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Joseph Michael Derlaga
(ABSTRACT)

This report documents the measurements of turbulence quantities resulting from vortices
embeddedn a zero pressure gradient turbulent boundary lajerbulent boundary layers are

found in most flow regimes over large scale vehicles and have been studied for many years.
Various systems to control separation of boundary layers have been proposedesut

generators have proven to be an economical choice as they are often used to fix deficiencies in a
flow field after large scale production of a vehicle has commenced. In order to better understand
the interaction between vortex generators and tldbary layer in which they are embeddaal,
experiment has been performed using throughineasive Comprehensive Laser [ipder

Velocimeter.

The results show that normalization on edge velocity is appropriate for comparison with previous

work. The 1/S prameter and 1} parameter were found to be most appropriate to correlate the
Reynolds stresses and triple products, respectively. The higher inflow edge velocity and greater
momentum thickness, creating a lower vortex generator to boundary layer height saltian @

more diffuse vortex as compared to previous work conducted in the same wind tunnel, with the

same geometry, but with different inflow conditions.
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Chapter 1. Overview

1.1 Purpose

The goal of this study was to experimentally interrogagentdar wall strucire of contra
rotating vortices embedded inao-dimensionaturbulent boundary layer. Through the use of
the Comprelensive Laser Doppler Velocimetéhnjs study contributes a high quality, non
invasive data set to the current body of knowledgéchvhad previously focused on the mean
vortical structure of embedded vortiagsing invasive techniquesThisstudywill allow for finer
study of the closure assumptions of existing turbulence models used in conjunction with the
Reynolds Averaged Navitoke RANS) equations, as well as those models utilizedldmge

Eddy SimulationgLES) andDetached Eddy SimulatisfiDES).

1.2 Background and Motivation

Vortex generating devices are commonly used to improve heat transfer in
turbomachinery or to delageparation over aerodynamic surfa@sstated biin [2003. Flow
separation can be a large contributor to drag on an aircraft or detrimental to the performance of
high lift devices. While many concepts have been proposed to prevent flow separai@areno
as simple, cheap, and easy to maintain as vortex generat@denefits of vortex generators
are balanced by an increase in parasite drag, wasgchin P00Z statesmust be taken into
account when designing the vortex generaidrese devicearetypically installed when
deficiencies are found during prototype test flights to address issues not predicted during initial

design studies.

While computational methods are increagmgsed during initial design studies, accurate



predictions of iow field physics over all flight regimesrenot yet within the abilities of current
computational technologyDepending upon when flow field defencies are founduring initial
designit is practicalto study the effect of adding vortex generatorthe computational model

to fix any computed deficiencies rather than relyangcostly wind tunnel or flightests.

However, it is generally necessary to regenerate a mesh after the additimrtekageneratoto

the CAD model, which is a time comaing operationespecially on complete configuration

studies Thereforemuch research has been focused on the development of empirical models of
the effects of vortex generators on the mean fiweh as the work &endtandHingst[1994],
WendtandReichert[1996], May [2001], andJirase2004]. Instead of pysically meshing each
vortex generatgia secondary flow perturbation is placed at the desired location of the vortex

generator.

These flow perturbation models rely on #i#lity of the computthonal engineeto
properly choose the vortex strength, with no guarantee beyond experience that the choice is
correct. While thee method mayproduce acceptableq u-f c k6 sol ishd ons, t her
assurancéhat the proper flow pfsics are actually capted. In addition, the results che
highly dependent oboth the computational grid atige turbulencemodel used in the RANS

codes inwhich the vortex model istilized.

This dependency on the form of the turbulence model is ndaelimwempirical models.
RANS closure models have been developed over several decades, with most based upon studies
of 2D turbulent boundary layers atite assumptioof isotropic turbulence. As such, these
models generally fail to predithie preferred diregins of 3D turbulent boundary layers,
especially near the wallThis has led t@ shift towards calculating mooé the large scale
turbulencestructuresandrelying less on RANS turbulence modeds,embodied bthe LES

2



technique. While LE$nethodshaveshown much promisesuch as the study dfou et al.

[2004, and hybrid RANS/LES methods such as Detached Eddy Simulation are now becoming
more common, the computations are stiftly for large scalesimulations ThereforeRANS
calculationsstill dominate practical applicationsnanly due to theilow costin terms of time

and computing resourceslowevermanyRANS codes are coupled tdosure models which
havenot beenfully validated agaista wide range 08D turbulent boundary layerd.his has ¢d

to the resurgence of fundamergaperimental testing in order to provide proper validation
information tocomputational engineerbuilding on the work o©berkampfand Aeschliman

[1992].

Over the past several decadasynerous experimental studjesch as those of Mehtt
al.[1983], Cutler and Bradshaw [1986], Bragg and Gregot6BT], Pauley andeaton[1987],
CutlerandBradshawj1989], Pauley andaton[1989], Wendt et al. [1993JandKuhl [2001],
have been performed in orderrtot only qualiatively understand the flow structure created by
individual, paired, and arrays wbrtex generatorsut to also quantify theaffects However,
mostof thesestudies were performed using invasive techniques, such as heani®itot
probeswhich ae generallynot capable of simultaneously measuring all three velocity
components near a boundary. With the advent and refinement of the laser Doppler and particle
image velocimetry LDV and PIV )techniques, noinvasivemeasurements are now possible,

allowing for more accurate and detailed validation data.

1.3 Current Work

For the current studywb half delta wing vortex generators were mounted inside the

Virginia Tech Smt Boundary Layer Wind Tunnel, as show in Figure 1.3This creates a



simple gecometry that is well suited for computational studies. The Comprehensive Laser
Doppler Velocimeter ( CompLDV ), developed at Virginia Tech, was used to obtain detailed
flow field measurement at two planes downstream of the vortex generators and nah@al to

flow direction.

Figure 1.3.1 Vortex Generators, in situ, with launched CompLDV beams

1.4 Thesis Outline

This thesis is organized as follows. Chapter twat@ios a detailed discussion of the
experimental apparatus utilized during the stadywell as data acquisition and processing

techniques. Chapter three presents the experimental results and discussion, and chapter four



offers conclusionsAppendicesnclude data not otherwise discussed in the body of the text.



Chapter 2. Experimental Apparatus and Principles

2.1 Introduction

This chapter discusses the facilities and experimental apparatus utilized in this study,

including the data acquisition systemd processing paradigms.

2.2 Wind Tunnel

All tests were performed in the Virginia Tech Small Boundary Layer Wind Tunnel,
Figure 2.2.1, which is describeddetail by Bennintpn [2004] This closed return tunnel has a
test section roughly 200 cm imigth, 24 cm in width, and 10 cm in height. The flow was
tripped at the contraction exit by a 0.125 inch square bar and a second bar 2.0 inches downstream
of the first, both of which span the tunnel test section. A piece-gfiR8ilicon-carbide sand
paper is placed betvem the square bars, as used by Varano [2&d@JHopkind2010]. Ashas
beenpreviouslyreportedoy Bennington [1994]there is an approximately 6 cm width on either
side of the centerline where the boundary layer ersittewalls does not affect the mean flow at
the approximate location of the 44.5 cm measurement plane. All measurements were taken
within 5 cm of the centerline to stay within this region and to avoid clipping of the outer laser

beams by the tunnel stituce.
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Figure 2.2.1 Virginia Tech Boundary Layer Wind Tunnel Schematicfrom Bennington [2004]. Used under

fair use, 2012.

The tunnel is powered by a 2hp centrifugal blower and flow speed is mainly controlled
by a butterfly valve located in the ductwork upstream of the blower. The tunnel roof is an
adjustable panel made @375 inchPlexiglas and provides secondary control of the tunnel speed
via itsadjustment poirst That is, the roof can be adjusted to set the pressure graliens. are
located in the roof to allow for Pitot probe access in order to check the pressure g@dent.
port is reserved for a thermometer, sealed to the tunnel,doitanng temperature during test

runs. For the tests conducted for this study, the-B&eam velocity was set to a nominal speed
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of 211 m/s as shown by Figure 2.2.®jth a zerg to slightly favorablepressure gidient A
hatch is located approxinkely 120 cm downstream of the contraction exit and is primarily used
to access the tunnel for cleaninghe roof and access hatch are sealed using plastic tape

whenever the tunnel is operated.
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Figure 2.2.2 Velocity Profile along Wind Tunnel Centerline

For this work, teentirefloor of the tunnel was retrofitted with glass viewing panels for
full CompLDV accessand this configuratio was retained for the work darano[2010 and
Hopkins[201(. 3M ScotchMagic Tape was used to seal the glass pandlsettunnel structure

in order to completely seal the test section.



2.3 Flow Seeding

Seeding consisted of aerosolized dioctyl phthalate (Du@dted by passing compressed
air through Laskin nozzles submerged in a liquid DOP, lzstldeveloped by Echolscafoung
[1963]. Atomized particles are then passed to a collecting chamber before being passed through

a VAPCON systemwhich wasdevelopedby Liu et al. [196], in order to control particle size.

In order for a LDV system to produce accuratelltssthe jarticle sizemust be carefully
controlled,astoo large a particle will not properly follow the flow fieldt has been shown in
Lehmannret al. [2002 that the departure of the seed velocity from the flow velocity can be

modeled by:

where the time constarll, depends on the densities of the flyigd.and particley p, as well as the
fluid viscosity and particle diameter. As longUis less than the Kolmogorov time scale, the

particle will follow theflow well.

This constraint on maximum particle sizebalanced by the practical consideratioat
too small a particle will not scatter enough light. Therefore, a balance must be reached between
flow tracking by the particle and maximization of ligittatter. Thetemperature of the

VAPCON is therefore adjusted to ctea particle size that balandbsse parameters.

The first halve®f the four steel tubes that create the VAPCON manifold are wrapped in
heating elements thate set tdold a tempetare of approximately 770~. The high

temperatureauses the DOP to vaporize at the top of the marafioddthen condense the



bottom of the manifoldhto nearlyideal 0.6140.07micron patrticles, as found tyowe [2006],

before being introduced intbe wind tunnel.The amount of seed is adjusted by changing the
pressure of the compressed air flowing through the Laskin nozzles, with care being taken not to
introduce too much seed at the expense of dual bursts, or too little seed which can oveate a |
data rate. The proper amount of spadiclesis found through trial and error, as there is no

direct way to measure the seeding density within the tunnel.

Due to the high heat generated by the VAPCON system, the wind tunnel is equipped with
an integal air conditioning system. This system maintained the air temperature within the tunnel
to within £0.5 K of a baseline temperature recorded at the start of each profile acguasition

frequently checked during data acquisition

2.4 Vortex Generators

The 22 gaugesheet metahalf deltawing, vortex generators used in this study have a
chord of 2.5 cm and height of 1.0 cm, mounted atd&e tunnel centerline and 0.8 chord
length apart at mid chdr This is the same geomestydiedby Kuhl [2001], and is modeled on
the work ofPauleyandEaton[1987. The leading edge of the vortex generatorev@cated 50
cm downstream of the contraction exit. In ordemtaximize thaange of access for the
CompLDV, the vortex generatorsevwe mounted dikly to a glass floor platd-igure 2.4.1 The

coordinate system used in this study is shown schematically in Figure 2.4.2.
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Figure 2.4.1 Vortex Generators Mounted on Floor
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Figure 2.4.2 Vortex Generator Schematic Showing Coordinate Sysh

2.5Inflow Examination.

Several boudary layer profiles were obtainecch upstreanfrom the leading edge of
the vortex generatoat z = -2.5, 0.0, and 2.5 cm famflow information. It was found thathe
inflow boundary layerd nearly twedimensiaal, with an averagBRey = 3500and ede velocity
of 21.1 m/s The inflow profile for z = 0.0 cm is shown in Figure 2.5Khl's work had an
averageRey;= 1100 and edge velocity of approximately 12.9 nkis was calculated by fit of
a modified Splling Equation as used bivladden [1997], to the data as not enough neaall
data was available due to flare from sbaddupon the wall. This upstreammeasurement

location could nobe easily reached for cleaning as it was not postld&oid the possibility of
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damaging the vortex generators or disturbing the alignment of the probe.
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Figure 2.5.1 Nondimensionalized Inflow Boundary Layer Profile at Tunnel Centerline

I n Linds st waltgxgeneratona inflowboundary layeiidig ratio, QI
of 0.5 is suggested as the balance point between vortex generator efficiency and increased
parasite drag. For this studhetQXl ratiois approximately).31, based on a boundary layer

thickness definition of 99%l., whilethe (X ratio of Kuhl's studyis approximatel\0.65.

2.6 Flow fieldsymmetry

Before measurements began in full, a vortex symmetry study was conducted. In order to
quickly determine if the vortex generators had been placed correctly, a flow visualizatioa using
titanium dioxidékerosene mixture was performed, as per the formulaaof[2006. As shown
by Figure 2.6.1the vortices left nearly symmetric streak lines behind the vortex generators,

implying nearly equal vortex strength.
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Figure 2.6.1 Flow Visualizaton with Approximate 10.5 cm Plane Measurement Locations

In order to verify that the vortices were nearly identical in strentjta CompLDV was

traversed at a location 10.5 cm downstredirie vortex generator trailing edged 0.75 cm

from the wall fromz =-2.5 toz = 2.5 cm in half centimeter increments. FigRré.2

demonstrates that the viogs have nearly equal strength

Velocity, m/s
Stresses, m2/s2

5 ) -3 .
z (cm), from tunnel centerline z (cm), from tunnel centerline

Figure 2.6.2 Symmetry Study at x =10.5cm,y =0.75 cm
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2.7 Measurement locations

Due to the results of the symmetry study, measurements were only obtained in the
negativez direction which is closest to the optics table order to compare thairrentresults
to the work of Kuhl, similar measurement plamege used at = 10.5 cm and 44.5 cm

downstream of the trailing edge of the wxrgenerators

Approximately 2Qlogarithmically spacedd at a poi nts were recorded
mm and vy .anaSdtion]ltwanorthree data points were taken below y = 300 microns in
order to determine the wall location. These points were often partially submerged in the wall

and aided in wall findig, as will be discussed in Section 2.14.

2.8 Comprehensive LD\Bystem

This section will discuss the operating principles behind the Comprebém®was well

as the design of the probe itself.

2.8.1 Principles of the Comprehensive LDV

Severakesearchrs as found in the works of Czarsk#0D1], Czarskeet al. 007,
BttnerandCzarskg2001], BttnerandCzarskg2003], andBttnerandCzarskg2006], have
examined the problem of | ocating rmaebpteavet i cl e0 s
limited themselves to one position componenhtis work wasexpandedipon byLowe [2006
to simultaneously measure all three position components and all three velocity compdhents.
novel offwaist beam crossing configuration and numbesvatlapping submeasurement
volumes give the CompLDV its position and acceleration measurement capaldiiviesver,
the basic operating principles of the CompLDV are still built upon traditipagllelfringe,

LDV techniques.
15



TheDoppler equation, Heation2.8.1, relates the velocity perpendicular to the laser

fringes to the product of the fringe spacidgand the Doppler frequendy,

U, = f.d (28.1)

If two measurement volumes are crossed and a particle passes throyghdwothe ratio
of the above equation for each beam pair must be equal. While this is trivial for parallel fringes,
if two measurement volumes are crossed which have-aiméorm fringe gradient, then the
ratio is adependent owhere the pdicle passes through the measurement volume. Such a
system can be created by crossing a beam pair before or after the beantheaistsowest

diameter of the focused laser beam that a set of converging or diverging fringes is developed.
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A

Figure 2.8.1 Schematic 6Single Measurement Volumewith Diverging Fringes

As long as the beams are crossed at the same location from the waist, and assuming a
Gaussian beam intensity distribution, the fringe gradients createid sittlation has been
shown byMiles[199€ to vary monotonically.This relaton is given in Equation 2.8.%herex’
is measuredlang the beam bisectadd i s t he #ae lgeameyyls ehe distareca

between the waist of the beam and the center of the measurement vblisriee wavelength

of the light, andk'r = — is thebeamRayleighnumber, withthe radius of the beam at the waist

17



def i ng figuee.8.%shows a schematic of a single measurement volume to help explain

the variables ifcquation 2.8.2.
/ x‘coszq(x'cpszq- x‘W) 0

N _ a ‘
46 = 28iﬂ(]?+ x%cosq- X, (x'co§q- X'w)§ (2.8.2

Using this relationship, along thi Equation 2.8.1, it can be showhat the measured
Doppler frequency is a monotonic function of the crossing location of each measurement volume
the particle passesrttugh. However, each tenm Equation 2.8.2 must be determineéis the
wavelength of light is known, the waist size is determined by the optics, and the crossing
position of thebeams is determined based ategired measement volume size of 200 prthe

remaining unknown is the beam angles

Originally, these angles were found by marking points on a piece of paper as the
measurement volume was traversed vertically, and then carefully measuring the positions using
dial calipers. In order to improve odnig technique, 1 paper is scanned at higésolution, and
the angles are determined from the digital version. It was found that this method greatly reduced
variations in velocity statistics that were caused by slight fringe gradient imbalances cyeated b
the nondigitized method, although calculation of the proper fringe gradients remained a problem

for this work.

During post processinie submeasurement volume velocity distributions were
observed to bencorrect. Twapartially overlapping measuremewolumes would prodwevastly
different meanflow results at the same-subasurement volume locatiorlowever, hetrend in
submeasurement volume velocity distributions was the same for each point in a profile,

indicating an error in the fringe gradisntAn algorithm was developederex'y was treated as
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a free parameter for each beam and attempts were made at adjusting the beam crossing distances
in order to remove the fringmbalance, but no satisfactocgrrectionwas found This could be

explaired bydamagesuch as burned fiber optics or scratched lena#isin the CompLDV

systemcreatng a nonGaussian beam intensity that would caMsel es 6 f ri nge gr adi
to break down.As a result, the instantaneous velocity measurements areinagm creating

large uncertainties iparticle accelerati®) which require that the fringe gradients be accurately

known However, the time averaged velocity quantiteeshe whole measurement volunvere

found tobe in agreement with values takfrom a small subset ¢he center of theneasurement

volume. Due to this, only time averaged results will be presented.

2.8.2 Probe Design and Equipment

Since the initial desigrihe probe has undergoseverakevisions Most visibly, the
probe angle wasedesigned so that measurements could be made on the tunriet thefwork
of Varano[2010 andHopkins[201(. Each beam pair fiber was equipped with a Newport
OpticsFPR1IC1A three axis traverse for easier alignments when utilizing the projectittode
of Varano[201(. Due to this, thg-planeadj ust i ng traverses of Lowebo
and replaced with aluminum channel spacers, greatly reducing the weight of the probe. In
addition, a thin laser sheet was mounted such that the sheetctgdrthe measurement volume

normalto theprimaryflow direction. The redesigned probe head is shown in Figure 2.8.1.
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Figure 2.8.1 Redesigned CompLDV probe

Two Coherent INNOVAQO-5C argonion lasers supply the necessary laser lines for the
CompLDV praobe, as shown in Figure 2.8.Zheinitial laser output is splinto separate
wavelengthdy prisms Each colorine used to define the measurement volume is then passed
through an acoustoptic/Bragg cell which splits and shifts the beamacousic beating Use of
the Bragg cells allowed for multiple signalshi® combined, or multiplexed, onto a single data
channel due to the Bragg frequency operating as a carrier frequency for each Doppl@maurst.
beams resulting from each split form arpaach of which ardirected to Newport #®1-C1)
fiber couplers angassed through fiber optic cables to the probe head in such a way that
coherency is preservedach beam pair is then focused at the proper distance in order to form

20



the converging/divging fringe patterns necessary for subasurerant volume position

resolution.

Figure 2.8.2 CompLDV Optics Table

The laser sheet does not define the measurement volume, but instead serves as a
reference point within the measurement volume. As suehlaser line used for the sheshot
required tgpass through a Bragg cell but is instead passed directly to the probe head via fiber
optics, collimated, and focused into a sheet which is then aligned with the center of the

measurement volumeduring data processing, it was found that the position of the laser sheet
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wasunstablerausing undue rejection of otherwise good bufdterefore processing with the

laser sheeatestrictionwas removed.

In addition to the laser sheet opticslawelve sets of opticonefor each beam in the
measurement volume, the probe head includes the mge@igtics which consists of a 5 cm lens
systemwhich captures, collimates, aridcusesback scattered light from particles passing
through the measureant volume onto a receiving fiber. This fiber then passes the light onto a
photomultiplier tube (PMT) arraghown in Figure 2.8.3The light is then separated into its
individual laser colors via wavelength specific bauass filters. Each coltwand green, blue,
purple, and teal are then focused onto Hammam
Sonoma Instrument 315 amplifiers powered by Brandenburg Model Series 477 power supplies,
and in the case of the teal laser sheet §ignaustom wiredHammamatsgpowe supply, before

being passetb the data acquisition system.
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Figure 2.8.3 PMT Array, Amplifiers, and Power Supplies

2.9 Beam Alignment

During initial setup of the probe system, alignment of the crossing beams was
accomplished viahie pojection method o¥arano[201(. The method itself is simple;sheet
of paper is taped to the tunnel floor to act as a viewing péantka disassembled beam launcher

microscope is used to enlarge the image and project it onto a flat screen.

At a singk plane, each beam is focused to its waist, and the position of the probe traverse

is then noted aslaaseline.Based orthe desired sizef the measurement volunes well as
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simple geometric relationthe probe is traversed the ydirection(vertical)to calculated planes
and the corresponding beam is focused to its waist. When this has been completed for all ten
beams, the probe is returned to the baseline plane. Ny than being focused at the waist,
each beam is set to the desired measurement volume diameter. ‘€aogqranethodllows for
easy viewing of the beams as they are manoakylapdto form the measurement volume
using the previously described ¢eraxisbeamtraverses Once this procedure is completed, the
probe is traversed to make sure that none of the beams move due to hysteresis in the beam
traverses. If the alignment passes #tep, the final alignment step isignal check utilizing the

DAQ codewhich isdiscussed below

This information is then used to develop the fringe gradient model for the current
alignment, as previously discusgadsection 2.8.1 During data processing, a fringe gradient
imbalance was found that could not leerected, and prevented the correct extraction of particle

position and acceleration statistics.

2.10 Signal Check

As part of the standdroperations for the CompLDV system, the signal strength is
checked after each alignment and before each profile is obteeédre this begins, the beam
intensity is manually adjusted on the laser table to ensure that each beam in the pair has nearly
equal power. Upon launching the beam, the intensity in the tunnel is maximized agceteen
checked with a power metelf everything appears to be satisfactory, the wind tunnel can be
started and seed introduced. The fast Fourier transform ( FFefdailt into the DAQ code
allows for monitoring of the signdb-noise ratio for each beam pair. If a signal is too weak, the

laser intensity is measured between the probe head and the tunnel. In the case of differing
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intensity between beams in a pan attempt is made to maximize the power at the beam
launcher. If this fails to correct the problem, it is an indication thabphies may belirty or the

fibers must be polished.

2.11 Probe Traverse

A three stage traversesed in conjunction witthe probewas redesigned for lighter
weight and smoother operation. It was discovered that the previous traverse desigrcéat
wobble into the systendestabilizing theedesignegrobeheadsand causing misalignment. By
redesigning the traverse wistm emphasis on stiffness, aglninating unnecessary pieces in
both the traverse and probe hetha, traversed weight wasgreatlydecreased and the probe
wobblewas essentially eliminatedAs such, the time between alignments was increased due to

the lessened vibration.

The redesigedtraverseallowed for greater range of movement of the praipe, also
allowedfor positioning both at the front of the tunnel and rear of the tumrieth the previous
traverse did not allowEach positioning stage rsists of a Velmex BiSlide positioner with
Superior Electric MO92 series stepper motors controlled by a Velmex, Inc. VP9000 stepper
motor controller. An optical encoder, a Metronics Qu@iek QG1100, is attached to the y

position stage giving height réauts withint0.5 um

2.11Data Acquisition

Data acquisition waaccomplished througldBM compatible,Pentium 4 PC running
Windows XP SP3 utilizing a custom LabView data acquisition (DAQ) code. Previous data
acquisition systems relied on PATA hard diskves which created a data transfer bottleneck.

In order to alleviate this problem, a switch to SATA hard disks was made, which reduced the
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wall clock data acquisition times by more than a factor of thas time savingsllowed for
several additiorldbenefits including less time for laser drift to affect measurenssrs

minimization of flow property variationduring data acquisition

The DAQ code also controlled the vertical movement of the traverse withmicrons
of a designateg height via he RS232 output of th&/P9000 stepper motor controller. This
allowed for automated data recording where the acquisition computer could be monitored
remotely in case of seeding or signal issu@isotomultiplier tube voltage was recorded via a
StrategicTest UF.258 &it digitizer sampling at 250 MS/s on two channels. The 256MB of
onboard storage allows for a continuous sampling length of 0.54 seconds per binaddéion,
burst arrival time was recorded using the built in clock on a National instris 5112 ®it
digitizer. This feature was used to record the initial trigger time for each file sampled using the
continuous data acquisition method-baunwrdtedach b

acquisition méhod as discussed in Section 2.12

2.12Data AcquisitionMethodology

The CompLDV DAQ had origirlly been utilized to record continuous data péas of
0.54 secondsHowever, while recording 0.54s of data takes exactly that time, the transfer time
from the Strategid est card over the P@ius to the improved SATAdnd disk drivetakes
approximately twentfive times longer. This equates to a total data acquisition time of
approximate twelve to thirteen secoridseach 0.54s data point. tHirty seconds of data is
requestegber pointin theboundary layersixty data filesare generatedndtotal acquisition
time isclose to hirteen minutes per point.oFa ten tdifteen point profile which is quite

sparsetwo to threehours is necessary for each test, andecto 200GB of datis stored.
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Thistime delaypresents several problems. As time passes, there is a greater chance of
temperature wander in the tunnel if there are great changes in atebgetature However,
for all test results presentezhre was taken to suare thathe temperature the tunnektayed
within £0.5K of abaselingemperature valueThe same was not true for laboratory conditions,
which caused issues with the optics on the laser tabladdition, he lasers used are also
dependent on th&tability of the water temperatuused for coolingwhich can vary throughout
the day depending upon water usage throughouiuhaing in which the lalfacility is located
Gross fluctuations in wateernperature @re observed to cause great changdsaser power,

causing weak Doppler signals.

As such, an alternative data recording technigue o wn as-btulmes t ®gvesed h o d
developed in which only a requestadmber of bursts were recorded. Therefore, if 100,000 raw
Doppler bursts are desiredate point and 200,000 at another, these values can be programmed
into theLabView DAQ code and the system will automatically record just the data around the
burst trigger eventvhile simultaneously recording the burst arrival tinfénis cuts out much of
the O6noisebd signal that occurs between bursts
reducing the amount of memory needed to store the data and reducing the transfer times. On
average, only three to four minutes of wall clock time were requireettivd data for each
point, so a twenty point boundary layer profile could be recordddnaaine to one and a half
hours. An added bonus was that only 25 to 35 GB of storage was necessary per profile

depending upon how much buffer data was recorded dritngnburst.
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2.13Data processing

2.131 Computer Equipment

Due to the two different data acquisition methods, two widely varying amounts of data
needed to be prokessted.datFar p fisked@spoéskiagp was a
PC running an Il Core 2 Quad at 2.5 GHz withGB of RAM. In order to process the
continuous data, the Enterprise supercompémemerly located at the Virginia Tech Corporate
Research Centewas utilizel. This parallel system alvedfor the embarrassingly parallel
processing of each twelve point continuous profile in less than 24 hours, including data transfer

time, as compared to 72+ hours on the processing PC.

2.132 Processing Method

Regardless of the type of data aisgiion, the processing method was the sakdrief
discussion of the processing methods and codes is found below. Additionakitndorecan be

found inLowe [200€], Varano[2010], andHopkins[201(.

1 Step One, Frequency Band Selection: Since eagiplBosignal is carried by a Bragg
cell frequency, it is possible to decompose each burst signtd five individual Bragg
frequencies. A fast Fourier transform (FFT) is performed on one of the raw data files
from each measurement volume location dedrhaximum frequency peaks, and a
prescribed bound around them, are automatically selected as corresponding to a band of
interest. These frequency bands are then used to create band pass filters so as to limit the
scope of the signal processing in lateips.
o0 Since a low SNR value may produce misleading results, MATLAB is used to
plot the FFT resultan order to ensure that the proper frequency bands have been
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selected If the calclated frequency bands are found to be deficient, the user can
then manually update the frequency bands before creating simulategdsand
filters.

1 Step Two, Doppler Signal Extraction: With knowledge of each frequency band and the
appropriate filters, aigger data file is created by searching through one of the two data
files for acceptable burst signals. The user selects a SNR value to act as a trigger floor,
and the arrival times of any burst greater than this floor are flagged. The trigger file is
used to search for the corresponding data locations in the second data file. The bursts
from both files have their arrival time, frequency content, and signal to noise ratio (SNR)
extracted and stored to two corresponding files.

o This step requires somepatience on the part of the user, as too high of a trigger
value may reject too many bursts, while too low of a value can result in an
excessive amount of noise triggers, which have no corresponding burst in the
second data file.

1 Step Three, Combine Dat&his step simply combines the data files from the previous
step and counts the number of raw bursts found as defined by the trigger file.

1 Step Four, Frequency Clipping: In order to further reduce the amount of data, the data
extracted from the previousep is plotted on frequency vs. SNR axes using MATLAB.
This allows the user to further examine the frequency bands determined in Step One and
make any corrections that are needed. If corrections are needed, the frequency band file
and filters must be cogcted, and the data reprocessed from Bvep If the frequency
bands are acceptable, the user then manually removes data that does not appear to

correspond to a Doppler burst, i.e. background noise or noise spikes. This is done by
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setting a lower SNRound and maximum and minimum frequency values are selected.
Data which falls within the bound of the clipping are then written to a new file.

1 Step Five, Velocity and Position Solution: Using thstegn of equationseyeloped by
Lowe [200€], the position and velocity information for each particle passed by Step Four
is solved for using a linear solver and written to file. This step depends on the fringe
gradient model discusséu Section 2.8.1.

1 Step Six, Position and Velocity Clipping: The files created in Step Five are loaded using
MATLAB and the y and z position of each particle is plotted on a scatter plot. This
positiondata is then clipped based on where the measurement vappearso be and
raw U, V, and W velocity histograms, and acceleration histograms, are developed and
subsequently clipped at each profile point. Data which passes clipping is then written to

file for further processing such as extraction of velocity stasistic

2.14 Glass Cleaning and WalliRding

In previous studieghe wall location was initially determined by finding the point of
maximum flareas the measurement volume was passed through a glass bouHaiargccurs
when the center of the measurementmw passes through the wall boundary and scatters light
off the wall as well asanything deposited on the wadlich aDOP. The CompLDV has a much
larger, approximately 200 micromeasurement volume than most traditional, Htu@®ponent
LDV systemsand therefore creates more flare. eDa this, it was difficult to accurately loeat
the position at whiclthe centepf the measurement volume passed through the wind tunnel
floor. The larger measurement volume also causes a wider range in whiclvéiavbems the

PMTO® s, so that data cannot be obtained near
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In order to address these issues, the floor wall was carefully cleaned before taking data.
Ethanol was used in combination with lens tissue to remove DOP buildup without scratching the
glass floor. Usinghe SBench oscilloscope software distributed by Stratégst, the amount of
flare as the measurement volume passed through the floor was monitored. While even slightly
dirty glass woulctause flarete o mp | et el y s wa mprly tldareed fRMWald , a pr c
produce an almost negligible noise increiaskare between the glass/air interfaces. As such, it
was often difficult to determine exactly where thallhwas based on the maximum flare

location

During the frequency clipping step data processing, described above, it was observed
that there was a sharp euff in the frequency domain that corresponded to when the
measurement volume was partially located in the glass wall; an exantpig isfseen in Figure
2.141. The pointsat whichthis phenomenoaccurred was noted and used to help narrow the y

shift during the determination of the wall friction velocity.
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2.15Uncertainties in Volume Agraged Quantities

Due to the uncertainties in the linear behavior of the fringe gradients, a traditional jitter
analysis would result in difficult to quantify uncertainty distribution within the volume.
Estimates of uncertainties for volume averaged titiesmare based on two profiles obtained at
the same locations upstream of the vortex generator on two different days. This method was
determined to be the most appropriate method to calculate the volume averaged uncertainties, in
light of the fringe grdient problems, including uncertainties in the flow field and probe. These
uncertainties are based on 20:1 odds with approximately 50,000 bursts recorded péihesiat.
uncertainties are approximate 1.5x to 2x greater than the uncertainties of \2&ra@pgnd
Hopkins [2010], but this is can be explained by the larger measurement volume of the current

study.
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l‘) L') \ 12
ot 0.000178 | VY 351 x 10°
Y Y
17600
- 2.36 x 10°
Y

Table 2.15.1 Uncertainties in Volume Average Quantities
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2.16 Determination of Wall Friction Velocity

Based on tk work ofKuhl [2001], the modified Spalding Equatiaiue toMadden
[1997] was used to determine the propeshyft and friction velocity for each profile. #wo-step
iterative strategy was uséa determine the fit. fle data was harifit to the modified equatioto
provide an acceptable initial condition andrtla@iteraive solver was used to finalize thest

fit. Final results are shown in Section 3.4.

2.17 Difficulties and Suggestions

Lack of control overdb conditionssuch as wateasnd airtemperaturevariations
introduced to the lab after the original development of the Compi@ve found to have a
detrimental effect on the optical tabl¢ariationsin temperature of the water used to cool the
ion lasers causeatkcreases ilaser pwer and enough movement in beam path to cause burned
optic fibers. It was found that the water temperature varied with usage throughout the building
in which the experiments were conducted, and once normal operating hours were over, laser
output becamergatic due to the change in load on the watestem, especially durirgplder

months.

The optic table was draped by a plastic terrotect the optics frommontamination;
however heat generatelly the system wasappednside creating avarm steadystateafter
initial warm up When the plastic sides were moved, such asgltsam launchinghis
trapped heat would escape and the system wimddme destabilizedOver time, the system
would again reheat and the optics would wandersiogueduced beam power in the tunnel,
resulting in a repetition of the process. Under certain circumstances, the beam wandering

resulted inburned fibers, causing lost time in order tgpodish or reterminate the damaged
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fiber. This turned out to benainsurmountable problem during the months of January and
February as the difference in temperature in the lab and under the tesgvwwesand the optics

constantly wobbled as a result

Due to the changen the layout of the lab, the HVAC system shobédreexamined to
make sure that it is capable of providing the proper output. It may be possible to install a simple
water heater systetn address the water temperature issues during cold memdhsrovide a
buffer against changes in system usageutfinout the building. In addition, temperature
controlled mixing valves could be used to provide a constant temperature water supply that is

cooler than water supplied by a water heater.

In light of the success of improving the DAQ computer via the upgm8ATA hdd's,
the use of solid state drives should be examined as they become more available. The current PCI
Strategic Test A/D converter should also be replaced in the near future with either a newer model
with faster and more memory, and/or a newedel with a PGEXxpress interface, which will
significantly derease data acquisition timeBhis would also improve some issues noticed
during data processing where noise floors could change between data files. The processing
codes would need to be upeld to take advantage of a newer DAQ card, but this should be
considerecainywaysdue to the frequerdccurrencef the processing programs crashing, causing

significant lost time in debuggirand reprocessing.
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Chapter 3. Experimental Results

3.1 Introdudion

This chapter contains dimensiopahd nordimensionalizedresults for average
velocities, Reynolds stresses, turbul&imectic energy (TKE), and TKE transport at each
measurement plandreynolds strees and triple product correlations are presastecll as
wall friction velocity and measures of streamwise vorticity and heli¢ttyll mean flow,

Reynolds stress and triple produesultsat each spanwise locatiamon-dimensionalized og’

-0 W, andug= L , can be foundn AppendixA.

There were approximately 20 points in each prpfdgarithmically spaced betweer80.
mm and 52 mm In addition, two or threpoints were taken belo@00 microns in order to
determine the wall location. The 10.5 cm plane consists olgsaft z = 0.0,0.5,-1.0,-1.5,-
1.75,-2.0,-2.25,-2.5,-3.0,-3.5,-4.0, and4.5 cm. The 44.5 cm plane consists of profiles at z =

0.0,-1.0,-1.5,-2.0,-2.5,-3.0,-3.5,-4.0, and-4.5 cm.

It is helpful to consider each turbulence quantity agrdour plot to better understand
how the vortex generators have affected the flow fiddst every contour plot, except where
noted, shows z location in cm as the abscissa and z location in cm as the oiidirétenel
centerline location corresponttsz = Q0 cm, and the triangular areas where data is missing at
the top of each figure is due to beam clipping by the vortex generators, in the case of the
centerline, and by the tunnel structure, in the region of4&z5cm. Eacltontourplot was
devebped using a cubic interpolation of the data within MATL#Borderto be able to properly

differentiate the flow field on a regular mesh.
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3.2 Results ak = 10.5 cmPlane

3.2.1 Mean Velocities

Figure 3.2.1 demonstrates the characteristic thinning ofdhedary layer in the tunnel
centerline region due to the effects of the two common flow down vortex cores. This region is
apparent in the oil flow visualizatipghown in Figure 2.6,Jand isdue to the high wall shear
stresses in this region, as showiobe At the center of the vortex core laysearly vertical
line of zero V component velocity. This line corresponds with the demarcation between the high
shear stress region near the centerline and the outboard, low shear stress region, aiso visible
Figure 2.6.1. This line was used in conjunction with Figure 3.2.3 to find the approximate center
of the vortex core, estimated to be at 4825 cm at a height of y = 0.80 cm, which corresponds
to a y of approximately 550. From these measuremdritsfound that the height of the vortex
is approximately a quarter of the height of the boundary layer, which is 3.21 cm at this location.
Kuhl found that the core of the vortex in that study was located at half the height of the boundary
layer at the ame location. This discrepancy can be accounted for by the fact that the boundary

layer of the previous study was thinner and had a lower edge velocity.
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Figure 3.2.2Dimensional V, m/s, with overlay of secondary ¥W) flow vectors
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Figure 3.2.3Dimensional W, m/s with overlay of secondary W) flow vectors

The vortex cores of the current and previous study are at approximately the same physical
location,desyite the highecirculation of-0.0251 m?/s compared tduhl's-0.0234 m?/s,
implying that the vortex position is only dependent upon the vortex generator geometry. This is

shown in side by side comparisons in FiguBe&s4 and 3.2.5.
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Figure 3.2.4V/U.forthe Current St udy (Left) and Kuhl ds Study (Right)
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-91.5 4 -3l5 E1.5
z [cm)
Figure 3.2.5W/U.f or t he Current Study (Left) and Kuhl déds Study (
Researchel h (cm) h/t Rey Un(m/s) | U/ Ue | G Psin Csq
Derlaga 1.0 0.31 3500 17.8 0.843 -0.0325 -0.1826
Kuhl 1.0 0.62 1100 8.68 0.668 -0.0234 -0.2606

Table 3.2.1 Comparison of Circulation Information
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Table 3.2.1 lists a brief summary of the circulatimiormationfor both studieswhereUy
is the upstream velocity at a height equal to 1 cméand — is a nondimensionalized

circulation. Using the idealized leadirgdgesuction analogy fronPolhamus [196]8 with the

freestream velocity taken to bk, the idealized circulation for the current studyG€$916 ni/s

and f or Ku ROIO®4E misv Cleddy, the curierstudy has a much lower ratio of true
circulation to ideal circulation, but this is most likely due to the boundary layer thickness. The
vortex generator in the current study O6éseesd
compar ed t exgdlerdior andthiswmuldtaffebe vortex rolup along the sharp

leading edge.
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3.2.2Reynolds Normal Stresses

The normal stresses exhibit similar behavior to that noted by Kuhl. There is a tightly
focused peak ib at the center ohie vortex, which seems to indicate the value ofs an
indicator of vorticity, and shows a peak at nearly the same location. orheormal stress
shows peaks near the surface, similar to adweensional boundary layer, but shaagseak
with 0 just outboard of z =2.0 cm which corresponds with boundary layer thickening shown

by Figure 3.2.1.

Figure 3.2.6 Mean u? normal stress m?/s?
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Figure 3.2.7 Mean V* normal stress,m%/s’
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Figure 3.2.8 Mean w? normal stress,m?/s”

Figures 3.2 through 3.211 show the normal stresses agimensionalized ofY for
direct comparisonlt should be noted that the ndimensional is much stronger in the

current study, but that the nalimensional is weaker; thizan be attributed to the different

inflow boundary layers between the studies.
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Figure 3.211 Non-dimensionalmeanw?/U2n o r ma |
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3.2.3 Turbulent Kinetic Energy

The turbulent kinetic energiy0 O - 6 0 0 , term shows different behavior

than Kuhl's work as seen in Figure 32.nondimensionalized of,. While there are peaks in
the near wall region for this dataset, the magnitude is not as high in thet study. Instead,

peak TKE is shown at the vortex core, which is not surprising considering the vortex strength.

By examining the Reynolds normal stresses, it can be seen that the primary contributor to

TKE at the vortex core is the term Thisimplies that the isotropic turbulence assumption of

many turbulence models is not a good choice for thewalhgenerated turbulent vortex.

h
i
T

Figure 3.2.12 Dimensional TKE, m?%s’
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Figure 3.2.14 Dimensional TKE transport vectors, m/s, Current Study (Left), Kuhl's Study (Right)
The TKE transport vectors’Yi @£ ifY »  “Yi G&iFfY @ 060 00

O TYOOY » 60 00 0 T°YOOY "@showjitter, or low frequency, large
scale movement, in the floweld. The current study demonstrates significantly higher jitter than

Kuhl's study. Theres an area of high transppand therefore high jittenear z =2.5 cm not

present in Kuhl's work. This is most likely due to the large scale motion of theethBiow
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from the vortex as it impinges on, and then moves away from, the wall. This may not have been
evident inthe previous worklue to tle difference in vortex strength and stronger, more energetic
boundary layer of the current stud.shouldalso be noted that the spreading of TKE through

the boundary layer as shown in Figure 3.2.13 can be seen in the vectors of Figure 3.2.14. This

may contribute to the breakdown of the vortex as will be seen at the 44.5 cm plane.
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3.24 Shear Stresses

Thed Ushear stress and Ushear stress demonstrate an alternating behavior. In the
region roughly below the vortex core,Upeaks ands straddledcby regions of lowv 0, while
the reverse is true above the core. As was noted bly #iigstudy also shows a similar
increase inh Uproduction near the wall and then spikes near the vortex core due to production
and diffusion. Focus should be given to ¢héstress, as this term indicates the region of
boundary layer thickeningientioned above and an area where the vortex has intense interaction

with the wall.

ik

0.4

0.8

Figure 3.215Mean uv shear stressm?/s?
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Figure 3.2.16 Mean uw shear stressm?/s?
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Figure 3.217 Mean vw shear stressm?/s?
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3.2.5 Reynolds Stress Coelations
Several algebraic relationships were used to examine the Reynolds stidsses.

parameter—=is shown in Figure 3.28. Both the current study and Kuhl's study show similar

behavior; a region of negative correlation beneath the core, positive correlation outboard, and

zero correlation away from the wall.

O o

Figure 3.2.18 Parameter, Current Study (Left) and Kuhl dés Stu

O o
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