominant vortices
are better shown irFigure 3-14, which is an instantaneous data for normalized in

plane vorticity al—— 1t plare in the vicinity of FSG. According tbable2-1, the

width of the thinnest element among these grids is 1.2mm which is even smaller than
the spatial resolution of the measurements. Thus, the vortices sheddoyalhéars

could not beproperly resolved

<0, 2N U,

=
0.5
0

05
[

Figure3-13 Normalized meamut-of-planevorticity 8 G— on Q D T plane
for (a) CSG,(b) FSG (c) FCG and(d) FIG.
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yiIM

Figure 3-14 Instantaneous map of normalizeevdrticity, belonging to FSG, window
19 o ntwhere the wake of the biggest bar is dominant and completely resolved.

The velocity vector map of the rectarar region is shown in a zoomed view at right.
Grid centerline is shown kihedashé line at® 0 L

3.2.2 Off-center planes

The resolution of the current PIV images, make it possible to capture all flow
characteristics behind two largese(othandfirst) iterations of fractal gridsVe here
exclude FIG since itreates very differenturbulentflow field. Therefore, additional
horizontalplanes rather thathe central oneare extractedrom the mean flow data.
These planes typically cut sect®from two largest iterations dfactal square and
circular grids, hence can be thought as some generic planes available to investigate
flow properties. Vertical positiondf0 ) of these planes are listed Trable 3-5.

Plane 2 corresponds to a cut from the middkehadrizontalbar in CS5 and a cut form

the middle of the largest horizontal iteration in FSG and FCG. Blanés the second
iteration of FSG (FCG) from the corner of squarec(e).
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Figure3-15 Normalized streamwise velocigy—ddistribution over selected horizontal
planes of CSG (&), FSG (ee),and FCG (fh). Vertical position of planes is listed in

Table3-5.

Table3-5 Vertical positiors of extracted planes from the reconstructdd Biean flow
field. Letters refer to the contour plots kigure3-15.

_ Center plane Plane 2 Plane 3
erd Wl Letter | ¢570 Letter | 370 Letter
CSG a 0.50 b - -
FSG c 4.57 d 2.43 e
FCG f 6.10 g 2.20 h

Complex wakget interactions between different blockamggening pairs create very

different flow pattern in the neavake of fractal grids. Even the range of advancement

of jet-like flow on the central pland-(gure 3-15-c,f) is different. An example where

3-D flow field shows itself cabe foundn the wake of the largest bar of FSG-igure

3-15-d. Although this planeis cutfrom the middle of the bar, aalternatingwake

pattern with peaks of slightly positive and valleys of recirculating zones indicates the
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effects of neighbor bars alonige vertical direction. Starting from the left corner of

the largest horizontal baa small recirculating zones capturedat — e L8t

Moving alongthe +y axs, the horizontal bar is surrounded by another two horizontal

bars belonging to the smallest!f3teration (1 — ¢& 0. The interaction of

two different shear layers from these two different thickasswithin this distance,

shrinks the recirculation zone along the largest bar and results in a positive streamwise

velocity. At the intersection ofhe two largest iterations (¢&® — P&y, a

relatively big recirculating zone does existeTgattern of two surroundin¢f'&eration

bars is repeated in the range op& — &, and around the centerline

™Wu — @ yflow recirculates without the effects of any surrounding bars.

To get more quantitative resulis is better to gtract data at different downstream

stations and compare them. First, we will focus on the center plane flow.

The important point to note about the FCG is the collision of the wake ofthe 0
iterationto the test section walls during ievolution Figure 3-15,h). This could
leave some effects in the flow which are not directly related to fractagjgridrated

turbulence and has to be kept in mind.

In thefollowing, we used upstream air velocity corresponding to each 9fidl for
normalization The velocity of air approaching each gridmeasured with the help of
HWA and is equal to 8.117, 8.321, and 8.171 m/s for CSG, FSG, and FCG,
respectively. As it has been mentioned FIG is excluded in these comparisons as it
produces a completely differentrbwlent flow. Minor differences in the mean flow
field are foundbetween the center plane and plane 2 of 0S@ufe3-15-a,b). These
initial, geometrydependentvariancesare shownin Figure 3-16 for normalized
streamwise velocity distribution. These differences all vanish after ebout 1
downstream of the gridOnly in the very near wake region of CSG, one can find
recirculation regions. A sample is shownHhigure 3-16-c which is extracted at a
downdream disance of® T@® P  within the wake of three consectdivertical

bars in the spanwise dirém.
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Figure3-16. Normalized mean streamwise velocity distribution on the center plane (a)
and plane 2 (b) of CSG, at three downstream locatiwfis ( plp ft §. Vertical
green line shows the PIV laser sheet #imelhorizontal daskd line at «if0

U4 is the grid centerline. Zoomed view of mean streamwise velocity very near
to the grid (atyfb T P (c), showingecirculation region wit negative velocity
magnitudes behind horizontal bars andjeffcenter maximum velocities on plane 2
(solid black line). Center plane data is showrth®dashed black lineéSchenatics of

CSG georstry is shown at the background.

At® pb |, streamwise velocity fluctuates within 0.04 and 0.18¥fin the center
plane Figure 3-17-a), while its fluctuations behind the horizontal bar (plane 2) is
within 0.15 and 0.25 ofY . However, afteto p ti , there is no significant

difference between streamwise velocity fluctuations on both planes, such that it decays

to about 6% and 4% oY atp i andc © , respectively. Mean velocities and

rms values are in a good agreemeithwimilar studies previously done using PIV
techniqud15].

Spanwisdlistribution of the normalized streamwise velocity compogeor’in FSGis

shown inFigure3-18, at three different downstream distances over theec@ane as

well as two offcenter planes as listed Table3-5. Over the center planéf0

1), just behind the gridHigure3-18-a), mean flow is highly inhomogeneous and both
wakelike and jetlike flows are dserved. Maximum vetdty is not in the centerline

but in the shear layer of the largest vertical bars where the streamwise velocity

overshoots from 1.258 (at centerline) to about 1.435. At the farthest point from

the grid — ¢ ¢ centerline velocity is slightly decreased to about ¥ 19At this
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location, effects of the wake of the largest vertical bars still exist with maximum deficit
of 23%in the streamwise velocity. Another point to note is by examining the minimum
spanwig location of the wake which suggests a diverging mean flow from the
centerline which was numerically shown beffg#].
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Figure3-17. Normalized rms streamwise velocity distribution on the center plane (a)
and the plane cutting the horizontal bars, i.e., plane 2 (b) of CSG, at three downstream
locations (U plp Tt §. Vertical green linelsows the PIV laser sheet atite
horizontaldashed lie atcyf UFr4  mis the grid centerline. Zoomed view of

rms streamwise velocity very near to the gricifi @ ((c),on plane 2 (solid

black line). Center plane data is showntldashed black lineéSchenatics d CSG
geometry is shown at the background.

Onthe second plana( t® ¥ ), so called effects of the smallest iterations on the

wake of the | argest iterationds hyrizont

profile (Figure3-18-b). On this plane, howevdhe maximum steamwi® velociy at

the farthest measurement point reaches to aboufYL.08ne of the most complex
distributions can be found on the thirdmda@ ¢& & ) where the interactions of
threeiterations and the effects of the smallest ones exist such that wherever there are
two smallest iterations surrounding a larger element, a recirculating zone fades away

and turns into the jdike flow. This is obvious ifrigure3-18-c, e.g., in the ranges of

0 — Ve, T8 — o8t and p& — T&@.
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Figure 3-18. Normalized mean streamwise velocity distribution on the center plane
@ m@,a t@& ¥ plane (b), andd ¢& @ plane (c)of FSG, at three
downstream locationsiff0 plp ft §. Vertical green line shows the PIV laser
sheet ad the horizontal dasHeline atif0 U4 mis the grid centerline.
Schematics of the grid is shown at the background.

For FSG, fluctuations of streamwise velocity are normalize@Yhyand shown in
Figure3-19. Very near to the grid, high shear34% of"Y ) exists at both sides of the
gri dos | Fgurg3els4d), ardaverywhere else there is a constant level of
fluctuations in the order of 2.5% fiee stream velocity. This value remains preserved

only about the centerline of FSG until the endpoint of the measurement region. On the

second plane{— T1® Y, vertical bar belonging to the first iteration squarexat

x&0 ) creates levels of turbulence 7% of"Y ) even higher than that of th& 0
iteration, and the cross of'@nd Fiterations, comparingigure3-19-b with Figure
3-19a andFigure 3-19c atw p0 , respectively. The values of turbulence

intensity are also in a good agreement with previous DNS r¢6lits

Distributiors of mean streamwise velocity and turbulence intensity for FCG, are
shown inFigure3-20 andFigure3-21, respectivelyOver the center planéfb

), again there is an overshoot of streamwise velocity from1.qat centerline) to
about 1.48Y (at the shear layer of thertgest circular element)F{gure 3-20-a).
Maximum deficit in the streamwise velocity is about 26% at the endpoint of the

measurement region over the center plane.
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Figure3-19. Normalized rms streamwise velocity distribution on the center pdane (
m @,a T®Q plane (b), andd ¢& & plane (c) of FSG, at three
downstream locationsiff0 pfp ft §. Vertical green line shows the Pldser
sheet and the horizontal dadhkne atf0 U4 mis the grid centerline.
Schematics of the grid is shown at the background.

Figure 3-20. Normalized mean streamwise velocity distributmmthe center plane
@ m @),a o@pb plane (b), andt c&0 plane (c)of FCG, in three
downstream locationsif0 plp ft §. Vertical green line shows the PIV laser
sheet and the horizontal dadhine at o0 U4 mis the grid centerline.
Schematics of the grid is shown at the background.

The second plane in FCG cuts from the middle of the largest circular element.
However, the smallest iterations are ordered asymmetrically on sitfeof this

plane, whereas ithe FSG, the smallest squares are symmetrically arranged (compare
Figure 3-18-b with Figure 3-20-b). Because of this, one cannot find the alternating

velocity distribution in the vicinity of the FCG, just like that is found in FSG case. On
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this plane, however, velocity distributiseems to be more uniform (withirmgt XY

atthe farthest measurement point, compared to FSG case. On the third plane of FCG
atd ¢80 ,interactions between the wakesluéfirst threeiteraions are detected

near to the gridRigure3-20-c). Due tothe presence ofhe smalest circular elements

on either sides of the plane 3, reverse flow only occurs at the largest iteration, and
everywhere else the mean streamwise velocity is larger than tretriram velocity.
Maximum turbulence intensity (87% of"Y ) induced by the largest element of FCG

is higher than that of FSGigure3-21-a). At the intersection of'dand ®iterations,

the level of fluctations reaches to almost 0¢4 (Figure3-21-b).
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Figure3-21. Normalized rms streamwise velocity distribution on the center pdane (
m(a),a @pL plane(b),andt ¢&0  plane (cof FCG, at three downstream
locations (0 plp 1t §. Vertical green line shows the PIV laser sheet and the
horizontal dashetline ataifo U4 mis the grid centerline. Schematics of the
grid is shown at the background.

3.2.3 Crosssectional planes

To further investigate the near flow fieitlis valuable to extract some planes parallel
to the grid&— & ¢ 1@ show the flow developmenis an exampleross sectional

profiles of the mean streamwise velocity are showrFigure 3-22 to qualitatively
understand the mean flow development in the near grid redioonventional and
fractal grids Nagata et. al[39]di vi ded the flow into Oupstrea

sections where- 1@ 1@ discrimindes these twgosince the decay of turbulence

occurs after@ ). Based on their classification, measurement region for fractal grids
in the current study falls inside the Oupstr
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produced. However, for CSG the measurement region extends to more than twice of
@ value according tdable2-3.

Theregularwakejet pattern in conventional grid continuously merges into a nearly
homogeneousldw, and at the end of the measurement registneamwise flow is
almost homogeneol{kigure3-22-a). Thisis also clear from the spanwise distribution
of 6YOin Figure3-16-b. In that figure the boundary hyer velocity profile is clearly

seen near the test section walls.

Figure 3-22 Normalized mean streamwise velocityé—o’distribution on the planes

@, pip ¢ Q@mfor CSG (a), FSG (b), FCG (c), and plariéy,

phx®Fd & i@ Uor FIG (d).

Wakes of the ®and1iterations of fractal grids are persistently dominant in the,flow
andunlike the conventional grid, streamwise flosvsitill buckling with some degree
of inhomogeneity at the end of the measurement redtayuie 3-22). Also, the

distribution and magnitudes 6%Gat similar downstream distances are different. For

examplethe jet region formed around the centerline —— 1) seems to be
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stronger in FSG. Interestingly the cross sectional shape of this jet seems to have a

circular pattern in FSG while in FCG it is in the shape of a cross sign.

Resultsof crosssectional planes are igood agreement with previously hotwire

measurement89] at similar locabns (~=0.05, 0.1, and 0.2 corresponding to about

6,12,and 24 ). Supplementary analysis on the mean flow evolution is carried out

in the following €ction b assess mixing characteristics.

3.2.4 Neatrfield mixing guantification

Flow becomes turbulent as it moves through the grids. This turbulence determines the
random stirring which causes transfers and turbulent diffy8ign The diffusivityof
turbulence increases rates of momentum, heat, and mass tramsterh8 scalar
transfer represents the degree of mixing inside the flow, the higher the turhthence
more efficient the mixingn general, there are two mechanisms responsible darsc
transfer a) advection by velocity field anb) diffusion by molecular processdshas

been showrthat the transfer of a scales mainly due to the turbulent field the
transverseirection; see Figure 2(c) if87]. Laizet and Vassilicos reported a new
mechanism to increase the scalar transfer and turbulent diffusion in fractal grids. They
c al | esghce isdale dnfoldiilg ( SSU) ni3¥jc RrannthesLagrangian
viewpoint, when a particle enters the wake of a regular grid bar, it will probably remain
at the similar transverse location inside that wake, since tases are almost equal

and ordered. However, the particle passing the smallest iteration of a it tads

a chance to geinvolved with a larger neighboring wake, and whéaveling
downstream with even larger and larger wakes with larger and keddgrturnover
lengthscales[37]. This increases the probability of finding the particle in a very

different transverse location when compared to the regular grid.

Maximizing the degree of mixing is importantsomeapplicationsie.g, to enhance
combustion process in scramjet engines where air with supersonic speeds enters the
combustorThisrequires rapid fueair mixing in a relatively short distangE01,102]
Thereareevidencs of high turbulence levels in the ndald region of fractal square

grids, concluding a better mixingerformance than the single square grid so that they

can be considered as fiefficient additional turbulence generators the neaifield
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[54,61,103] DNS was carried out in the nefeeld of a fractal grid and a single square
grid [61]. Streamwise velocity contoyras well as transverse distributions of the
velocity and turbulencentensty, suggest better characteristics of mixing fiarctal

grids. They also conclude the small fractal iterations provide a high mixing rate in the
nearfield region. These results were in qualitative agreement with the experimental
data of fractal cross @i$ [13]. Krogstad and Davidson showed that for the fractal
cross grids, the distribution of mean streamwise velocity is considenaiog/uniform

than that in the regular gridi$3].

3.2.4.1 Homogeneity

Studies abovesuggest that to evaluate the mixing performance, homogeneity in
velocity and turbulence intensityare two important criteria. Higher turbulence
intensities increase the spread of the eidbd wakes and lead to a higher mixing
speed[61] while the homogeneity of the mean flow variables shows the equal
distribution of those variables. It @earfrom Figure3-22 that the flow passing the
conventional grid (CSG) gets the most homogeneity in velocity distribution among
the grids under investigation. However, by the act of turbulent diffusion, it is seen that
the nonuniformities in mean streamwise velocity easmoothed out further
downstreamas well in fractal gridsEvolution of thenormalized mearstreamwise
velocity is illustratedin Figure 3-23 toFigure 3-26 for CSG, FSG, FCG, and FIG
Similar cross seiional @ o 0) ‘Planes are illustrated aontours for streamwise
turbulence intensity ifrigure 3-28 to Figure 3-31. As one can notice in the plots of

velocity and turbulence intensity, there eXstal differences at each downstream

location ) between FSG and FCG grids. This implies the fact that turbulence can

be custom tailored. In other words depending on the application, one can adjust the
peak of turbulence in the center ofydlow domain, while there might be high levels

of fluctuations needed in the cornefGontour plots are useful for qualitative
representationshoweverto compare the effects of different grids on turbulence
properties quantitatively single value forachw @ op@ne can be considered; that

is the average of any desired flow property. Here, we cllatr-eevae r avgleed 0
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This is useful when interpreting turbulence properties for engineering applications

where average values are more comprehensible.
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Figure3-23 Development of normalized mean streamwise velé’eﬁm the near grid

region of CSG.Distributions are given in & increment from 1 (a) to
220  (v).
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Figure3-24 Development of normalized mean streamwise veIéA)eﬁm the near grid
region of FSGDistributions are givenin®  incrementfrom D  (a) to 220

(V).
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