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ABSTRACT

Turbdent boundary layer and metamaterial properties were explored to initiate the viability
of conrolling acoustic waves driveby pressure fluctuations from flowA turbulent boundary
layer scaling analysis was performed on zpressuregradient turbulent @undary layers over
rough surfacesfor o ft T T'Y'Q p 7ihi . 1Relationships between fluctuating pressures and
velocities were explored through the pressure Poisson equation. Certain scaling laws were
implemented in attempts to collapse velocity speatré turbulence profiles. Such analyses were
performed to justify a proper scaling of the ln@quency region of the wafiressure spectrum.
Such frequencieare commonly associated with eddies containing the largest length scales. This
study compared tke scaling methods proposed in literatditee lowfrequency classical scaling
(velocity scal€Y, length scale), the convection velocity scalind{ Y, ), and the Zagarola
Smits scaling¥ "Y,7). A default scaling ™, ) was also selected as a baseline case for
comparison. At some level, tldassical scalindpest collapsed rough and smooth wall Reynolds
stress profilesLow-pasdiltering of the scaledlurbulence profilesnproved the roughvall scaling
of the Zagaroleé&Smits and convection velocity lawldowever, inconsistent scaled results between
the pressw and velocityequiresa more rigorous pressure Poisson analydie selection of a
proper scaling law gives insight intarbulent boundary layeras possiblesourcedor acoustic
metamaterials. A quiescent (no flow) experiment was conducted to mélaswapabilities of a
metamateriain retaining acousticurfacewaves.A point source speaker provided an acoustic
input while the resultingoundwaves were measured with a probe microphdweusticsurface
waves were found via Fourier analysis in tiared spaceStanding acoustic surface waves were
identified.Membrane response propediwereneasured to obtasource conditiogharacteristics
for turbulent boundary layemce the metamateried exposed to flow
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GENERAL AUDIENCEABSTRACT

Aerodynamicists are often concerned with interactions between fluids and solids, such as
an aircraft wing glidig through air. Due to frictional effects, the relative velocity of the air on the
solid-surface is negligible. This results in a layer of slower moving fluid near the surface referred
to as a boundary layer. Boundary layers regularly occur in thedblid interface, and account
for a sufficient amount afoise andlrag on aircraft. To compensate for increases in drag, engines
are required to produce increased amounts of power. This leads to higher fuel consumption and
increased costs. Additionally, mdsbundary layers in nature are turbulent, or chaotic. Therefore,
it is difficult to predict the exact paths of air molecules as they travel within a boundary layer.
Because of its intriguing physics and impacts on economic costs, turbulent boundarydsgers h
been a popular research topic. This stadglyzedair pressure and velocity measurements of
turbulent boundary layers. Relationships between the two were drawn, which fostered a discussion
of future works in the field. Mainly, the simultaneous measigmats of pressure on the surface and
boundary layer velocity can be performed with understanding of the Pressure Poisson equation.
This equation is a mathematical representation of the boundary layer pressure on thel$usface.
study also explad the pasibility of turbulentboundarylayerdrivenacoustiemetamaterials.
Acoustic metamaterials contain hundreds of cavities which can collectively manipulate passing
sound waves. A facility was developed at Virginia Tech to measure this effect, with ai@ from
similar laboratory at Exeter University. Microphone measurements showed the reduction of sound
wave speed across the metamaterial, showing promise in acoustic manipulation. Applioations i
metamaterials in the alterire sound caused by turbulent boanglayers were also explored and
discussed.
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Chapter 171 Introduction

1.1 Motivation

Fluid forces dominate our natural world. Their influences are shown inimmigact
weather events such as hurricanes and tornadoes. In recent history, such forces have been
harnessed for energy phaction and transportation, both being essential aspects of the modern
economy. In each of the aforementioned applications, ad$luithce interaction occurs. Whether
itdéds an aircraft gliding through aiens,somer a
interface where the fluid meets a solid surface. Such interfaces are known as boundary layers.
Turbulent boundary layers (TB)L occur when frictional forces break down inidk; causing
chaotic flows. TBIs have initiated much interest. This iscaedited to their wideange
applicability, and the lack of current modeling technigu&sowledgeof this flow phenomena
will increase understanding wviscows flow-to-surface interactionsthe vibrations stirred from
strong pressure fluctuations causeuctural ware and acoustic externalities. This also effects
performance metrics, totaling over half of the drag experienced by aircraft andlsemt al,
2014).Results from this boundary layer study aim to ultimately increase vehicle efficienules, a
lower the environmental impacts of unwanted noise. Thisbsilaccomplished by analyzing the
largest length scales of th@undary layer flow. Understanding thaseais crucial, because the
occurringsignificantflow structures will incur strong vibtimns on the wallSuch understanding
stems from a proper selection of a nequency waklpressure spectrum scaling law. Several have
been proposed in literature. This work will justify a proper law by analyzing similar scales in
regards to velocity spa@a. Relationships are established through the pressure Poisson equation.
Thegoal of theselected scaling tocollapsebothpressurend velocityspectra regardless of flow
and surface condition$herefore, a proper scaling law will increase the infmron of TBLs as a
source term. This is beneficial, because the consistent occurrence of TBLs makes them desirable
as energy drivers to a particular syst&acent research in acoustic metamaterials has made them
a contender for such application. Thesenaterials couldentrap acoustisurfacewaves from
TBLs and redistribute them\pplications for this technology include passive flow control and
acoustic mitigation techniques.

1.2 Turbulent Boundary Layers
1.2.1 Background

All fluids have some vis@ity, which is aresistance to sheaFor example, it is more
difficult to stir a jar of honey than water, hence honey is a more viscous Naal. the fluid
surface interface, the viscous forces of the fluid begin interacting with the motion of th&lveall.
local fluid velocity decreases age approach the wall, until a zespeed condition is reached at
thefrictional surface. This forms a velocity gradient in the flsigiface regime, also known as a
boundary layer. Boundary layers were initialheoized and observed by Prandtl (1904). He
concluded that when the frictional forcesao$olid bodyinteracted withviscous forces of a fluid,
the fluid adheres to the surface so that its velocity is either zero, or that it matches the body velocity.
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Figure 1.1- The various regions within a turbulent boundary layer along with their estimated non

dimensional wall normal positions @

He also made observations of this phenomena through water tank experiments, where boundary

layers and wakes wereeated from obstacles in the flow.

In addition to viscous forces, fluids in motion also carry an inertial force. The relationship
between these two are quantified through a dimensionless quantity known as the Reynolds number.

A common definition for the Rewlds number is shown in equation 1.1,

Yo
YQ —/——

(1.2)

where” is the fluid density;Y is the freestream fluid velocitgpis some characteristlength,
and’ is the dynamic viscosity of the fluid. The numerator containmderssociated with the
inertial properties of e fluid while the denomitor carries the viscous teriherefore, the
Reynolds number increases as the inettialiscous force ratio increasekhis relationship was
derived by Reynolds (1883) through observations of colored die in water pipe flolos: Aow

speeds, Reynolds saw a smooth die band as it moved with the water. This phenomenon is an

example of laminar flow, where viscous forces dominate and keep the die band under control. As
the pipe flow velocity increased, the band began to dispermséng with the surrounding un

col ored water. This increase in

t he

fl

owoO s

Oftentimes, the selhixing of the fluid with increasing Reynolds number is stochastic. Fluid
mechanists commonly refeo this as a turbulent flow. Turbulent flows are consyaatianging
with time with respect to velocity and pressure fluctuatioftse constant mixing also creates
eddies and flow structures of varying size and length scales, which travel with the fierand

velocities.

f

The presence of turbulent flow in boundary layers has been the subject of study for the past
several decades. Commonly referred totwabulent boundary layers (TB), these flows are

commonplace in many fluidased engineering appdittons.

r
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1.2.2 TBL Regions

As shown in figure 1., 1ITBLs are comprised of severalgions. Each secin plays a role
in the momentum and energy transfeatwol-from the wall into the flow. It is convenient to utilize
a dimensionless watiormal position ten to quantify the location of each regiolative to the
surface. Clausr (1956) used suchtarm, as seen in equation 1.2

. WY 1.2
o (1.2

wherew is the wallnormal position;Y is the friction velocity, and is the kinenatic viscosity.
The friction velocity is term used to quantify the relationship between the wall and fluid of interest,

and is typically expressed 2 t]", wheret is the wall shear stresSchet2010) reports

the location of thee regions within TB& as follows: the viscous region from w o Tthe
overlap region fromo T @ o m,7and the outer region from 1 T @ to the edge of the
boundary layerAlthough researchers have given these areas describable locaimmss mixing
occurs between éhlayers due to turbulence. TBkonsist of various flow structures which travel
in-andout of each region, moving both towards and away from the wall in a random, cyclic fashion
(Grass, 1971)

The viscous region coaminstwo sublayers: the lineaublayer and the buffer sublayer.
Located neareghe wall, the lineasublayeroccursfrom the high viscous forces whiaxist
because of thBowd s  snbvementelative to the wallThis layeracts as a nslip condition for
the rest of the boundary lay&reenivasan, 1989This is an important assumption to make in
fluid dynamic calculationsbecause it provides a boundary condition needed to form analytical
solutions. The buffer layer resides just above ihealrsublayer.Turbulent interactions begin to
form in this regime. In facturbulent flow structures thahake their way into the boundary layer
from the outer flowdissipate into considerable amounts of turbulent kinetic energy. The buffer
sublayer is the peak energgoduction and dissipativaaea in the entire TBL. However, turbulence
cannot be sel$ustained in this region. It remains greatly influenced by interactions from the above
layers (Gaeel-Hak & Bandyopadhyay1994).The velocity profile inthe viscous regn can be
described mathematically in the following form.

6 w'Y 2.3

Y ;

This equabn is in similar form as Claes (1956). The righkhandsidenormalizes the local fluid
velocity, 0, on the friction velocity. This nedimensional quantity can also be described as

6j Y. Therefore, equation 1.8an be reworked to reach the following forna ® . This is
known as thd.aw of the Wall This law hasmanycapabilities and can be applied to flow over
plates, through pipes, and through channels (Lud&eéigiman, 1950.

We now direct our attention to the outer region of the TBiis area lies in between the
inner boundary layer sections and flow outside of the boundary layer. Once we step outside of the
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boundary layer into the remaining flow, inviscid assumptions gaeerally valid for flow
calculations. Since the outer region is the furthest away from the wall, only the largest of eddies
and coherent structures in the boundary layer are observed. This remains an important region to
understand, considering that largdies drive pressure fluctuations at the wall. More on this topic
will be discussed lateReturning to analysis of Claeis(1956), the velocity profilen the outer
region t&es the form shown in equation 1.4

6 Y | o 1.9

':'Y Q (.I_

where'Y is the edge velocity, andis the boundary layer thickness. Térige velocity is the local

velocity of the flow at the boundary layer edge. Huenerator on theeft-handsideis known as

a velocity defect, because it is the differenceveein the local value, aride edgevelocity term.

Hence, equation 1.4 also known as the velocity defect latiis law was initially theorizetly

von Karman (1930)yhilst determining governing equations for turbulent flow in groowatice

thatthe vaiables in equation 1.describe the largest scales of the boundary layer ( @) , whi |
the variables in the law of the wall describe the viscous behavior near the suyface (

Equipped with equations of the velocity profile in both the viscous region and the outer
region, itis possible to derive an expression for thexlap portion of the TBLThiswaspresented
by Claugr (1956), andadditionally describedy Schetz (2010 With some manipulationfo
velocity defect law, the rightandsidecan @uate to the righbandsideof equation 1.3This is
shown below

L (1.5a)
'rY j 'rY
o) 'Y (1.5
= Q—
v ;

Since the law of the wall and velocity defect law exist in their respected regions, the velocity
profile of the irbetween (or overlapping) area must satisfy betuations.Millikan (1938)
approached this conclusion experimentally through studying pipe and channeTtasvwsoncept

is appliedmathematicallyusingthe logarithmic operator, because it can equate the adtied

term of equation 1&tothew 6 |’ term inside of the g functicim equation 1.5bThis results in

two new logarithmic equations which describe the velocity profile in the overlapresfiown in
equations 1.6a and h6

6 Y .. (1.69
oy ol 1 19 6

6 Q7Y

~ ol 1T €— 6 (1.60)
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where A, B, and C are constaritgider this context, the overlap layer is also referred to as the log
layer by aerodynamicist&dditionally, Schetz (2010stated that another form of the l@yv is
used under the following formulation,

6 p. Y 1.7)
v i ©
wherell 1 Tp m70. Coles (D56) expanded on this equation to makapiplicable to the outer
region His rendition is shown in equation 1.8
6 p, Y . 1, ® (1.8
= =l 1= —0 —
Yoo 2 Y

wheretl is a profile parameter andis the wake function. Equation 1.8 is also knowil las Law
of the Wake

With a fom of the overlap layer established, physical explanations of gwhamisms
which drive this region are desired. As we increase from the viscous region to the overlap
region, viscous effects become negligible. This includes the presence afsvisitessesThis
leavesturbulence as the main contributof stresses imparted on the flogGadel-Hak &
Bandyopadhyay 1994). Such stresses can be quantified as Reynolds stresses. Analytically,
Reynolds stresses are derived from a Reynolds decomposition of the-Sikies equatns
Physically, Reynolds stresses areated from momentum transfer by a fluctuating velocity field
(Pope, 2000). Throughout this body of work, Reynolds stresses will lesegyped in the following
form: 6 , Reynolds normal stress in tf@ direction, and 6 , Reynolds shear stress on tiie
plane in the@h direction A conventional vector index notation will be usadere’Q p is the
streamwise directiori) ¢ is the wallnormaldirection, andQ o is the spanwise direction. The
same rules apply for th€@ndex.The ar gument f o rs theqyioo Classicalg Mi | |
Theory)is that the overlap layer has to be under a condition of carsttasgSreenivasan, 1989;
George &Castillo1997) This is best explained through a velocity gradient analysis performed by
Gadel-Hak & Bandyopadhyay1994). The mean velocity gradienttbe constant stress regimn
proportional to the square root of the constant Reynolelsrstress,lown in equation 1,9

1Y 6006 ! (1.9
T @

where"Y is the mean velocity in the streamwise directidadel-Hak & Bandyopadhyay1994)
disregarded viscous termith the assumption théte momentum flux cdiconstanistress region

is driven solely by turbulencd. this equation is integrated using the velocity at the edge of the
laminar sublayer aa boundary condition, equation 1cdn be derived. The argument against
Mi | | g tlhearysdhat a truly constant Reynolds stressrily obtainable at anfmite Reynolds
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Figure 1.2- Distribution of Reynolds shear stress as a function of Reynolds number and wall normal position

8Constant shear stress region found in overlap region at higher Reynolds number. From Sreenivasan
(1989).

number. Figure 1.2 displays the effect of Reynolds numbers on Reghelaistresses throughout
various regions of th@BL. Notice that as thd&keynolds number increases, the stress slope
approaches zero in the overlap regime. Additionally, one can see the rapid decrease in viscous
stresses with increasing (w in Gadel-Hak & Bandyopadhyay1994) notation). Lon& Chen
(1981) arguesgainst the Classical Theory by concluding that there are, in fact, significant viscous
effects in the overlap region. George & Castillo (1997) seconds this idea by proposirigtiece

of a mesolayer in between the overlap and viscous regions. Whdeusisstresses remain

negligible in the mesolayer, viscosity acts on the turbulence which produces Reynolds stresses.
1.2.3 Rough wall effects

The mean velocity profiles previously mentioned are for flows over smooth walls.
However, surface bodies in reabrld environments contain some roughness. This must be
accounted for in fundamental TBL research in order for its outcomes to have significant
engineering importanceélikuradse (1933) studied fluid flow through rough pipes, and categorized
the flow condiions into three ranges dependent on Reynolds nuntberguantified a resistance
factor to describe the effect of roughness on the flasmow Reynolds numberghe resistance

factor between smooth and rough walls are the sheswause roughness elememtswithin the

laminar sublayer. Nikuradse labels intermediate Reynolds numbers as the transition range. In this

regime, he determined thdte resistance factor iscreased because the laminar sublayer is now

equal in magnitude to the roughness elemekithigh Reynolds numbers, Nikuradse found that
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Figure 1.3 - Mean streamwiseTBL velocity profiles expressed irvariables consistent with the log law. Data
taken from experiments used in tls study. See legend in figure 1.5rom Joseph (2017).
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the resstance factor becomes independent of Reynold number, and instead is a function of

the roughness scales.

Clauser (1956) incorporated rough wall contributions to the mean velocity profile in the

equation 1.10,

0
Y

whereYo]Yi ndi cat es

=|0

iiw'Y 5 Yo
’ T'Y
the vert.

c al

This shit is shown in figure 1.3. Claasdefines this factor as

Y6

Y

p. . QY

0O

s hi

ft

(1.10)

n

t

(1.11)

he

where "Qis the roughness heighhd O describes the-intercept Perryet al. (1969) altered this
definition, as shown in equation 1.12

where i s referred

velocity profiles due to wall roughnesd is calculated by moving said profiles so that they have

t o

(1.12

apsovide$ aehysitad matrio to describe the shifjin n 6 .

a logarithmic form near the walPérryet al., 1969) Perryet al use$ to describe two common



types of roughnest ur bul ence interactions. Ondez this i r st
configuraton, roughness elemenige spaced out so that eddies formithin the interstitial
spacecan easily travel up away from the wall. Therefore viglecity profile within tre roughness

regime formsnto the velocity defect. The characteristic velocity and length scales are the friction
velocity and roughness heights respectively. Peral adds that shares length scales within

t he 06k 6 distributignhTThe secondtypedssd & r oughness. UnPgreyr t hi s
et al explains thatoughness elements are more tightlgcked together. Eddies formed in this
interstitial space creat¢able vortices within the roughness lattice. yrhee essentially trapped in

the roughness regimand fluid shedding into the outer region is negligible. Therefore, the outer
region flow glides above the roughness regime, unaffected by the surface slé&udiionally,

Perryet al concluded thgt cannot be accurately predicteddrd 6 t y p ecaseslhigflown e s s
depiction is analogous with th&all Similarity Hypothesiswhich was formulated by Townsend
(1976) and reiterated by Raupaeh al (1991). This theory states that the boundary layer
turbulence outside of the roughness regime maintains consistent behavior, regardless of the
underlying surface roughnesbmenez (2004) performed a case study on a variety of rough wall
TBL data, and concluded that rough wall effects are controlled byduwghness parameters. The

first is the roughness Reynolds numb&, which revealsthe interaction between roughness
elements and the buffer layer. The second is the blockage @tipwhich describes roughness
effects on the overlap layer. Jimenez notes thatdifficult to make sense of historicalughnes

data due to poor trends, andygasts future experimental data where the roughness Reynolds
number and blockage ratios are large enough to be free of any transitional 8éecington

(2004) performed a roughness study in a small boundary layer wineltusing Lazer Doppler
Velocimetry.He concluded that horseshoe vortex structures form in front of elements, and increase
skin friction drag from interactions with highomentum fluid from the outer boundary layer.
Additionally, Bennington found that einents with sharp edges increase the turbulent kinetic
energy due to the flow separations they impart.

1.2.4 Flow Structures

As previously mentioned, TBL consist of various flow structures which operate
throughout each region. One of the main transfechanismg$rom the inner to outer regionsear
streaks. Such structures werbharacterized by Klineet al. (1967) throughhydrogen bubble
visualizatiors. They found that streaks originate in the laminar sublayer, and lie in various patterns
on a smooth wallThey form elongated strips of fluid in the streamwise direction, and oscillate
slowly with the oncoming flow. Klinet al (1967) compares their movements at this stage to flags
flapping in the breeze. The presence of streamwise vorticity in the floatetethe streaks ay
from the wall. As they rise tao o Tithe streaks oscillateith increased strengtland lose
geometric integrity as turbulence levels incre@dme et al,, 1967) At this point, the streaks are
ejected into the outer region of the boundary lagatino & Brodkey (1969) found #t the
energetic nature of such ejections contributes to the generation of Reynolds SBesse£1971)
concluded that the introduction of roughness elements to the surface caused more vittamg,ejec
and suggested additionaktabilitymodesKline et al (1967) dubbed the streak rHard-ejection
process fAburstingo, and contributes indrgyt o a
transfer mechanism in TBL Smith (1978) found that the bursting could create lifted vortex loops.
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These are ab known as hairpin vortices, and can extend from the wall to the outer region, or even
beyond the TBL (Head & Bandyopadhyay 198Additionally, Brown & Thomas (1977) found

that burstingorrelates highrequency wall shear fluctuations widrge-scale notions in the outer

region. Grass (1971) used similardrogen bubble experimentation methods, and found that the
upward streaks were often paired with fluid inrush phases. Such phases are known as sweeps, and
carry hgh momentum fluid from the fregeamto the wall. Grass (1971) concluded that the
sweepstreak interactions generate considerable turbulence, and occur randomly due to some
strong threadimensional instability mechanisibeeet al (2014) used particle image velocimetry
(PIV) analysis to reva shear layerghroughout the TBlcaused by the opposing swestpeak
structures Even though there is consicgble turbulence caused by such interactions, they are
necessary to uphold the integrity of the TBL. Corino & Brodkey (1969) found that sweepiowg

of the flow, afterejectiors, re-formsthe typical boundary layefelocity profile.

1.3 The Pressure Poissoizquation

The turbulent kinetic energy created by the vasiflow structures in a TBL produces
pressure fluctuations on the surface. Tature of such fluctuations can be explained analytically,
in a form used to quantify the surfaper e ssur e fi el d i n terms of t he
Such a mathematical analysis begins with a momentum balance across some differential volume
of viscaus flow. This balance reveals the wielown NavierStokes equations. They are shown i
equation 1.13with a vector index notation form consistent wlegg & Devenport (2017),

00 Tw
where 0 is the ikt ant aneous vel oci ty, and the mat er|i
acceleration@0 j O0 ®). The remaining term can be broken dowm as rj . » Wheren

is the instantaneous pressure, is the Kronecker d&, and, is the stress tensor. Through

incompressible flow assumptior@legg & Devenport (2017) showed that the gradient of the stress
tensor can be writteas equation 1.14

. (1.1

— ‘no
Tw

wheren is the Lapacian operator. \th some rearranging, we arrive at equation 1.15
pln O (1.19

AL

Expansion of the lefhandsideof equation 1.1%sing the extended form ¢f and equation 1.14
yields equation 1.16



pT N p 11 (1.16

Substitding back into equation 1.1%nd taking the divergence of each side forms the new
relationship
p .1 . [0} (2.17

no ;nT_(:\) ‘n oy nOa‘)

We cansimplify the lefthandsideby using the relationship 1| jT @  nr, wherer is the
gradient of the instantaneous pressure.

nog‘% ‘n P n:)?nr‘] “n (1.18

Using the distributive property of the gradient, we can obtain the following.

no E,‘]L ‘n Y no ?nr‘] no’ ny (1.19

Assuming that and’ are constant scalars, we can communicamtbut of the vector calculus
operations.

P (1.20

Pare o Puom non

no

By using the following vector calculus identij@s3iry n r andn On 0 non) ,we can
substitute into thenext equation.
Pt P ‘ (1.20)

n T H—— n —n 'non
0 - o V] - n 0))

We set an aside to introduce the continuity equation, which describes the conservation of fluid
mass through some elemdnt@lume. Using the notation délegg & Devenport (2017), the
continuityequation is shown in equation 1.22

I Y (1.22
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Through incompressibility assumptions, we thk§T o 1, and therefore simplify the equation
to the following form.

T 0 (1.23

We can now substitute thislationship back into equation 1,2& obain the final form of the left
handside.

p .1 p (1.24

N— ‘10 SN

Moving onto the r.h.s of equation 1,We can start by expanding the material derivative.

ﬂS—(,)U‘ noT—U‘ oT—lf (.29
0o T O Tw

Sincev is the instantaneous velocity,d 0 jT o T Additionally, wecan use the identity form
of the divergence shown in equations 1.P@a26h

(O VNN B NV (1.263
"S5 TolTe

Qb T0TO (1.26H
"O5% ToT e

Equating thesimplified versims of the lefthandside and ight-handside, we arriveat the
following equationThis is known as thBressure PoissoEquation

Pojy 1070 (1.27
T ol w

We can now perform a Reynolds decomposition, where #taritaneous velocity can be written

as a sum of its mean and fluctuating componénts,”Y 0.

[ 'Y 617 ¢ (1.28
" T T®

”

We can now distribute and foil out the velocity terms toiee the following equation.

Py TYIY T7VI6 1017V 1616 (1.29
Tolw Tolo Tolw Tolw
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We can simplify the equatioby assuming that the only noegligible mean velocity gradient
term ig "YjT o (Kim, 1989).

N STETE Tol o

Reynolds decomposition can also be perfednon the instantaneous pressure, resulting in

N nNaewheren andnaare the mean pressure and fluctuating pressure respectively. By equating
the remainder of this analysis figewe can analytically predict how the fluctuating pressure will
behave under a TBL. Therefore, the following equation is set eqat to

P T'Y16 1 06 p | (1.3))
N I s bl |
Twlw Tl w

We can substitute for the final subtractivemen the r.h.s using equation 1.30

Py TY1e 1 066 1'Y1o 1 66 (1.32
Toleo Too STole Too

The overbars desigratimeaveraged, or expected value, quantities. We can further simply with
knowledge that the expected value of a fluctuating component is orlgeggible when it is
multiplied by itself. This yields the final form of the equation, also known asl¢bhemposed
pressure Poisson.

p . 1Y16 1 606 60 (1.33
Tl o Tl @

Thedecomposition analysigveals the Reynolds stress tensod, . Mansouret al. (1988)
characterized the energwahsferbetween elements of the Reyn®ktress tensor. They found that

energy entered the boundary lagl@ough the streamwise Reynsldormal stress) . Indirectly,
the Reynol dos , aduiees energy inra similsr,manneioyas& Jimenez(2008)

found that the energy acquired by was two times that ab 6 in the outer layer. The energy
from both terms is then either trd@sed to the remaining Reynaldhormal stresses through the
pressurestrain budge or dissipated. Because most of the energy in the boundary layer is

initialized byo , it is a driving factor for the pressure fluctuations and the resulting energy cascade
through the boundary layer. Additionally, Blake (1986) found that thespre wavenumber

spectra is dependent on. This makes physical sense, due to the rising and falling motions of the
streaksweep interactions within the boundary layKmn (1989) and Mansouet al. (1988)
decomposed the pressure Poisstmthree separate parts: a ragiitiear)term,0 , which responds
instantaneouslio changes in the mean flow, a sl¢vonlinear)term,d , which responds to mean
flow change indirectlyia nonlinear interactions, and a Stokes tefm, which eaforces an
inhomogeneous boundary conditidimese three terms are shown below respectively.
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P, 17Y16 (1.343

o T )
P, T 606 00 (1.3D)

vt Nee Tl ®
P (1.349

The rapid term is a function of the produce of mean and fluctuating velocity gradients, while the
slow term is comprised of the defect between fluctuating velocity and Reynolds stress gradients.
Panton & Linebarger @74) referred to the rapid and slow terms physically as the turbulence
mean shear interactions and turbulehgbulence interactions respectivelynderstanding the
analytical significance of each term can expose dominances in the boundary layer physics.
Kraichnan (1956) found the turbulenroeean shear interactions to be dominant in low Mach
number channel flows via experimentation. Alternativiiym (1989)used numerical simulations

to showthat the rapid and slow terms wesienilar near the wallwith the slow term dominating

the outer region. Additionally, it was found that the tetnd jT @ 106 jT @ was the most
dominating nodinear source, because of its presence in streamwise vortices. The pressure Poisson
can be integratedver some fluid volumep, to solve for the wall pressure at a locatoThis is

shown in equation 1.35

S 1°Y16 1 60 06 Uy « (1.39
i — R —
! T eio Tl w ® (S

«h

whered is the observer location from which the fluctuations are perceiMselrighthandsideof

the equation is written in terms of the instantaneous and mean pressure respectively. This form
was introduced by Glegg & Devenp@2017). They used a different approach in their derivations,
originating from Lighthillds wave equation, a
wall condition.

1.4 The Fluctuating Pressure Spectrum
1.4.1 Background

All equations in thepressure Poisson derivatiemist in the time domain. However, it is
often beneficial to analyzéurbulentdata in the frequency domaifor example, it is more
perceivable to imagine a collection of eddies oscillating at different, general frequermnet) th
picture al of their behaviors collectedhto some single time signal. The Fourier transform is used
to translate data intthe frequency domain. Equation 1.8&plays the lethandside of the
integrated pressure Poissoruation undergoing the tnaform,

13



DESCRIBED BY OUTER DESCRIBED BY INNER
VARIABLES, w8 /U, < 100 VARIABLES, wr/Uf > 1
CONVECTED

TURBULENCE CONVECTED TRANSITION SUBLAYER
| IN WAKE TURBULENCE ZONE DOMINANCE
REGION IN LOG REGION .
+
20 < vy < 30 vp < 20

Y.
2 > 0.6

30< V; < =2000

wb -
T EQUATION (B-d5)

10 log B, /Ul ip2 U2

8 2.
o= EQUATION (8-43) -5
'00. wd
~l— EQUATION {8-46)
Ve,

s

169 wé /Upg

Figure 1.4- Smooth-wall fluctuating surface pressure spectrum from Blake (1986)
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The Fourier transform integrates across the time domain, and defines the fluctuating pressure as a
function of angular frequency,] . Researchers who quantify the fluctuating pressfiee TBL

in the frequency domain typically perform spectral analysis. The analytical form of obtaining a
spectrum is shown in equation 1.37,

o e (1.39
Y -.Yor]T ni

where”Y is the twoesided autospectum dhe fluctuatingpressureO is the expected value
operator, and)” 1 is the complex conjugate of tflactuating pressure. Equation 1.87erived
using the autocorrelation function, as shown in Glegg & Devenport (201 Bedht & Piersol
(2010. Spectral angsis is a powerful tool used to quantify energy levels of TBL structures at
their respecteddctuation frequencies. Figuredldisplays a typical spectral curve for a TBLa
wake flowover a smooth surfadkeorized by Blake (1986] he frequency, , is displayed on the
horizontal axis while the spectral energy of the pressure fluctualionss on the verticalThe

plot is defined by logog axes to highlight contributions from higher frequency regions. There are
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additional parameters incorpogdtin the axes definitions. For example, the spectral energy is
normalized by the boundary layer thickness, freestream velocity, density, and friction velocity,
while the frequency is normalized by the boundary layer thickness and freestream velocity. The
combinations of theseariables are known as scaling laws. Suoéthods are used to describe
dominatingfeatures othe flow. This is tested by redugnhe scaling parameters of T8under

a variety of conditions, such adifferent surface roughness cogftirationsand freestream
velocities. If these parameters collapse the spectral profile®pof one another, then such
parameters can be used to describe dominating flow physics and increaizeméntal
understanding of TB& Returning to Figure 1,4vesee that at the lowest of frequencigsy

1 11Y  p 1t 8, defines spectral energy in the wake region. The positive slope indicates a rise

in turbulence levelsand thereby pressure fluctuation magnitudssye enter the boundary layer

from the freestreanlThe maximum portion of thepsctral curve occurs gt 1 1j7Y

p 1L This region is described by fluctuations of the largest eddies in the boundary layer. With
further increases in the frequency, the spectral levels decrease. This corresponds to the decrease in
eddy ste and depicts the energy cascade down through the boundary layer. The slope at the highest
of frequenciesp ™ 1 1j°Y  p 1€, signifies the smalscale eddies oscillating near the wall,
where viscous effects are considerable.

1.4.2 Scaling laws

Blake (1970) made initial strides in scalirgugh wallturbulent mundary layer pressure
fluctuations He measured TBLin a lowturbulence wind tunnel facility using wathounted
pinhole-capped surface pressure microphones. The pinhole caps lowerdidphragm exposure
to the flow, enabling increased spatial resolution. Measurements were made over smooth walls
and surfaces layered with roughness elements. Momentum thickness Reynolds numbers ranged
from Y T 'Y Q ¢ §n m.1iThe measurements were also made with a negligible pressure
gradient along the streamwise direction. This can be assumed for the remainder of the review,
unless otherwise stated. Blake found that the pressure spectrum was best accorbplished
identifying two scalings, each describing either the low or high frequency regions. This is due to
the vast differences in time and length scales across the frequency domain. For the outer region,
Blake proposed the scaling “Yjt1° vs.1 1°7Y , where] “ is the displacement
thickness. This scaling was found to collapse smooth and rough wall data onto different spectral
bands. Additionally, Blake proposed two inner region scalings. The sdglingYjn ' vs.

1 'i7Y was used on smooth wall data whige “Yjt Q vs.] "QjTY was created for

rough wall data. In the aforementioned scalini the dynamic pressure aff is the averag
roughness height. Blake noticed that his rough wall scaling failed to collapse data at the lowest of
frequencies, the difference in the trials being the shape of the roughness elements. Blake concluded
that the wallpressure fluctuations share dynami@ecteristics with the sources that produce
them. This carries onto the formulation of a scaling. For instance, the outer frequency scaling is
comprised of parameters which describe the largest flow sC¥lels {) while the inner frequency

scaling shows dominating viscowariables near the wall J. The classical scaling is another
pressure spectral normalization method. The outer region stakiegthe forng  "Yj T 1 vs.

1 1J7Y ,andthe innerscalingig  “Yjt ' vs] 1]j7Y .The outer region scaling is shown
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inFigure3.2bThe scaling has roots in Millikanés cl
a constant stress assption is necessary to provide sufficient physical backing. Farabee &
Casarella (1991) applied the classical scalingsmooth wallwind tunnel datawith Reynolds
numbesrangingfromofit T T'Y'Q  ofp 11.7The outer and inner classical scalings colldpke

low and high frequency ranges respectively to within 2% of the normalized ordsoaigy (2004)
showed similar performance of the inner classical scaling, collapsing data over a variety of smooth
wall wind tunnel facilities at a Reynolds number ramfplt TT'YQ ¢ &t 1.7t

Other efforts have been made to develop velocity scaling laws for turbulent boundary
layers.Zagarola and Smits (1998) developed a characteristic velocity scale when measuring mean
velocity profiles of channel flows. They adopted thided¢a turbulent boundary layers, and gave
itthe formo Y Y 7Y 1?1 , where'Yis the mean boundary layer velocity. This scaling
collapsed mean velocity profiles for smooth wall boundary layers at a Reynolds number range of
¢ ¢ 'YQ v i mi€astilloet al (2004) expanded the study of the Zagarola and SEHS)
scaling, testing rougtvall TBLs at Reynolds number rangéofit T 1'Y'Q p ¢hum.1They
found that the ZS scaling removed the dependence of upstream condiRaysolds numbers,
and roughness effects from the outer boundary layer flow.

Returning to pressure scalingpseph (2017) independently discovered th® Zcaling
when normalizing the lovirequency portion of the pressure spectrum, and give it the form
B ™Y Y TY "1 vs.] 7]7Y. This rendition is shown in Figure 3.2Meyerset al
(2015) studied TB& under various rough surface configurations in a subsonic, low turbulence
wind tunnel.They hypothesized that the presswspectrum can baivided into three frequency
subrangesa highfrequency region dominated by nemall viscous effects, a miftequency
region controlled by surface roughness elements, and-fréguency region determined by the
largest boundary layescalesThis breakdown is called thigiple Scaling Hypothesidt assumes
large separatimbetween each length scale, so the respected scaling effects are independent.
Meyerset al. (2015) also discovered a hififiequency scaling, based on the sheatifnicvelocity,
Y. Thisterm accounts for viscous effects without interference from surface roughness elements
and has the formy Y _6 nj”, where_ is the roughness sparseness ratiojs the drag
coefficient of eah element, ang is the averaged dynamic pressure over the height of the element.
The resulting higHrequency pressure scaling has the fggm “Yjt ' vs] 'j"Y , wheret

is the resulting wall shear stress frahe shear friction velocity™{ 1] ™). Joseph (2017)
extended on the triple scaling hypothesis. Rewghed TBL data was obtained in a subsonic wind
tunnel at aReynolds number range af gt T 'Y Q Y & m.1doseph confirmed the high
frequency scaling on the shear friction velocity. She also concluded thdteauency, or
roughness subrange is too complex to scale effectively. The chaotic flow within the roughness
interstitial space causes a variety of spectral slopes, increasingfftbeltd of a successful
collapse. Additionally, Joseph proposed two scaling options as viable candidates to scale the low
frequencysubrange: Th&-S scaling, and thenean broadband convection velocssaling. The

latter scaling has the forlg Y] Y Y "1 vs.1 1j7Y , where"Y is the mean
broadband convection velocitif describes thenovement of largscale eddies, typical of flow
structures found in the lofvequency rangeConvecton velocity is derived from the slope of the
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convective rigle of the spacame correlation of walpressure measuremeimsthe streamwise
direction. The broadband convection velocity is the fastestemion velocity, and thus Joseph
expectedt to scaé the outer region appropriateljhis scaling is shown in Figure 3.2Boseph
(2017) noted that a downside of the convection velocity scaling is the lack of inforragtiani
since’Y is found via experiment.

1.4.3 Scaling the Pressure Spectrum

A smooth (Joesph), 30-ms! —@— gparse, 3-mm cylinders, 60-ms ™!

—@®—— smooth (Joesph), 60-ms”! A multi-height surface (in place of Imm element), 30-ms”™!
~&---- gmooth (Forest), 30-ms’! © multi-height surface (in place of Imm element), 60-ms”!
~@ ==~ smooth (Forest), 55-ms”! A multi-height surface (in vicinity of lmm element), 30-ms™
A sparse, 3-mm hemispheres, 30-ms™' © multi-height surface (in vicinity of lmm element), 60-ms™'
o sparse, 3-mm hemispheres, 60-ms”! A multi-height surface (downstream 3mm element), 30-ms”!
—A—— gparse, 1-mm hemispheres, 30-ms™! © multi-height surface (downstream 3mm element), 60-ms™'
-1 A

~@— gsparse, |-mm hemispheres, 60-ms

multi-shape surface (behind cylinders), 30-ms”!

A random, 3-mm hemispheres, 30-ms™! ~@®— multi-shape surface (behind cylinders), 60-ms”'

o random, 3-mm hemispheres, 60-ms™" A multi-shape surface (behind hemispheres), 30-ms”!
—A— intermediate, 3-mm hemispheres, 30-ms”! @ multi-shape surface (behind hemispheres), 60-ms™!
—@— intermediate, 3-mm hemispheres, 60-ms”' Ao multi-shape surface (ave hem+cyl), 30-ms™!

—A— dense, 3-mm hemispheres, 30-ms™ - @ -~ multi-shape surface (ave hem+cyl), 60-ms!
—®—— dense, 3-mm hemispheres, 60-ms™! oo ~ multi-shape surface (2-mm downstream cylinders), 30-ms™'
—A—— gparse, 3-mm cylinders, 30-ms”! @ “ multi-shape surface (2-mm downstream cylinders), 60-ms™!

Figure 1.5- Roughness configuration legend used in this study.

Joesph (2017) applied the proposed-fosguency scalings on the fluctuating pressure
spectrum. Her efforts ahownin figure 1.6 Each plot contains data measured by Forest (2012),
Meyers (2014), and Joseph (2017) in the subsonic stability wind tunnel at VirginiaAT eeio
pressuregradient turbulent boundary layer was creatsithg trips and was measured using wal
mounted pinhole microphones (pressure) and hotwire anemometry (veldeiy)freestream
velocities were tested, 30rhand 60m3. Additionally, a variety of rougisurfaces were placed
under the turbulent boundary layter test the universality and roktness oproposed scalings.
The roughness configurations differed in roughness height, density, and Rbégreto table 2.1
to find each r es eWththdse varging cadgitions, ahdi testing dampaigns
achieved a momentum thickness Ralgis number range from fit T 1Y Q p mthu . iThese
experiments will also be used in this studyge to the large Reynolds number range and diverse
roughness set. Additionally each experiment provides fully rough flovk Q7Yj’ ¢ mand
small element scaleslative to the boundary layérfQ v mThese two criteria simulate real
world roughness effectas expressed by Meyessal (2015)

Returning to figure 1.6,he normalized fluctuating pressure spectrum is located on the
ordinate and the normalideangular frequecy lies on the abscissa. Each ptontains all the
datasets deilad in Tables 2.22.3. Figure 1.%5lepicts the legend used for these plots. The multiple
count of certain surfaces (e.g. muigight) corresponds to multiple microphone lomas. An
additionalscding is introduced in figure 1& Dubbed the default scaling, this form is used as a
control case to judge the absolute performance of the other scaling methods. The default scaling
simply uses the scalé¥ and| . These parameters were chosen so the scaling would have

17



50 : ; -10 : : ;

-60 20 F 8

-70 30 F i

)

<) =
Y £

= -80 =5 40 =
3 3
© )
. g

= -9 S 50k i

i
-100 60 L 4
270 F 4
1 L L . . .
10! 102 10° 104
wd/U;
T T T T T
20 F g
30 F g

/(U = T)p?3])

Sy

10log(®(w)

290 Lot M| M| M| 80

wd /U, wd/U
Figure 1.6- Pressurescaling ori’  © using a) default scaling, b) classical scaling, ¢) convection velocity
scaling, and d) ZagarolaSmits scalingperformed by Joseph (2017)Refer to thelegend in figure 1.5
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negligible effect on the surface conditions and only group the edge velocities. This highlights
contributions of the surface elements, and provides insight into the flow physics of various rough
walls. No uncertainty analysis was permedon the default scalingso the acceptable collapse
bands are not shovim figure 3.2aThe default scaling has a relatively wide spread at all frequency
ranges of the pressure spectrum.

Beginning at the lowirequenciesthe rough surface vertical spread reaches approximately
8dBfromp it 1 1j°Y p minfigure 1.6a Although the collapse is poor, the spacing gives a
clear picture of the pressure magnitudes imparted by each surface. The smooth wall pressure
spectra appear 10 dB lower than the rough wall band. This is expected, since the aerodynamically
smooth wall does little to increase turbulence levels. Therefore, th&rdguwency eddies have
lower spectral energies. Moving up towards the remaining datauttface with the second lowest
spectral energy is the sparse 1mm hemisphere case. This outcome is fitting, because this surface
is physically closest to the smooth wall configurations, hinting a positive correlation between
roughness and pressure fludtaas. The random 3mm hemisphere, dense 3mm hemisphere, and

sparse 3mm hemisphere cases have the next highest spectral energies. This collectively shows an
increase in lowfrequency pressure fluctuations wih. The multiheight spectra lie close abe

the aforementioned 3mm casdsseph (2017)ndicatedthat the combination of mulheight
elements does little to inease the pressure fluctuations, and determina&idthe domination of

the 3mm element in the muhieight surface gave it similar sgeal levels as the sparse 3mm
surface at low frequencies. The 3mm sparse cylinder surface shares similar spectral energies as the
multi-height surface. Its position above the other sparse hemisphere cases suggests that its shape
may increase walbressurelevels. Bennington (2004 provides further evidence, finding that
elements with sharper edges produce higher turbulent kinetic energy in their wakes. The two
remaining surfaces, intermediate hemispheres and-ghape, have spectral energies at 2dB
highe than the other curves. Roughness element density effects expldteglips (2010) show

that a high roughness density causes the flow to separate over the tops of the elements. This
simulates a smoother wall environment and decreases turbulence. plim®xvhy the dense
hemisphere surface has lower spectral energy then its sparse and intermediate counterparts. The
sparseness ratig, of the intermediate hemisphere surface must lie before the flow separation
threshol d because ecfral magndudes. LAdditi@nallg dhe cobpiing lof s p
hemispheres and cylinders in the mshiape surface has strong effects, increasing the pressure
fluctuations greater than cases of single shape configurations.

The midfrequency data, existing from @ 71 1j°Y p 1 is tightly clustered and
difficult to observe analytically. Additionally, each of the surface spectra have various slopes in
this region, indicating a variety of flow physics. Joseph (201#)bates this to the highly
unpredictald nature of the flowstrongly dependent athe roughness elements themselves. This
somewhat randomizes the high frequency regmmr 1 1j°Y p 1 as well. Again, the
collapse of the default scaling is poor in this region. The data banchstsetertically over a 20
dB range. The smooth wall spectra are now collapsed within the rough wall data. The smooth wall
spectral energies are now higher than the remaining data, indicatinfrdggiency structures of
noticeable pressure contributiondieTrough wall data appears in a loose arrangement, with no
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discernable trends. The dense 3mm hemisphere curves outlie the remaining profiles by
approximately 3 dB. This is a result of their steep,-frédjuency slopes.

The pressure spectra under the silzad low frequerty scaling appears in figure b.6The
1.9 dB band in the center, upper portion of the figure represents the collapse metric employed by
Joseph (2017) based on the uncertainty of the data andthelizing parameters.hE low
frequency prtion of the spectrump m 1 1j°Y  p 1, does not collapse within the desired
limits. Instead, the band extends 7 dB in the vertical direction. The smooth surface curves lie 3 dB
below the rough surfaces. Although the separation is not as severe as the default sceledy, the
separation indicates that normalizing anis not sufficient to correlate the results for all surfaces.
The collapse of the rough surface band is 6.5 dB. This is slightly better than the default case, and
further comparison reveals that thasgical spread is more even, closing any significant gaps.
Additionally, measurements made on the same surface at different flow speeds collapse to each
other, and appear in similar portions of the data spread. The spectral energy ordering of the rough
sufaces is quite similar to the default case. Although the spectral curves are closer, thorough
inspection reveals the 3mm hemisphere cases at the bottom of the spectral band. Moving to higher
spectral energies reveals the muakight, multishape, and iermediate hemisphere cases, each
with increasing dB level respectively. One difference between the default and classical scaled
surface ordering are the sparse 3mm cylinder spectra. They appear in the middle of the rough wall
band under the classical scajj along with the 3mm hemisphere cases. The mid and high
frequency zones are located fromp m 1 1jY pmand frompm 11jY pm
respectively. The mifrequency region shows similar poorly correlated spectral slopes to the
default normalization. This spreads the higdgquency region considerably, extending the collapse
to 25 dB. This solidifies the classical low frequency scaling as only a low frequency option. Again,
we see the smooth surface curves and dense 3mm hemisphere curves as high and low outliers
respectively. This stems from their extreme slopes in thefmagilency region.

The mean convection velocity scaling, further referred to as the convection velocity
scalng, scales the pressure spectra as shown in figéee The low frequency portion stretches
fromp ™ 1 1j°Y p T As previously mentioned, all surface spectra collapse consistently into
a 2.5 dB band in this region. This is within the 3.4 dB limit, verifying a successful collapse. The
smooth wall data is now within the rougiall band, signifing that™Y is strong scaling variable,
pulling together previously outlying data. The exact ordering of the curves associated with
different surfaces is difficult to discern because of the tight band. However, certain patterns are
still distinguihable and consistent with the previous scalings. The smooth wall spectra remain at
the lower levels. The 3mm hemisphere configurations appear next as we move up the ordinate.
The multiheight, multishape, and intermediate 3mm hemisphere spectra rest apphr levels,
with the sparse 3mm cylinder curves topping the band. The mid and high frequency zones are
located fromp m 1 7j°Y p mand fromp 1t 1 1j°Y p 1 respectively. The spectral
slopes in the midrequency region are more similar than the previous scalings. This signifies a
similar energy transfer as it is dissipated to higher frequenthes.smooth wall, dense 3mm
hemisphere, and sparse 1mm hemisphere configurations have slopes at different values, which
translates to their outlier status in the hfgiguency region. The overall spread in this regime is
roughly 25 dB, again showing themjgation of this scaling for lovirequencies only.
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The pressure spectrum normalized under the Zag&mits scaling is located in figure
1.6d Its low-frequency region spans from 1 1 1j°Y p Tt In this area, all spectral curves
collapse to a vertical 4 dB band. Although this is outside of the 2.1 dB metric, the collapse occupies
only 7% of the overall spectral domain. This is reasonable when predicting pressure spectral
behavors. Again, the surface ordering is difficult to determine because of the tight collapse. The
deducible trends are inconsistent with the previous scalings. The smooth wall curves remain at the
lower magnitudes; however, the rough wall data are relatisetgmbled. The 3mm sparse
cylinders, multisize, random 3mm hemisphere and dense hemisphere surfaces are at the bottom
half of the band, while the intermediate hemisphere, 3mm sparse hemisphere, 1mm sparse
hemisphere, and mulshape surfaces occupy thepep half. This order of variation from the
default scaling indicates strong roughness dependenté Bhe mid and high frequency zones
are located fronp 1 1 1j°Y p mand fromp m 1 1j°Y p T respectively. Most of the
sur f ac-&eeencymslogdes are similar, disregarding the smooth wall and 3mm dense
hemisphere data. Again this translates to both surfaces being outliers in thegigincy regime.
Again, the highfrequency spread is 25 dB.

1.5 TBL Applications on Metamaterials
1.5.1 Metamaterial Properties in a Quiescent Environment

Due to acoustic implications, studies of TBLs often aim to reduce resulting pressure
fluctuations. Clark (2017) and Millican (2017) studied the effects ofinspired finlets to
breakdown spanwes coherent structures from TBLs in order reduce trailing edge noise.
However, instead of reducing pressure fluctuations, this study aims at harnessing thé&emergy
TBLs to excite acoustic metamaterials. This application requires proper TBL pressling faw
selections, because said laws will reveal dominating terms that describe the pressure fluctuations
at the wall. Specifically, the correct lefrequency scaling is crucial, since the dnequency
portion of the spectrum has the highest speetnargy, and will be a significant acoustic driver
for the metamaterial.

Metanaterials are artificial structuresomprised ofseveralsmaller elements, or meta
atoms, which are arranged in periodic fashions to give the material unique properties (€ammer
al., 2016). Metamaterials are designed to manipulate oncoming waveforms, and have been used in
electromagnetics (Chest al, 2012), optics (Caet al, 2006), and acoustics (Ward, 201%uch
manipulations occur due to the sralékment spacing, which iess than the wavelengths of
incident waveforms (Chenet al, 2012). This subwavelength arrangement alters the
permeability/permittivity of the metamateridlherefore, the paths of acoustic waves traversing
the metamaterial can change based on the elahgaumetry. Acoustic metamaterials have been
designed to interact with incident plane sound waves in a variety of way®t lali (2000)
designed sonic crystals, which could reflect certain wave patterns within a designed frequency
range. Zhanegt al (2010) developed an acoustic cloak to direct ultrasound waves around an object.
Popaet al (2013) created active acoustic metamaterials, which had tunable parameters used to
alter sound waves.
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This study ultimately aim® extend the work of Ward (20}, ivho used metamaterials to
trap acoustt waves and manipulatheir movementsn a quiescent environmenWar d 6 s
metamaterials consisted of hundreds of epeded cavities arranged in periodic fashions. Each
metamaterialvas excited by a Gaussian modulatedefarm packefrom apoint source speaker.
This sendsa variety of wave forms, comprised of several frequencies, across the surface of a
metamagnal. This is shown in figure 1, Avhere acoustic waves from the speaker are traveling
across the surface. Cader a metamaterial with 1D array of cavities distributed ¢ while w
represents the perpendi cul arAcodstiowavestemitbedfromo t he
the speaker travel across the metamaterial inotieection. Theyare comprised of wave vectors,
& Like any vector, a wave vector is congeid of directional components. For our 1D cavity
example, the wave vectaragnitudecan be written as

v o O (1.39

(Ward, 2017. In open air, acoustic waves travel at the speed of sabin@herefore, the
corresponding wave vear componenfor a plane wave traveling in thedirection isQ Q

¢“ I This relationship can change if we sandwich the wave in between media of different
impedances. In this context, im@atte is the resistivity to sound. Therefore, shefacewaves

that travel in between the metamatefiai ), and the open afto M 1) experience some resistance

in eitherwdirection. Under sth boundary conditions, certaivaves carry additional momentum
ingQ Q (Ward, 2017) To complywith the conservation of momentum, an imaginary value
for Q is required. Physically, this represensigfacevave traveling inband decaying idb(Ward,

2017). The rate of decay depends on the degree of impedance mismatch between the surrounding
media. If we consider an asolid interface, the impedance difégice is so great that the decay

over a finite distance is negligib®vard, 2017. We can decrease the impedance mismatch by
introducing cavities to the solid, thereby incorporating aw the solid boundary. Ward refers to
this as 6dacoustic i mpedance gratingé, and for
as

a i o (1.39

wherel s the realvalued specific acoustic resistance, andis the imaginary specific acoustic
reactance. With impedance grating, the two media now have comparable impedances, and portions
of the hgh-momentum surfacevaves decayway from the metamateriarhis decay in the

direction effectively traps the waves against the surface, creating acoustic surface waves (ASWSs).

We can manipulate the motion of ASWs through the geometries and growpittgs
cavities. In this context, each cavity behaves as an-epdad resonator, with a raditslength
0, and end correction terg. The end correction term is an idealized function of the raslius,
yj o“, and applies the length correctionr fan operended resonator)d 0 30.
Additionally, the end correction terms extending from adjacent cavigtp form the ASWs. Ward
(2017 quantified the resonant frequency of the cavity pressure waves in the following equation
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Q @ (1.40
LU Yu

where¢ specifies the wave harmonic. Téacing between the cavities is the grating pitchAs

the ASWs travel across tmeetamaterial plane, anetasurface, acoustic pressure resonances are
formed within each cavity. Thesesonances exte outside of each cavity by the end correction
length 30, and couple with resonance$ adjacent cavities (Ward, 201 7These interactions
increase the effective imaginary impedanioe, of the metamaterial. Therefore, as the fiengies

of the ASWs approach the resonant freqguency
acoustic resistance approaches infiniby, © H (Ward, 2017 Christensen 2008; Wang 2010

This effectively slows the ASWs, so that they become statyanabh Thisis shown analytically
usingequatian 1.41 which describes the wavenumber of the ASWs traveling irhis is derived

using a harmonic pressure function with an impeddwundary condition (Ward, 2017

(1.41)

L7 L7 (I)
Q Q p (1_

As the ASWs06 frequency appr o@cohisausinge €@ol | ect
H (Ward, 2017.

This is shown graphically using a dispersion diagrsimown in figure 1.8The horizontal
axis displaysQ. The vertical axis lists frequencies. The FaBgyrot limit is labeled 8§ where
"Q Q. This limit corresponds to the resonant frequency of the cavities, since their behavior
mimics that of a Fabrperot interferometer (Ward, 201 The phase velocity is the slope of the
dispersion curve)  "QQ and the group velocity is the gradient of the dispersion curve,
1 @ "Therefore, the sound line represents waves traveling at the speed of saund;“ork3iQ.
The blue curve represents the nature of ASWs-ap&ce. ASWSs at low frequencies are far from
and resonance frequency of the cavities, so they traverse the metamaterial unperturbed, traveling
at the speed of sound. Hence the ASW curve follows the soundtliog/ frequencies. As the
frequency of the ASWs approaches the Fabeyot limit,’Q O Hp, and a horizontal asymptote
is created. This signifies a decrease in the group velocity, creating a stationary ASW wave once
the dispersion curve is nearly horizonigthe Brillouin zone boundary is labeled®§ ¢, thereQ
is the grating wave number corresponding to the grating ph (¢*j _ ). Ward (2017 states
that Brillouin zone boundaries are synonymous with Bragg planes that Bisddtey mark the
boundary of the St Brillouin zone in positive kspace,Q "Qj ¢. ASWs occurring at

wavenumber®)j ¢  Q "Q are reflected across the Brillouin zone bound&y, . These are

known as diffracted acoustic surface waves, since the Bragg plane physically represents the
locationof compiled wave reflections. This study will limit results to within the first Brillouin
zone, since dispersion curves outside are simply diffracted copies, arising from the periodicity of
the cavities and their Fourier transformed counterparts (Ward).201
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Figure 1.7- Sideview diagram of a 1D cavity array excited by a poirisource speaker. The ASWs-(-)
originate from the speaker and travel across the surface. They are trapped to the metamaterial from the
impedance difference,»y|  »:,The standing ASWs {— ) form when the ASW frequency matches the
resonant frequencies of each cavity. The standing ASW wawember is &j mL. The solid line represents
positive pressure differential while the dashed line represts negative pressure differential.
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Figure 1.8- Dispersion diagram of a 1D cavity array ine.
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Figure 1.9- Side-view diagram of a 1D cavity array excited by a TBL. The ASW.-) originate from the
TBL -energized membrane {—) on the furthest upstreamcavity. The standing ASW (—) form when the
ASW frequency matches the resonant frequencies of each cavifyhe solid line represents positive pressure
differential while the dashed line represents negative pressure differential. At the most downstream ciyi
the trapped ASW energy is reintroduced to the flow via another membrane.

1.5.2 Metamaterial Properties with Flow EXxcitation

A TBL could be usednstead of a speakéo provide a passivike source term for a
metasurfaceThe TBL provides an exciation over a range of frequencies at the surface. This
distribution is well understood for flow over a smooth wall, and is observed in theuspsbtywn
in figure 1.4. Figure 1.8lisplays the implementation plan for flow introduction. The fiagapted
meftasurface will now have a 1D array of opensed cavities, with the openddirected away
from theflow side The operclosed cavities have half the length of the eppan cavities from
figure 1.7. Therefore, the end correction lenly,remains consistent (Ward, 201The furthest
upstream cavity will be open ended on each side, with a tensioned membrane covering the side
exposed to the flow. Additionally, the furthest downstream cavity will also have a membrane. This
configurationprovides an aerodynamically smooth surface so that the flow is unperturbed by
cavity layout. The upstream membrareyvity will be used as the excitatidocation. Pressure
fluctuations enforced on the membrane by the TBL will carry pressure waves théheide of
the metasurface where the opamded sides of the cavities await. The same coupling mechanism
between adjacent cavities will ensue, and a trapped ASW will exist along the cavity array, until it
feeds energy back into the flow via the furthestvdstream cavity. Therefore, this concept can be
used for passive flow manipulation dowmstm. It can also redirect the energy associated with the
surface pressure fluctuatign
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Additional fundamentals about the physics involved with this problem teede
understood. Forexample, the speaker pulse inqaiescentenvironment is a deterministic,
repeatable source. A TBL source is chaotic, therefore different measurement techniques are
needed. The membrane gigs must also be understoalich as the ansmission band and
resonant effects on the cavity based on ten8lerg andstork(2018) presergquation 1.42which
is a theoretical relationship between membiamsion and membrane resonance,

,‘ VT (142
Q 1 o

where'Q is the firstfrequencyeigenmode ofhe membrane, T is the appliedaxial tension;

is the membrane density, is the membrane thickness, &dds the cavity diameter in which the

membrane covers. Additionally, one can find otheigenmodes through the following

relationships’™Q p® @, Q ¢ 1Q,"Q ¢& 2. This equation provides the basis for
validation with experimental results.

1.6 Objectives

Despite severalresearch effortsn scaling of thelow-frequencypressure fluctuations
produced by rough wall turbulent boundary layexgproper selection still remains at larde
number of attempts have begocumentedn the literature This study will investigate three such
attempts, the classical staj (velocity scale€’Y, length scalg ), the convection velocity scaling
(Y Y,1), and the Zagaroi&mits scaling "Y,1 ). Each law has been implemented in
attempts to collapse the pressure spectra, yielding various results (Joseph, 20W0)rkrseeks
validation of a proper law by scaling velocity quantities responsible for the pressure fluctuations
of interest.This will be done by analyzing turbulence measurements ofressuregradient
turbulent boundary layers from Forest (2012), Mey014), and Joesph (2017). Tests under
these campaigns are diverse in their rough surfaces and testing con@hiene$ore scalings that
collapse the selected dataset may give insight into the flow phybiegréssure Poisson equation
is utilized toreveal dominating velocity terms. The collapse of such terms under conditions of
various wall roughness configurations will reveal a promising scaling law. A convincing law
selection will describe the effective length and velocity scales of thdrémmency pressure
spectrum, thereby increasing the fundamental understanding of TBLs.

This can be applied to application of TBLs as acoustic drivers for metamaterials. The low
frequency region is of particular interest because the associated eddies cordagethepectral
energies. They impart the largest pressure fluctuations on the metamaterial, introducing high
magnitude plane waves over the cavity array. Additionally, TBLs would be desirable source terms
due to their nofdissipative energies. Therefopeemetamaterial could have a consistent and passive
acoustic excitation while it is exposed to flow. This creates sustainable ASWs, which could be
expelled in various locations to reduce noise or redirect the flow. The following objectives have
been formiated to meet the study criteria:
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Introducethe relationship between fluctuating pressame velocity through the presser
Poisson equation, and propose physical connections by noting the similarities in scaling
trends as a function of wall roughness.

. Ascertain the proper loirequency waklpressure spectrum scaling law by comparing the
proposed scaling performances velocity quantities from the pressure Poisson.
Specifically, this involves scaling of the turbulence profiles and velocity spectra as a
function of roughness and walbrmal position. Additionally, lowpass turbulence profiles
should be normalized to reveal scaling effects corresponding tdréoarency velocity
fluctuations.

. Understand the fundamental physics of acoustic metamateriassisThest accomplished

by implementing experimental techniqgues used to measure ASWSs. Therefore, an
experimental apparatus is needed, which can obtain results thattarate work done by
Ward (2017.

. Understand impacts of TBLs as acoustic drivers for matarials. Specifically, test the
viability of a tensioned membrane in transmitting acoustic waves from a driving source to
cavities of a metamaterial.
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Chapter 27 Rough Wall Turbulent Boundary Layer Experimental Setup

All rough-wall TBL data analyzed in this report were collectedtherresearchers in the
Virginia Tech Stability Wind Tunnel. More detailed testing procedures can be found in their
respectivditeratures (Forest, 2012; Meyers, 2014; Josepi7).

2.1  Stability Wind Tunnel

The tunnel isshown inFigure 2.1. Itis closed circuit, subsonic, and simulates accurate
flow uniformity along the streamwise direction. #sroacoustic test section is 7.32m long, with a
squarecross section comprised of 1r83ength sides. fie floor and ceiling of the test section are
surfaced with Kevlacovered metal perforate panels to minimize acoustic reflections. The side
walls are comprised of Kevlar fabric. This retains the flow, while allowing acoustic signals to
travel intotheflanking anechai chambers. Joseph (2014) found the turbuléenss in the empty
test section to b@.016% at 12mSand 0.031% at 57msOverall tunnel calibrations and applied
corretions were performedby Devenportet al. (2013). Figure 2.2 displays thest section
schematic. A test wallsed by Foreq012), Meyerg2014), andJoseph(2017)was constructed
by replacing one of the Kevlar linaslalls with six 1.22m x 1.78m framed Lexan panels. The
researchergnountedpanelsindividually to fom a smooth7.32m x 1.78m test wallwhile
achieving a neazero pressure gradient. A contraction fairing was placed just upstream of the test
wall to ensureaseamlesflow transition from the tunnel contraction to the testing planform. Two
aluminum trips were alsolgred upstream of the test wadl ensure a TBL with reasonable
thickness Data with feestream velocities of 30msand 60m3 from Forest(2012), Meyers
(20149, andJoseph2017) wereselected for this studost boundary layer measuremewsre
takennear the wall, approximately 6.5m to 7m downstream from the primary trip. The boundary
layer thickness grew over 0.2m under these testing configurafiddgionally, Figure 2 shows
the coordinate system used in this study. dhew coordinate desdres the streamwise direction,
and increases from lefib-right with the flow.Thew @ coordinate describes the walbrmal
direction, and increases with distance from the Walead @ coordinate describes the spanwise
direction along the walincreasing from the bottotto-top of the test section.

2.2 Rough Surfaces

Table 2.1 displays the surfaceconfigurations testedand their corresponding
characteristics, whei@is the element diamete® is the element heighit,is the centeto-center
element spacing, ands the sparseness ratio. The latter quantity is described by the ratio of frontal
projected area to planform area. Figure 2.3 shows fetches of each roughness configbeation
variety of surface parameters gives a wide rasfgeossible boundary layer characteristics. This
implies more
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(@)

(b)

Figure 2.3- Surface roughness imagesf a) 3mm sparse hemisphegs b) 3mm random hemispheres c) 41

(@

mm sparse hemispheres. From Joesph (2017).

Table 2.1 Summary of rough surface configurations

Surface Descriptor = § shape distribution v )4
(mm) | (mm) (mm)
3-mm sparse hemispheres (Forest, 2012) 6 3 hemisphere| Square array 16.5 | 0.052
1-mm sparse hemispheres (Meyers, 2014) 2 1 hemisphere| Square array 5.50 | 0.052
3-mm random hemispheres (Meyers, 2014) 6 3 hemisphere] random 165 | 0.052
Intermediatelyspaced hemispheré3oseph, 2017) 6 3 hemisphere| Square array 10.4 | 0.130
Denselyspaced hemispheres (Joseph, 2017) 6 3 hemisphere| Square array 6.50 | 0.330
Cylinders (Joseph, 2017) 4.71 3 cylinder | Square array 16.5 | 0.052
Multi-height (Joseph, 2017) 2,6 1,3 hemisphere| Square array 16.5 | 0.104
Multi-shape (Joseph, 2017) 6 3 hem., cyl. | Square array 16.5 | 0.104
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(b)

(d)

Figure 2.4- Surface roughness imagesf a) intermediately-spaced hemispheres b) densefpaced
hemispheres c) cylinders d) multheight e) multi-shape. From Joesph (2017)

legitimacy of the scaling analysiall rough surface cases will lmmpared to a smooth wall test
from Forest (2012)gs acontrol condition.

2.3 Velocity Data
2.3.1 Velocity DataAcquisition

Four sensor hotwire anemometer probes (eguiae) were used to measure mean velocity
and velocity fluctuations throughout the boundary layer. They can measure 3 velocity components,
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and were calibratethy Forest(2012), Meyerg2014), andJoseph(2017)using the Wittmer table
methoda n d  Klaw (gVibtreeret al., 1998). Theesearcherglacedthe quaewireson a traverse
located approximately 7m from the primary trighe traverse redation was 0.025mnmiJsing the
coordinate system ifrigure 2.2 velocity measurements were perfotmie three span wise
locationsw = 0m and w =+0.304m. At each location, the aghwire took measurements froc

= 3mm tow = 365mm over logdthmically-spacedsteps.

2.3.2 Velocity Data Processing and Scaling Parameter Calculations

Spectral data were calculatdry the respected researchersing the direct Fourier
transform of the time series data. Random error was minimized by averagiriaeeords, each
containing 8192 samples. Hanning windowing was executed with no overlap. Each spectrum was
then divided into 12 logarithmically spaced bins per octave. Many details of the boundary layer
velocity results are presented by Forest (201yéis (2014) and Joseph (2017). Parameters of
the various boundary layers, and the conditions at which they were measured are given in Table
2.2. These tabulated values were calculated by Joesph (ZDi&)friction velocity was found
throughvalue adjustrants until its normalization of thé 6 curve reached a statistical maxima
of unity. The mean broadband convection velocity was deriv@t the slope of the convective
ridge of the streamwise pressure crosgelation function. The mean boundary layer velocity was
found usingequdion 2.1

" = 1° (2.1)

where the boundary layer thicknegascalculated using the 2% turbulent kinetic energy criteria
and the displacement thickness was found using equation 2.2.

e Sag @2
Y

Information on uncertainty estimates is found in Joseph (2017). Boundary layer thicknesses were

about 24emm. Table2.3 lists further details of each surface, confirming fully rough fl@vk

Q7Yj’ Y mandsmall element scale relative to the hdary layer, ¥Q v mThe momentum

thickness Reynolds numbeéy Q —Y| ) ranged from 59000 for the smooth wall to 98000 for

the 3mm sparse hemisphere surface.
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Table 2.2 Scaling variables for each roughness configuration

T v T v
# # Tw T4 # # Tw T4
(mm) | (mm) (m/s) (mis) (mm) (mm) (m/s) (m]s)
Smooth wall* 246 23.0 1.05 25.9 235 23.0 1.83 47.5
3-mm sparse hem. 233 34.3 1.49 23.4 236 38.4 2.87 46.9
1-mm sparséem. 229 31.0 1.35 23.9 223 28.7 2.47 47.8
3-mm random hem. 235 35.0 1.38 23.7 231 32.5 2.49 47.4
Inter.-spaced hem. 243 41.3 1.43 23.0 243 41.0 2.88 46.0
Denselyspaced hem. | 236 37.2 1.38 23.3 234 37.0 2.84 46.7
Cylinders 243 38.6 1.44 23.9 238 370 2.88 47.8
Multi-height 238 37.1 1.38 23.6 232 35.7 2.77 47.2
Multi-shape 239 37.8 1.49 23.1 228 37.0 2.97 46.1
Table 2.3 Normalized flow quantities for each roughness configuration
Av
1m

Smooth wall* - - 31990 - - 58648

3-mm sparse hem. 284 7.7 46258 521 78.7 98267

1-mm sparse hem. 83.1 229 40956 149 223 74536

3-mm random hem. 239 78.3 42611 422 77.0 77964

Inter.-spaced hem. 260 81.0 50052 493 81.0 91856

Denselyspaced hem. 248 78.7 45490 478 78.0 84393

Cylinders 263 81.0 47951 496 79.3 88584

Multi-height 245 79.5 44088 460 77.3 80527

Multi-shape 267 79.7 46451 491 76.0 83205

*the maximum'Y for the smooth wéakase velocity data was 55m/s

2.4 Pressure Data

2.4.1 PressureData Acquisition

Fluctuating pressure measurements were tdkemorest (2012), Meyers (2014) and
Joseph (2017)Each usearrays of Bruel & Kjaer 1/8nch diametemicrophones mounted flush

to the testing surface. They were placed within the measurement section displayed in figure 2.2 to

correlate data with hotwire measurements in the viciligch microphone was capped with a
0.5mm diameter pinhole. Effects of Hgecaps are explored Appendix A The measured wall
pressure spectra were calculated by Joseph (2017) using direct Fourier transform analysis.
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Chapter 317 Rough-Wall Turbulent Boundary Layer Results and Discussion

3.1 Pressure Poisson Analysis

The proeeeding analysis linearizes theepsure Poissoaquationto reveal the driving
turbulent velocity termdt translates equation 1.3f8m time to the frequency domain.

S TY16 1 66 00 Q e (1.35)

¢ TeTe Tare . 3

Therefore, it can reveal the dependence of pressure spectra on velocity spectra. This is a useful
form because it consists of measurable quantities obtained frommegptation.We begin by
taking the Fourier transform of the rapid term, as shown in equation 3.1.

. p i TYT6 Q Goe
n 1 -« Cooir

— Q Qo 3.1
- TwlTw S ¢ (31)

Since the mean velocity gradient is time invariant, it can be removed from the Fourier transform,
hence only the fluctuating velocity gradient becomes a function of frequency. This form is
displayed in equation 3.2.

TY«10 717 Qox

T 3.2
¢ “To 1o w s (3.2

Recalling that™y ] -0ONn°1 N1 , the fluctuatingrapid pressure can be written as a

spectrum by taking the expected value of itselftipligéd by its complex conjugate. EquatiBr8
expresses this result. The functiohexpressions are dropped to decrease clutter. The primes
denote theocomponents initiated with the na@onjugate pressure.

113 ” T’F’YT’?‘YT .Oézé ,Qd). ,de
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Therefore, the rapid term of the fluctuating pressure spectrum at the wall is a function of the wall
normal fluduating velocity spectrunmily . This quantity is multiplied by the square of the
streamwise mean velocity gradient with respect to the-meatnal direction 1 "Yj1 @ . The
Fouriertransformeeslow term of the pressure Poisgsrshown in equatioB.4.

. o " T 00 0660 Qoe .
— — — Q Qo 3.

An expanded form of the integrand is showrobel

T 6006 06 1 1o Tor1o e T 0660
Tl @ @ °To folo °Tdo Tao (3.5)

Assuming incompressible flow, the unsteady velocity divergence terms are eliminated. Therefore,
a squared fluctuating velocity gradient term and a Reynolds stress gradient term are created, as
shown in equation 3.6.

o " 1616 1 060 Q i

—_ — 0 00O 3.6
c* ¢ Twlw T S ¢S (3.9

«h

At this juncture, it would be too complex to multiply the Foutr@nsformedslow term by its
complex conjugate. However, there is meaningful information from this analysis. Both rapid and
slow terms rely on fluctuating and mean velocity gradient components. The rapid term spectrum
is a function of the walhormal velocity spectm, while the slow term is expressed as the
difference between th@roduct of thdluctuating velocitytensor gradients and tfeynolds stress

tensor gradient. Therefore, the scaling of the fluctuating pressure relies somewhat on the adjusted
scalings of he Reynolds stress profiles and velocity spectra. These results are shown in the
following sectionsof the study This methodology further requires knowledge of dominating
parameters within the Fourimansformed pressure Poisson. As discussed in thal iRbisson
derivation, Kim (1989)found that the rapid and slow terms were comparable near the wall,
however the slow term dominates the remainder of the TBL. This implies increased weight of the
Reynolds stress gradient and fluctuating velocity gradmsren scaling flow structures sharing
length scales wiit the boundary layer thicknegsdditionally, the weighting of the rapid term on

the square of the mean velocity gradient and
contributions to the wall nessure due to high velocity gradients and distance to the wall
respectively.
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3.2 Reynolds Stress Profiles
3.21 Scaled Turbulence Profiles

Turbulence profiles of the boundary layers are showfigtres 3.23.4. They depict
Reynolds stresses at variowall normal positions, and are calculated by integrating across the
velocity spectradensities This is known as Pagsv a | 0e&mn, shdwa ia the equation below,

(3.7
60O YOO Q QQ

where O is the single sidedross spectrum between velocity componéntando , and Qs the
frequency.Each plot has a Reynolds stress component on the abscissa and thermvall
direction,w, along the ordinate. The Reynolds stresses are normalized using theetacity

scales as the pressure spectrum scalings: the default scaling normali¢edhanclassical scaling
normalized on'Y , the mean convection velocity scaling normalized dn °Y , and the
ZagarolaSmits scaling normied on Y 7Y . The wallnormal distance is normalized by the
boundary layer thickness, also consistent with the pressure scaliigge plots are organized

with respect to each Reynolds stress tensor index with each scaling methodgdtaoetght. A

legend is provided in figure 3.1 to show the corresponding rough surface turbulence profiles. It is
a condensed version of figure 1.5, which displayed the pressure profieesorizontabxes were
scaled so that a selected profile occdplee same plotting area regardless of scalihg 60m3
dense hemi sphere profile was selected to 61 oc
same position in figures 3.2A This gives a similar comparison metric between each scaling
metiod to determine a successful data collapdee profile spreads were discerned under
guantitative inspection via MATLAB plotting tool3he horizontal axes are also divided into 4
regions in each scaling case for comparison ease. The classical, conwelcibity, and Zagarota

Smits scaling options are plotted adjacent to the default case.

Figure 3.2 shows a common trend in tbe profiles under the default scaling. Again,
scaling on"Y maintains separations between surface configurations to reveal particular-surface
flow interactions. The turbulence levels rise as they approach the wall. A maximum is achieved at
apprximately 4% of the boundary layer thickness. Beneath this maximum, the rough surface
turbulence levels decrease as they descend into thewa#daregion. The smooth wall
configurations continue to increase in turbulence. Notice that the profiles teriefate they
reachthe wall. The smooth wall profilesnd at 4mm above theall, and the rough wall profiles
cease at 3mm. These lower bounds stem from experimental limitations of the quad hotwires.
Therefore, smalscale flow structures cannot be resolweadr the wall and in between roughness
elements Additionally, the resolution of the quad hotwire traverse is 0.025mm, indicating an
increase uncertainty at points close to the wilis has negligible effect on the overall analysis,
because the interelses with largescale structures. The smooth wall turbulence levels are about
50% of those for the rough walls under the default normalization. This indicates an independence
of smoothwalled turbulence when normalizing o alone. Theough wall dataspread comprises
22% of the abscissa at] T8t 7121% atw | g, 13 atw | @, and11% atw j 1
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@) This bandreaches its maximum width aij 1@t T This maximum width resides ex

40% of the abscissa. Surface ordering based on turbulence levels is distinguishabi®from

Wj1 T8t T The roughwall configurations with the lowest turbulence levels include tlaessp

1mm hemisphere, the spar8axm hemisphere, and the randommr8 hemisphere. This is a
reasonable outcome, since their hejament spacing and smoeglement shaping resemble
smooth wall characteristics. The mtight hemisphere and dense hemisphere configurations
appear in the middle of the rough surface bairnils indicates increased turbulence, and is likely

a result of the increased roughness density in both cases. The surface configurations with the
highest turbulence levels include the multi shape, sparse cylinttbingermediate hemisphere
profiles. Theseordering outcomes are analogous to the default scaled pressure spectrum at low
frequencies. However, it is difficult to ascertain a direct comparison because the turbulence
profiles encapsulate the spectral energy at all frequencies.

Figure 3.D displayshe 6 profiles under the classical scaling. The turbulence levels rise
and fall in the same manner as the default scaling, reaching a maximuynh at 18t T Beneath
this threshold, the rougivall turbulence levels decrease because ofwedrviscous effects. The
overallroughwall spread becomes tighter under this scaling. Thel@tma n d 6 s wi dt h c oV e
18%, 12%, and % of the abscissa ab | T8IT W] 8], 01 g, andwj Ti&p
respectively. Therefore, therbulence level collapse under the classical scaling is tighter than the
default scaling at every region within the boundary layer. The smooth wall profiles remain at the
lowest turbulence levels. However, their values are now 75% of the roughness dat&ed m
improvement over the default scaling. The sparse 3mm hemisphere data has similar normalized
turbulence level as the smooth wall cases, and is separated from the remaining rough surface
profiles. The outlying status of the sparse 3mm hemisphere surfdicates a relatively gh
friction velocity, shown indble 23. Its weighting pulls the data towards lower turbulence levels.
The remaining rough surface profiles follow a tight spread. Therefore, it is difficult to discern
turbulence ordering underisual inspection. However, certain trends are observed. The low
turbulence levels of the smooth wall data are consistent with élhexdgaressure spectrum in figure
1.6b Additionally, the high turbulence levels of the intermediate hemisphere data coddspon
their high magnitude in the pressure spectrum. However, other surfaces do not fit similar trends.
The dense 3mm hemisphere and sparse 3mm cylindrical profiles have the highest turbulence
levels, however they rest in the middle of the pressure spebttnch Again, such inconsistencies
highlight the need for lovirequency turbulence profile representations.

Figure 3.2 displays the profiles under the convection velocity scaling. The turbulence
levels follow a similar trend as the default and classical scaling profilescotigiewall profile
band covers 35%, 25%, 13%, arftb ®f the abscissa aij T8I TW] ], W] g,
andw | T respectively. Therefore, the spread is tighter than the default scaling. The classical
scaling has a better collapse than the convection velocity scaling. The poaxatieznllapse of
the convection velocity sdaly is because of the sparse 3mm cylindrical surface outlier at both
30mst and 60m3. These profiles are apparent outliers from] 1@ to the wall. Their
maximum turbulence level is 1.4 times the remaining collapsed data bend at 78t 1 This
separation is linked to a relatively fast convection velocity of the cylindrical surfaces, as
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highlightedby Joseph (2017) and shown able 23 This phenomenon corresponds to High
pressurespectral mgnitude in figure 1.6The remaining dataotdapses to a tighter spread. The
smooth walland sparse 3mm hemisphere prafilge now encapsulated within the data, a better
fit than the previous two scalings. In fact, the smooth wall profiles extend to higher turbulence
levels than most of the rougtall data atwj1 T8t T This is surprising, because the scaled
pressurespectrunin figure 1.& has the smooth wall at lower spectral levels.

Figure3.2d shows th& profiles under the Zagarekmits scaling. The turbulence levels
behawe in similar trends as the previous three scalings.robghwall spreads are 32%, %4,
13%, and % of the abscissa atwj T8IT W g, Wi g, and Wj Ti®p
respectively. These trends show a poor collapse near théoutadln improvement as one follows
the profiles towards the boundary layer edge. The clasgiahhg has tighter bandspwever the
ZagarolaSmits scaling has a bettaverall collaps¢han the convection velocity scalinbhe poor
nearwall spreadf the ZagaroleSmits scalings caused by the outlyinpnm sparse and smooth
wall profiles. They display high normalized turbulence levels, indicative of greater mean boundary
layer velocity gradient. This is reasonable, considering that the flow has litite dbstructions
over these surfaces. The sparse 3mm hemisphere surface att@melatively lower turbulence
levels than the remaining data when . This is surprising, considering that its 30ns
counterpart is within the collapsed bamtle ZagaroleSmits scaled presge spetrum is displayed
in figure 1.6l. The correlations between the scaling of turbulence profiles and that of the pressure
spectra are not as strong using the Zagesohits scaling. While the smooth surfaces have high
turbulence levels ato]] T3t 7 they display low pressure spectral magnitudes at low
frequencies. Inversely, the low turbulence levels of the sparse 3mm hemisphere casé at&60ms
inconsistent with its spectral magnitudes in the middle of the data. Again, the tigimgpatthe
collapsed data in both figures makes it difficult to specify accurate relationships.

Figure 3.2 displays thed profiles under the default scaling. The wadirmal Reynolds

stresses are approximately ethed of the streamwise valueBhe profile shapes @f ando at
P @] p® are similar, with each profile maintaining near zero turbulence levels and rising
slowly. This corresponds to the low turbulence in the freestream, outside of the boundary layer. At

] I p, thed profiles follows a linear trend as the turbulence levels increase with
decreasing distance to the wall. This increase ceasesjfat T7&, thereafter the profiles

approach the wall at nearly constant turbulence $e&ilar to theé case, the scaling of thie

profiles on™Y reveals physical trends of each surface configuration. Closedtisp of the
profiles in figure 3.8 show similar ordering of the surface configurations with respect t
turbulence intensity as the profiles in figure Ra This speaks to similar roughness effects in
each direction. The smooth and rough wall data follow separate trends, with the smooth wall
turbulence levels at 50% of the average roughness [Elvetoughwall spread is 30%, 28%, 24,

and B% of the abscissa ab j TBITW] 8], Wi 8, andwj i@ respectively.

Figure 33b shows th@& profiles under the classical scaling. The profile shapes arkasimi
to the those under the default scaling. Tdweghwall spreads are 15%, 15%, 15%, afd &f the
abscissa ato T8t TW] e, W g, andwj Tidp respectively. These results
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®  smooth, 55-ms”
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1
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1

1

sparse, 3-mm cylinders, 30-ms”
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sparse, 3-mm cylinders, 60-ms”
1

1

multi-height surface, 30-ms”
multi-height surface, 60-ms”
A multi-shape surface, 30-ms”!

®  multi-shape surface, 60-ms”!

Figure 3.17 Condensed legend used fohe Reynolds stress profiles. Refer to figure 1.5 for full legend.

show a better collapse than the default casall wallnormal locations The sparse 3mm
hemisphere surface cases outlie the collapsed bamd ab 1 X. They haveaelatively low
normalized turbulence levels, with the 60 htsise 12% lower than the remaining dataxf

181 X The 55 m3 smooth wall case is a high turbulence outliem@t ). Figure 33c

displays theé profiles under the mean conviert velocity €aling. The rougkhwall spread is 27%,

22%, 180, and D% of the abscissa abj| mrTwj|] 1™, ®]] 1@, andwj|] 7@
respectively. The smooth and rough wall profées normalizedo different curves. The smdot

wall normalized turbulence levels are approximately twice those of the rough wall levels away
from the wall. Ignoring themooth wall profiles, the scaling performance is impressive, providing

a tighter collapse than tletassical and default scalingsgure 33d displays thé profiles under

the ZagaroleéSmits scalings. Theoughwall spreads 18%, 206, 15%, and 1% of the abscissa

at wj] mrTw]] m,®]] mm&,andw]|] 1@ respectivelyThese resudt indicate
improved performanceverthe convection velocity scalingpowever,the poor overallspread is
dominated by the different scaling behavior of the smooth wall profiles. Similar to the convection
velocity scaling, the Zagarolamits scaling shows good collapse of the rough wall aath,the
exception of the sparse 3mm hemisphere case at60ms

Thed profiles under eachcaling case are shown in figuré.3Notice how consistent the shape

of the profiles measured over the different surfaces is. There is a low turbulence leveparea at
@j1 p®, and a roughly linear turbulence increapproaching the wall a8t 1 @]j p.

The rough wall profiles decrease as they approach the near wall region, while the smooth wall
profiles continue to increase. The turbulence level ordering of each surface profile is similar to the
0 profiles. This includes the smooth wall outliers in the classical, convection velocity, and
ZagarolaSmits scalings, and the sparse 3mm hemisphere at'a@utiger in the
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Figure 3.5- Scaling of¢ ¢ under a) default, b) classical, ¢) convection velocity, and d) ZagareBmits
scalings.See legend in figure 3.1Abscissas values rounded to nearest hundredth.
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classical and Zagarofamitsscalings. This signifies that rough surface effects irbtheprofiles

have similar effect on thé profiles. In figure 3.4, under the default scaling, theughwall
spread is 22%, 19%, 15%, and®4 bf the abscissa ab | T8I TW] e, W] ng, and
Wj1 T respectively In figure 3.4, under the classicataling, the rougiwall spread is 22%,
15%, 12%, and % of the abscissa @b j| mMmWriTw]] ™, wj] 1@, andwj] @
regectively. In figure 3.4, under the convection velocity scaling, theghwall spreads 24%,
17%, 9%, and % of the abscissa abj| mTrTw]|] ™, w]j] 18, andw]j] T
respectively. In figure @d, under the Zagarol@mits scaing, the rougkwall spread is 24%, 19%,
12%, and % of the abscissa abj] ™1 W]l 1, Wj] ™, and ®W]] T
respectively.

The shear stress 0 profiles are shown in figure R. The stress levels remadtose to
zero until entering the boundary layer. They then proceed to rise roughly linearly as the wall is
approached. Maximum shear stress magnitude is reached iear T8t 1 The default scaling
shown in figure ¥a shows separate bands for thagh amn smooth wall cees. The rougiwall
spread is 27%, 26,19%, and 1% of the abscissa ab j T8I TW] e, W] ng, and
@jI Tié respectively. Figure 8b displays the classical scaling. Since the friction velocity wa
calculated using the local maxima of the Reynolds shear stress curves, the apparently impressive
collapse of the profiles under this scaling is inevitablee roughwall spread is 14%, 25, 14%,
and D% of the abscissa abj| m8rTw]] T&,®]1 T18&,andw]j| 1@ respectively.
Figure 35c displays the convection velocity scaling. Theeighwall spread is 33%, 27%, 16%,
and 136 of the abscissa abj| m8rTw]] T1&,®]] T18,andw]j| T respetvely.
Figure 35d displays the Zagarol@mits scaling. Theoughwall spread is 38%, 27%, %6 and
13% of the abscissa abj| mrTw]] 1&,®w]] T1&,andw]] 1@ respectively.

The roughwall spreads across each normalitedbuence band are shown in figures3.
for comparison. The horizontal axes display the collapse as a percentage of the turbulence profile
abscissas, while the vertical axes show the corresponding wall normal positions. Notice that the
four wall normal peitions in each plot corresponddn | T8I T e, W n&, and
Wj1 Ti®. These are the same points mentionedipusly. The plots in figure 8condense the
spread characteristics of each scaling into a comparabletftwmaasy observation. Figure6a.

compares the profile spreads. At]j T3t 7 the convection velocitand Zagarolkbmits
scalings produce the largest profile spreads, whilecthssical and defaukcaling causes the
tightest collapse. As we move away from the wall,dlassicalscaling shows the tightest collapse

at the remaining wathormal positions The ZagarolaSmits and defaultscalings are the
intermediary methods, simular in spread. The largest spread is found usiog¥betion velocity
scaling until @} . Theo profile spreads are shown in figureésBB. The default scaling
displays the largest spreads at each -wathal location. Theconvection velocity scaling,
ZagarolaSmits scalingand classical scalinfpllow, reducing the spread in tliespected order.
The 6 profile spreads are shown in figuré6@. The scaling performancese similar between
each scaling, with the default law producing the largest spreads abjgve 181 1 Theod 0

profile spreads are shownfigure 36d. The classical scaling reveals the smallest spreads, due to
the shear stress dependencéYariThe default scaling has tighter spreads than convection velocity
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Figure 3.6- Summary of rough wall spreads in the turbuence profiles, where a) are thé profile spreads, b)

are the® profile spreads, c) are thed profile spreads, and d) are thed ¢ profile spreads. The default
scaling (—), classical scaling-{—), convection véocity scaling (), and Zagarola Smits scaling4{—)
methods are shown.

and Zagarol@Bmits scalingfrom wj] mrttowj|] ™, however the defau
spreads relatively increase as we move away from the wall. Overall, the perfornigeamh o

scaling orthe turbulence profiles are relatively inconsistent withrédseiltsin the scaled pressure
spectraOne exception to this statement is the poor performance of the default scaling in both the
pressure spectra and the majority of the tlelece profiles. The classical scaling the best overall

spread in the rough wall profiles, especially near the wall. Additionally, previous discussion has
revealed that the classical scaling also collapses the smooth wall data well. While the convection
velocity and Zagaroksmits scalings collapse the pressure data well, they have relatively mediocre
performance in the turbulence profiles. Their band spreads are often found in between the classical
and default scalings.
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3.22 Scaled Turbulence Profilesndertainty Analysis

The data spreads in the turbulence profiles can undergo a more rigorous, guantitative
analysis through uncertainty calculations. Table 3.1 displays uncertainty values expected through
QHW data collection techniques. These values wep®rted by Joseph (2017) based on the
analysis presentday Ma (2003). AdditionallyJoseph (2017) presented uncertainty values of the
boundary layer parameters. These are displayed in table 3.2. Table 3.3 shows the uncertainty in
the convection velocitgalculations for various surface profdie The uncertairgs from sparse
hemisphere profike are omitted because the convection velocity values of Joesph (2017) were
derived directly from the correlation contours of Forest (2012) and Meyers (2014). Itabkch
the] symbol outside of the parentheses represents the uncertainty, as opposed to the boundary
layer thickness.

Table 3.1Absolute Uncertainty of Reynolds Stresses (20:1 odds) from Joesph (2017) and Ma (2003).

o

I 8t pm
o

1 v 8 pm
6

1R o p
60

1R p® pT

Table 3.2Uncertainty values of boundary layer parameters from Joesph (2017).

1Y T8t un/s
1Y T8t um/s
1Y T8t un/s
19 P p pm M
11° p®opmm
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Table 3.3Uncertainty values of convection velocities from Joesph (2017).

Surface Uncertainty
Smooth %
1 = T3 P
Y
Intermediatelyspaced hemisphere! Y
1 &2 T8t ¢ P
Denselyspaced hemispheres Y
1 = T8I ¢ W
Y
Cylinders Y
1 = T@ipu
Y
Multi-height Y
1 = T8t o p
Y
Multi-shape Y
1 v @I g v

Uncertaintes in the scaled turbulenpeofiles depicted in figures 3.3.4 were calculated
using the square root of the sum of squares of the partial derivatimeertainty products. An

example is shown below, using the profile under the classical saad.

0 6 Y , Y . (3.9
Y Y v ° ~ °
Therefore:
, 6 1oL, 1o . 16, 39
8% 7o ° Y Y

The uncertainty data for a selected turbulence praféedepicted as bands around the datagoin
and are shown in figures 33710 The selected turbulence profile is again the 60mense
hemispherease. These figures are shown to give a general idea of the uncertainty levels for each

Reynolds stress component. ThheReynolds stresBas the highest uncertainty, followed by the
0 0,0 ,ando stresses in descendiorder.
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3.23 Scakd Lowpass Filtered Turbulence Profiles

The rather poor collaps# some rough surfacestime turbulence stresses when normalized
on pressuresscalescan be considered an artifact of the integration across the entire velocity
spectra. fie analysian le restrictedo low frequency fluctuations by filtering the Reynolds
stresses. Specifically, we calculate a filtered Reynolds stress by integrating the velocity spectra as

A O O (3.10
60 YOO Q Q0

where Q is the lowpass filter frequency. Figure 3.11 shows the filtered profile legend while
figures 3.123.13display thefiltered turbulence profilesThey are projected in this way isolate

the contributions of the larggcale structures. The lepass filter was created so that it captures
the same lowirequency range over which the pressure spectra areisefigure 1.6 A filter
frequencyfor the default case was selectedc4&Q j Y  p Ttcorresponding approximately to
¢rQTY pmcet QXY ¢ mmandct'Q XY p BSee appendix Bor the rationale behind
these selections. THermat of figures 3.123.13is similar to the usfiltered profilespreviously
discussed. The plotting symbols are different to distinguish the cases. Thé 8ases are
represented by the diamonds while the 60umses are displayed as hexagons. The color scheme
distinguishing each surface type remains the same. ditieohtal axes are also+sxaled so that

the 60m3 dense hemisphere case is locked regardless of scaling vari@blgghed andé
profiles are plotted under this format, as these two components are representative of the others and
believed to be most important in controlling pressure fluctuations.

Filtered streamwise turbulence profiles normalized on thectlstaling are shown in
figure 3.12a. The profile trends are similar to their unfiltered counterparts. The turbulence levels
remain neaeero outside of the boundary layer. They then increase as they approach the wall from
T ©)f p. The maximumturbulence levels for the rough wall curves are achieved at
Wj1 181 T These levels decrease after the threshold as they enter the roughness region, whereas
the smooth surface levels continue to grdWwe filtered profiles have lower overall magrdes
than their unfiltered versions by approximately 25%. This signifies that contributions from high
frequency fluctuations are lower, but still considerable. The smooth wall cases are separated from
the rough wall band by 25% of the abscissa. This sggmf spacing is consistent with the previous
default scaling applications. The turbulence ordering of the rough wall profiles is also similar. The
surfaces with widely spaced hemispheres at_dvave lower turbulence levels, while the multi
shape, cylinder, and intermediate configurations appear at higher Reynolds stresses. This
consistency with unfiltered turbulence profiles and pressure spectra verify th&etpvency
velocity fluctuationgmaintain similar physical trends with respect to roughness configurations.
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Figure 3.117 Condensed legend used for the filtered Reynolds stress profiles. Refer to figure 1.5 for full
legend.

Figure 3.1 displays the filtered profiles nomalized by the classical scaling. The
profile trends are similar to the oth@&r curves. The turbulence ordering between the filtered and

unfiltered classical scalings is similar. This same is shown in the filtergaofiles under the
corvection velocity and Zgarob-Smits scalings in figures 3.12c and 3i¥2spectivhy.

Figure 3.12 displays the filtered default scaléd profiles. The profile trends are similar
to their unfiltered counterparts. Turbulence ordering is sintiaunfiltered stresses and pressure
spectra. The sparse 3mm hemisphere case is an exception, because it exists at higher turbulence
levels than the previous analyses. Figdukd displays the filtered profiles under the classical
scaling.Again, the turbulence orderinigp consistent with past resultSigure 3.18 displays the

filteredd profiles undethe convection velocity scaling, and figure 3i8splays the filtered

profiles under the Zagarcefamits galing. In both tke convection velocity and Zagarefmits
scalings, the smooth wall profiles are separated even further from the rough wall band, indicating
less power of their lovirequency scaling variables on smooth walls.

Figures 3.14a provides a summary of the peddipread for the filtered . Near the wall,
@j1 T8t T the Zagarol€bmits and convection velocity scalings have the largest spreads,
whereas the classical and default scalings have the tightest spreads. This result is similar to the
unfiltered turbulence profiles shawin figure 3.6. For the remaining walbrmal positions, the
ZagarolaSmits scaling has the tightest spreads, with the classical scaling sheiwviiigr
performancédrom 8 @] Ti®. The convection velocity scaling has the largest spreads save

the highest wathormal position af || 1. Figure 3.14b shows the spreads for the filtéred
profiles. The classical scaling has the tightest spreads, with the default scaling having the largest
spreads. The convection velocity and Zaga&its scaling spreads lie somewhere in between
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Figure 3.14- Summary of rough wall spreads inthe filtered turbulence profiles, where a) are the filtered®

profile spreads, and b) are the filteredd profile spreads. The default scaling{—), classical scaling.{—),
convection \elocity scaling ), and Zagarola Smits scaling-{—) methods are shown.

the previous two.

3.3 Velocity Spectra
3.31 Velocity Autospectra

A different view of the velocity fluctuations is given by their autospectra. Streamwise and
wall normal pectra ae plotted in figures 3.23.16 The normalizations used here are— versus

—, —— versus—, ——— versus—, and versus—. These formulabns represent the

default, classical lovirequency, convection velocity and Zagar8its pressure spectral
scalings, respectively. Normalized spectral levels are shown on the vertical axes, and the
normalized angular frequency ranges lie on the horatamtes. Each plot is divided into five
decades to provide uniformity of comparison. The spectra for twonweathal positions are
plotted.co T& v represents an approximate boundary layer edgegandngt tew about

2% of the boundary layer thickness from the wall and, for the rough wall cases, close to limit of
the region where the flow above the roughness elements remains hommgértexse positions
capture some of the changes of spectral scaling effectiveness through the boundary layer. The solid
black lines indicate a vfo slope, representing the inertial subrange expected in high Reynolds
number turbulencéolmogorov, 1941) Note that some of the spectra were derived from time
series measured at a relatively slow sampling rate (6400Hz). These spectra do not resolve the high
frequency end of the inertial subrange or the roll off, but instead a slight upward curl at their high
frequency limit symptomatic of aliasing. These spectra have been included because the focus here
is on low frequency scaling, timpacted by the aliased portion of the spectrum.
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Figure 3.1% displaysO 1 scaled using the default approach. Similar to the pressure
spectrum, the velocity data can be separated into 3 frequency regions. Finegogncy region
of the velocity spectra extends frgmmt 1 1j°Y  p 1 The collapse is fairlpoor atw
T® L@, extending over 20% of the ordinate fronrt 7 1j°Y  p mand 10% of the ordinate
fromp 1 1 1Y p 1 Compared with the default scaled pressure spectrumfigone 1.6
forpm 1 9]°Y p m we see differences in the surface ordering with respect to spectral
energies. This may be caused by the relatively large separation in measurement locations, with
velocity data taken 4t and pressure measurements at the wall. The lack of correspondence
between wall pressure and edge velocity may signify that the outer flow is independent of local
roughness effects, hinting at wall similarity. Movingdo  1@&t 1tdv, the lowfrequency portions
of the spectrum collapse considerably. We see the vertickiness extending over 8% of the
ordinate fromp m 1 1jY p 1 The overall spectral energies are higher as well, consistent
with the more intense velocity fluctuations near the wall revealed in the stress profiles. The
surfaces are now alsordered in a similar manner as in the lbequency portion of the
correspondingly normalized pressure spectrum. This ordering was also displayed in the turbulence
profiles, which is expected since such profiles are constructed on the total spectrgl energ
Observations about the ordering of the spectra require caie at@t mw. Since there are
significant gradients in the stresses here the exact positions of the measurements on these gradients
can significantly weight the velocity spectra. For example, the underlying smooth surface
turbulent stresses appeagrsficantly separated in figure &2but lie just below the ugh wall
spectral curves in figure 3.45In the midfrequency regionp 1 1 1j°Y p 1 the spectral
bandato & va maintains a 10% vertical collapse. The collapse tightegistkfifor the data
at@w T8 d, closing to 5%. The slopes also maintain along thg o trends well. This was
vastly different in the pressure spectrum scaling, where thdregdency spectral curves had a
variety of slopes. This shows that tii@ 1 surface curves have a common energy transfer
mechanism.

Figure 3.1B shows the classical scaling of te 7 bands. The lowrequency region is
defined fromp m 1 1j°Y p 1 The spectral band @ T8 va is large, butslightly
reduced from the default case, covering 18% of the ordinatedrom 1 1j Y p 1 and 8%
fromp m 1 7j°Y p 1 Again, the spectral ordering of the surfaces at this position are
inconsistent with the results from the cepending pressure spectrum (e.g. the 3mm hemisphere
surfaces appeat toe top of the band in figure 3.k&nd on the bottom in figure 1l The spectral
profiles are more collapsedat 18t 11CL, extending over only 6% of the ordinate frenTt
11J7Y p 1 Their ordering is similar to the pressure spectrum, with the sparse hemisphere
surfaces at lower levels and the intermediate density, sshdjpe surfaces at higher levels.
However, the relatively lower placement of the smooth adlsparse 3mm hemisphere prodile
correspond to their low normalized Reynolds stresses in the turbulence plots. The mid and high
frequency regions of the velocity spectra aret 1 1J°Y pmandpm 11j°Y pm
respectively. The mifrequency slopes are fairly constant for all surfaces at both positions, with
spreads of equal size compared to the-imguency case. Again, this differs from various slope
guantities in the midrequencies of the classical scaled pressure spectrum.
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Figure 3.18 shows théO 7 bands under the convection velocity scaling. The-low
frequency region is defined fromm 1 7j°Y p 1 The spread ab T1®& v is 15% of
the ordinatefronp 1 1 7)Y p mand6%fronp m 1 1j°Y p 1 This s slightly better
than the previous two scalings. The spreadat 1@t 1tdv is approximately the same as the
classical scaling, presiding over 6% of the ordinate. An exact surfacengrde difficult to
ascertain because of the tight combined collapse in the velocity spectra, pressure spectra, and
turbulence profiles under this scaling. However, each plot has the 3mm sparse cylinder curves on
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