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ABSTRACT

This thesis is a fundamental study that was conducted experimentally to investigate the
effects of different surface types on turbulent flows over forward facing steps. A particle
image velocimetry techniqgue was employed to conduct field velocity measurements at
the midplane of the test channel at selected locations downstream to 68 stefs.heig
Three surface conditions were investigated. A reference smooth acrylic step and two
rough steps created using sandpapegr&d and 3€grits. Reynolds numbers based on

step height and centerline mean velocities of 1200, 3600 and 4800 were emplwyed. T
results show that the mean reattachment length increases as Reynolds number increases
over the smooth step. However, the mean reattachment length decreases with increasing
surface roughness at a given Reynolds number. The mean velocities, Reynas@és,stres
triple velocity products and production of Reynolds stresses are used to examine the
effects of different surface types on the turbulent characteristics downstream. The results
reveal that surface roughness reduced the turbulent quantities in tfeeladioin and

early redevelopment regions. On the other hand, the effects on turbulent flow at
downstream locations show no consistent trends. In addition, proper orthogonal
decomposition (POD) was used to study the effects of roughness on the large scale
structures downstream and to reconstruct flow structure. Results show that low order
POD modes can capture up to 90% of the peaks of the Reynolds shear stress profiles
using only the first 100 modes. Furthermore, the-pomt correlation was employed to
guantity the extent of larger scale structures embedded in the flow and how the
turbulence is correlated. The results indicate that surface roughness generally decreased
the extent of turbulence correlations in both the recirculation and redevelopmensregio

Keywords: Turbulent Flow Forward Facing Step, Surface Roughness, Particle Image

Velocimetry, Proper Orthogonal Decomposition, TRoint Correlation.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Turbulent flow sepation andreattachment phenomerare quite common in several
industrial devices such as wide angle diffusers, heat exchanger, combustor,analves
cooling of nuclear reactors:low separation and reattachment phenoanare alsoof
particular interest fowind engineering application® major concern in wind energy
applicationdgs optimal placement ofvind turbines. When wind turbinesreplacedin the
vicinity of costal cliffs and escarpment®r example the flows over suchterrains are
highly complex and usually accompanied byflow separation and reattachment.
Furthermore lIbw separation is encountered in many engineering applications such as
turbomachinery, ground transport, buildings and so on. The investigation of the flow field
over complex geomeés has been a challenge in fluid mechanics, where significant flow
recirculation regions arise as a consequence of flow separation. This results in dramatic
changes in théurbulenttransport and mixing process. In thetomaive and aerospace
industries, some causes of aerodynamically generated noise aaseciated with
geometries similar to forward facing steps (FFSpme of hesegeometriesare by
deliberate design, which could be power supjdyiceson top of the higtspeed trains,

wings of aeroplareor wiper bladesf a vehicle

Flow over a FFS in a parallel channel represents a typizathple of flow separation and
reattachmentphenomena The presence of a FFS on smooth surface separates the
incoming boundary layedue to the existence of theatting edge of the stewhich
reattaches to the step surface at some distance downstiiden separation and
reattachmentype flow changes the incoming equilibrium turbulent boundary layer and
enhancedamore turbulent activity than what is observed overfaces without a FFS
(Farabee and Zoccola, 1998). In the reattachment region, the shear layer may be
overwhelmingly distorted so that the usual thin layer approximations are not valid
(Agelinchaab and Tachie, 2008). In this regard, separating and reajtaatinlent flows



can be used as prototypical flows to conduct fundamental research on complex turbulent

shear flows.

The separated and reattached 8dwwe received extensive attention in the past decades
due to its important fundamental and practapplications. Experimental methods such

as particle image velocimetry (PIV), laser Doppler velocimetry (LDV), hotwire
anemometry, wall flow visualization, particle tracking velocimetry (PTV) and numerical
methodology such as direct numerical simulation §)Narge eddy simulation (LES),

and immersed boundary method (IBM) have been applied to study the characteristics of

the separating and reattaching flow

As shown in Fig. 1.1 below, wide range of simpléaboratory geometriesuch as the
backwardfacing step (BFS), FFS, transverse ribs and fence have been used to study
separated ral reattached flows. Among thesthe BFS flow is the most extensively
investigated mainly due to its relativenplicity. It hasonly one recirculation region
behind the steplts counterparts, the FFS fleware less studied due to thesteady
nature of the flow and the presence of two circulationoreg{Eaton and Johnston, 1981).

The fence and riblsoseparate the incoming flow and cause two recirculation regions

Flow sparation can occur on either smooth or rough surfaces. Surface roughness is a
distinctive feature of the separating and reattachingsfiowd plays an important role in
engineering applicatian While most of the previous research focused on smooth
surfa@s, roughness is the rule but not the exception. In fastatlralsurfaces become
hydraulically rough when Reynolds number is infinite. Surface roughness can also be
caused by erosion, impurity accumulation in pipeline over a perioiime or even
corosion They are also found responsible for the noise generated by turbulent boundary
layers, and other properties such as the wall pressure fluctuations (Hersh and Jin Tso,
1987; Hersh 1983; Howe 1984, 1986, 1988; Reutov and Rybushkina, 1986).

The presece of surface roughness in typical turbulent boundary layer modifies flow

structures and transport phenomemear rough elements. However, the effects of



surface roughness on separating and reattaching 8mwnotfully understood, especially

for a smdl step height to boundary layer thickness ratio.
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Figure 1.1: Various geometries used tadiuce flow separation. (a) Backward facing step. (b) Fence. (c
(d) Forward facing step.

Although the FFS turbulent flows have been studhiethe past and it is known thttey

have significant effects on the reattachment length and turbulent statistics in the early
redveloping regionghe turbulent statistics over a rough FFS in the redeveloping and far
downstream redevelopment regions have not been repéitetthermorejn contrast to

the large number of prior studies of turbulent flows over smooth &#3jnderstanding



of effects of rogh FFSs on turbulent shear flows is limited to only one experimental
study as indicated in Chapter Blowever, that study only reported results in the

recirculation region.

1.20bjective

The main objective of current research is to investigate the effedsrfaicetype or
conditionon turbulent flows over FFSa the recirculation andedevelopment regien
Specialinterest is given tdhe impactof different surfaceon the Reynolds stresseand
turbulent production terms as well as large scale structudes experimental
methodology is applied to achieve this objective. In particular, detailed velocity
measurements were conducted over FFSs with three surface conditions. These are a
reference smooth surface step made from an acrylic plate and two stepwgth
surfaces made of sandpaperdits and sandpaper 2gits (Fig. 3.4).A particle image
velocimetry (PIV) technique was used to conduct the measurements in the stréamwise
wall-normal &-y) planes at the test section apthne and at several locat®down to 68

step heights.

The velocity data obtained over the three surface typefRagdolds numberare then
postprocessed to obtain the mean field velocities and turbulent quantities. In addition to
the single point flow statistics, multiple poiminalyses such as proper orthogonal
decomposition (POD) and twmoint correlation functions were employed tody the
coherentarge scale structures in order to provide physical insight into the nature of these

complex flows.

1.3Thesis Structure

The thesigs organized into five chapters. The rest of the thesis is arranged as follows.
The literature review of previoustudies on separated and reattadi@as over smooth

and rough FFSs ipresented in Chapter 2. Detailed experimental setup including test
facilities, measurement procedures as well as the PIV technique used to conduct the
measurements is reped in Chapter 3. Chapterrdports the results and anaysvhere

the effects of surface conditipiReynolds number, Reynolds stresses, triple velocity



products and turbulent production tera® discussd in detail In addition, POD and
two-point correlation analys of the effectsof surface roughness on the coherent
structures and large rotating structures are also reported. Finally, the summary and
conclusiors of the thesis and recommendations for future work are presented in Chapter
5.



CHAPTER 2
LITERATURE RIVIEW

A brief introduction of forward facing step (FFS) flow antd distinctive features
including the recirculation region amdattachmentength ;) will be discussed in this
chapter. In addition, an overview of previous relevant studies that used both experimental

and numerical methodologies on smooth and rough RiHB3e reported.

2.1Characteristics of Flowover Forward Facing Step

As indicated in Chapter 1urbulent flows over FFSs have been studied extensively in the
past due to their diversapplications including turbine blade cooling, heat transfer
enhancement for electronic devices, and friction reduction in fluid machAyeayt from

their technical applications, FFS flows are also prototypical flows for investigating the
physics of omplex neamwall flows. Forward facing steflows raisesignificant practical

interest in the industry and has beardged extensively as a result.

Figure 2.1 is a schematic diagram of #ow over a FFS indicating some distinctive
features of the flow. The Cartesian coordinate system is applied witkaberdinate
aligned with the streamwise direction agdoordinate aligned with the watiormal
direction as indicated in the figure. Note tkat O corresponds to the leading edge of the
step andy = 0 is at the top surface of the step. The turbulent flow with boundary layer

(2%

thickness U~ and free stream velocityde, approaches from left to right over a FFS with
step heighth, is shown in Fig2.1. The first recirculation region occurs upstreamheat t

foot of the step. The flow is reported to separate ath~Up&treamand reattaches to the
vertical step wall at+0.6h above the ground surface downstream (Leclercq et al., 2001).
For FFS, the leading edge of the step acts as the only one fixed seppoatit and it is

not dependent on Reynolds number or any other conditions. According tenBawad
Lindley (1977), the velocityn the upstream recirculation region is nearly stagnant and
acts as an equival ent fAs|l| o preoccarsapovetbe stepl h e
top surface extending from the leading edge tor¢fagtachment point downstream. This

is denoted as reattachment lengfh,in Fig. 2.1. Strong shear layers develop in the

6
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recirculation region and vertical motion of flow was obserthrough flow visualisation

techniqus, which is often referred to flapping (Driver et al., 1987).
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Figure 2.1: A sketch of forward facing step and mean velocity profiles (Sherry, 2010).

Generally, flow over FFS is dividadto three major regions. These inclutie upstream
region, recirculation region and redevelopment region. The upstream region is the region
where turbulent boundary layer is fully developed before it is separated by the step. An
important characteristiof a turbulent boundary layer oundary layer thicknessi)(

(Fig. 2.1), which is defined as the distance from the wall to where the streamwise velocity
is 99% ofUe. Other parameters are also used to characterize turbulent boundary layers
such as the displacement thicknedg, (momentum thicknessiy, shape fator (H: = U

“Id), and skinfriction coefficient Cr = 2(Uu/Ue)?, where Ugis friction velocity. The
recirculation region is created by the reverse flow closth@ostep surface interacting

with the free strearflow, extending from the leading edge oéthktep to the point where

the flow reattaches to the step surface. This results in the development of a strong shear
layer between the low velocity recirculating flow and the mean free stream flow. This
complex phenomenon elevates local mixing in the teriiuooundary layer. The region
beyond the reattachment location is called the redevelopment region, where a new
boundary layer redevelop$he recovery of new boundary layer may take more than 20

step heights to develop according to Jovic and Driver (12@& Simpson (1989).



Previous studies have shown th&@tdepends on a number of parameters including the
step lengthl() to hratio (i.e.,L/h), the step widthW) to h ratio (i.e.,W/h) andivh (Castro

and Dianat, 1983 It was also observed that nomé these parameters has been
determined to independently affeXt in a dominant fashion because of the complex
interaction between the distinct separated regions in FFS flBresigha and Wong,
1972). In addition, Largeau and Moriniere (2007) pointediwaitin order to characterize
the flow, a large enoughL/h ratio is required Also the W/h ratio determines the
dimensionality of the recirculation region. It was further argued that the
two-dimensionality of flows is enhanced if thé/hratio is greateritan 10 (Largeau and
Moriniere, 2007).

2.2 Previous Studies

Extensive efforts have been made to study separated and reattached turbulent flows.
Backward facing step (BFS) flows are more extensively studied mainly due to their
relative simplicity compared t&FS flows. BFS studies have been comprehensively
reviewedrecentlyby Essel(2013) and will not be repeated in this thesis. Separated and
reattached turbulent flows induced by surface mounted blocks of different geometries
hawe also been reviewed in dethit Agelinchaab and Tachie (2008) aaddowill not be

repeated here.

2.2.1 Forward Facing Step Studies

A number of prior research investigated turbulent flows over FFSs. A summary of the
relevant literatures is listed in TableXZ2.whereRe, is Reynoldsnumker based o, and

H is the test channel height. Aldd,andV are the streamise and wall normal velocities,
respectively. For the fluctuating componenis,v, w,are streamwise, watiormal, and
perpendicular velocities in they, z directions, respéwely. The turbulent kinetic energy

is k, Uis dissipation, whilec,, ¢ are pressure coefficient and friction coefficient,
respectively. The Reynolds stresaag uv, vv are the streamwise Reynolds normal
stresses, Reynolds shear stresses, and thenevalal Reynolds normal stresses,

respectively.



Table 21: Summary of relevant FFS studies.

Study h (mm) h/H a/ h Lk Re Xr Technig- | Quantities
ue

Arie et al. 10~70 0.083- | 1.96 4 - 25 - u, v, w
(1975) 0.583 ug

Agelinchaab 6 0.03 9.3 6 1.92x10 4.1 PIV u v, U, v

& Tachie 3 -uv, U
(2008)

Camussi et 20 - 5 8 8.8-26. | 1.5-21 PIV U

al. (2008) 3x10°

Castro& 60 0.08 5.2 2 5x104 1.4 - Co, G
Dianat
(1983)

Farabee 14.2 0.023 2.4 >10 | 2.1x10 3 - Prms
&Casarella
(1986)
Gassetetal| 76 0.07 0.7 >6 5x10* 50 | RNGkU| u. k
(2005)

Hattori & - 0.11 0.33| 233 0.9~ 1.82~ DNS U, -uv, k
Nagano ~ 3x10° 2.04 Urms, Vims,
(2010) 0.66 Wims

Largeau and| 30,40,50| 0.023- 0.3 >9 2.88-12 | 3.55 PIVand | uu, vv, uv
Moriniere 0.039 .82x wall flow
(2007) 10 visualizat
i-on
Zhang 75.37 0.097 0.7 32 - 4.02 k-0 U, k
(1994) model
Bergeles & 25 0.02 0.48 4 2.7x10% 3.75 Hot-Wire Ly
Athanassiadi

s (1983)

Andrew. 32.3~72.| 0.2222~ - 33.3 - - VOF, Pressure
(2013) 75 0.5 DNS head

Elorantaet 11.2 0.5 0.25 11 960~55 4 PIV ugk

al. (2002) 00

Sherry et al 1545 3.75x10 | 0.83 | 11.1~ | 1400~ 2.4~-3.3 PIV U, u,-uv,
(2010) 2~01 | ~25| 333 | 1.9x0 X

Pearson et al 30 0.027 | 0.16 30 20.5x10 3.1 PIV u, Ue
(2011) 3

Stier et al. 20 0.25 _ _ 960~23 _ Hydroge u,v,w

(11998) 00 n bubble,
PTV
Wu & Ren 6.3 0.01 8 14 3450 | 0.9-15 PIV U, V, uu,
(2011, 2013) uv, v,
Lanzerstorfer| _ 0.23 ~ _ _ 680~ 1.7 Finite u, v, w
et al. (2012) 0.965 7700 volume
method
Pearson et al 30 0.027 | 1.47 33 20000 - PIV, U, uv
(2013) hot-wire
Tachie & 3 0.005 | >10 162 960~ - LDA U, U", Ums,
Balachandar 1890 Hs
(2001)




Motivated by the lack of experimental data on turbulent flows over FFSs, Caghadsi

(2008) investigated flow field and wall pressure fluctuations induced by -gDasi
incompressible turbulent boundary layers over a FFSa iwater tunnel. The test
conditions and boundary layer parameters of their study are reported in Zlable
Pressure and velocity data were measured by pressure sensors and the PIV technique,
respectively. The PIV measurement locations ranged #tn¥ 0 to 5.5. The results
showed that the recirculation region strongly dependeldeanFor example, the average
location of the reattachment point moved from about tidvnstream of the step R

= 8.8x10° to about 2.l atRe,= 26.3X1.C".

Bergeles and Aianassiadis (1983) investigated the length of the recirculaggignon a

FFS step using a single hot wire. The experiments were carried out in an open circuit
wind tunnel at a Reynolds number of 2.7440dd a turbulence level of 0.5%. The step
dimensiors, and flow and boundary parameters including boundary layer thickness to
height ratio ofti / £ 0.48 are indicated in Tab1. The lengths of the recirculating
region for various step widths were determined qualitatively using flow visualization.
Experimental results showed that the length of the recirculating region downstream

decreases witincreasing step width.

Largeau and Moriniere (2007) performed comprehensive experiments in a subsonic wind
tunnel to better understand the spa@mporal wall pressure and flow fluctuations over a
FFS. The Reynolds number and boundary layer thickatedgk = -6 are reported in Table

2. 1. Wall flow visualizations and particle image velocimetry (PIV) technique were used
to analyze the flow topology. A musensor approach using wall pressure probes and
cross hot wire anemometry was carried out to ensimultaneous measurement of wall
pressure and velocity fields and the analysis of cross correlation between the velocity
fields and wall pressure fields. Results confirmed that recirculation region decreased with

increasingl / rdtio.

Agelinchaab and achie (2008) studied separated flow over -tlumensional (2D)
transverse blocks of different geometries including a short FFS. The PIV technique was

10



used to conduct the velocity measurement dowr/lio= 130 downstream beyond the
reattachment point. The atacteristics of approaching flow measured/at= -41.7 are
reported in Tabl@. 1. The study suggested that the upstream boundary conditions such as
Reynolds number, boundary layer thickness, and turbulence level or measurement
uncertainty could affedhe reattachment lengtin addition, it was also found that the
y-values of dividing streamlines monotonically decrease wyiffom 1.0 to 0.3 at various

x-locations in the recirculation region.

Sherry et al. (2010) performed one of the most comprelensiestigations on the
velocity fields over FFSs immersed in turbulent boundary layers with different boundary
layerWh ratios inawind tunnel Reynolds numbers based lbfrom Re, = 1400 to 19000
were used. The velocity measurement were performed using particle image velocimetry
(PIV) in the rangex/h = 1.9 to 4. Detailed boundary layer parameters measured at 13.5
mmupstream of the step over the entire velocity range are reported inZlabl@he
study found that foRe, less than 8500, th¥; value was heavily dependent on the
Reynolds numbeand Yh. However, forRe, more than 8500, there is no significdld,
dependence ofX;. The study also confirmed that irrespectiveR#, the reattachment
length is strongly dependent on/ r&tio. However, the study was limited because it did
not reportturbulent statistics beyond theattachmentegion and only the smoothtep

was investigated

Pearsonet al. (2011) investigated the relationship between several defined flow
parameters (as indicated in TaBlel) at the step face as well as the dependence of these
parameters on the upstream and downstream flows. The reepésiwere performed in a
wind tunnel withh = 0.03 m using PIMechnique as indicatedResults show that by
applying joint probability density functions and crassrelations, a slower than average
flow velocity above the step face results in an incraasthe inclination of the flow
above the step, an increase of the downstreaticesand an increase in the wabrmal

extent of upstream reverse flow.
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2.2.2 Studieson Rough Surfaces

A comprénensve reviewof turbulent flow over the rough surface studp®r to 1990

was performedby Raupach et al. (1991) and will not be repeated Igubsequently,
Schultz and Flack (207 examinedthe effects of uniform packed spheres displaced in
the turbulent boundary layer and compatethe effects of finescale gris and found out

that spheres had more impacts on turbulence statistics. Mbjaez and Christensen
(2010) conducted experiment over a rough surface with oil deposition in the turbulent
boundary layer with zero pressure gradient (ZP@eat= 11400.Low order mods of 5

and 16 were selected. Both mode 5 and 16-doter modes possessed turbulent
boundary layer features outside the roughness sublayer, but not within the roughness
sublayerJi and WangZ010) studied acoustics in the turbulent flow usimgpsth FFS to
model this discontinuity.

Wu and Ren (2013) explored the impacts of realistic roughness on the turbulent boundary
layer over FFS. The surface topographies of different scale resolutions were obtained
from a novel multiresolution analysis ¢hnique.PIV measurement&ere carried out in

an open circit, boundary layer wind tunnelt Re,= 3450. The mean velocity fields show

that the largescale but lowamplitude roughness in the FFS distorts the mean flow
structure of the downstream recircudat region. The Reynolds stress downstream of the
step shows little variation by the specific topographical features of the-deade
roughnes®verthe step compared with the smooth stapeclt also indicates that if the
leading roughness profile hasegative slope, the effects on the FFS $lanenegligible

while a positive slope leading roughness profile has remarkable impacts on the F=S flow
downstreamTheir study, however, is also limited talg two step heights downstream in

therecirculation region Flow recovery in the redevelopment region is not reported.

More recentlySarkar and Mazumder (2014) investigated the features of turbulent flows

over the trough of a pair of 2D forward facing dune shaped structures with two different
strossside slopes. The strossde angles were respectively 50°and 90°upstreamd

have an equal base lengtlith a common slope of 6°at downstream faéeperiments

were conducted in a recirculséaaumdgr ebat,| os ed
2009) usg a 3D Micro-Acoustic Doppler Velocimetry (ADV) to collect velocity data at

12



the flume centerline aRey & 1 . 4°4TurbWent flow parameters showhat the
separation bubble and a thin shear layer between the reverse flow region and main free
stream rgion are the main contributor to the turbulence production. It is also found that
the structures with higher stresi&le slope induced more flow resistance.

2.3Multi -Point Statistics

Turbulencds characterized by disorderly fluctuations in time and tdieeensionality in
space. However, it is generally accepted that there are repeating patterns of motion or
organised motions (also known as coherentlarge scalestructures) embedded in
turbulent flows. Coherergtructurespossess a substantial portion loé ttotal turbulence
kinetic energy lammad and Milanovic, 2009ldentifying these coherent structures is a
challenge, in part because they are usually buried in massive chaotid luatproper
orthogonal decomposition (POD) technique igp@wverful multipoint techniquefor
studying coherent structure in a turbulent flow. In addition, the-gwint velocity
correlations are employed to examine the distances over which the turbulence field is
correlated across the shear layer. A brief overview of POD tgeénand twepoint

correlations is presented in Secti@h8. 1 and 23. 2, respectively.

2.3.1 Proper Orthogonal Decomposition

As mentioned in Chapter IROD is a statistical technique for extractirgpherent
structures oenergetically dominant modes in aMl. It decomposes a series of data into
an optimal set of basic functions, which is also called an eigenfunction or orthogonal
function (Holmes et al., 1996). It has been argued that POD is the most efficient
technique for extracting the most energetic ponents of an infinite dimensional process
with only a few modesAdrian and Westerwegl 2000; Holmes et al., 1996). Proper
orthogonal decomposition requires mydtints measurements such as data from PIV or

hotwire rakes.

Proper orthogonal decomposititias been used in various disciplines that include fluid
mechanics, oceanography, and image processing (Cizmas et al., 2003). Compressive

reviews of the application of POD to turbulent flows can be found in Holmes et al. (1996),
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and Gordeyev (1999). Depand on the discipline, the same procedure for implementing
POD goes by different names such as Karhdmmve decomposition, principal
components analysis, singular systems analysis, and singular value decomposition
(Holmes et at., 1996). Proper orthogodatomposition was first introduced to the field

of fluid turbulence by Lumley (1967) as an unbiased method for extracting structures in a
turbulent flow (Holmes et al., 1996). Lumley (1967) defined coherent structures in terms
of the eigenfunctions withhe associated turbulent kinetic energy (Hammad and
Milanovic, 2009) and frame it as a maximization problem that results in an integral
equation with fixed limits. This equation is also known as the Fredholm type integral
equation with the correlation terrsas the kernel. The direct method of POD involves
solving this equation (Shinneeb, 2006). Detailed presentation of the direct method was
reported by Shinneeb (2006) and Kostas (2002).

Sirovich (1987) argued that when the resolution of the spatial daiiirs higher than

the number of observationbl), computation by the direct method becomes inefficient.
This is becase the direct method requir@d ® + M 2N) operations for completion. This is

the case for PIV data where a large number of vectors cabthmed in each velocity

field. A more computationally efficient technique called the snapshot method was
implemented by Sirovich (1987). The snlaps method requirefN® + N2M) for
convergence. This method is simply a numerical technique which can woriiu
empirical eigenfunctions efficiently and give an equivalent solution to the direct method
(Sirovich, 1987). Graftieaux et al. (2001) compared the direct and snapshot methods for
unsteady turbulent swirling flows and found no significant differencetheir results.
Breuer and Sirovich (1991) observed that as the snapshots increases, the computed
energyspectra approacthe analytical spectra and the fidelity of the snapshot procedure
improves. They also demonstrated thatNif > M, spurious eigenvaés would be
generated, however, N < M, all the eigenvalues would provide valid approximation to
the analytical spectra.

One of the earliest applicatisof POD to turbulent flows was by Bakewell and Lumley
(1967), who applied POD to a fully developedbulent pipe flow. Subsequently, POD
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has been implemented in many types of flows including free jets (Shinneeb, 2006; Bi et
al., 2003; ZhowandHitt, 2004; Gamard et al., 2004; Sakai et al., 2006a, b, Gordmgev
Thomas, 20002003; Meyer et al., 2007lgbal and Thomas, 2007), channel flows

( Reichert et al., 1994; Sen et al., 2007; Moin and Moser, 1998), boundary layer flows
(Alfonsi and Primavera, 2007; Orrelano and Wengle, 20@1;and Christensen, @6),
backwad facing step flow (Kostas, 2002, 200B5sse] 2013); and 3D turbulent wall jet

(Hall and Ewing, 2005, 2007). Kostas et al. (2002, 2005) used POD to reveal the
presenceof vertical structures throughout the shear layer. They found more irregular
structures at downstream locations than upstrieaations which suggested that there is

an increase in turbulent interactions with downstream distance. Low order representations
of the turbulent intensities and Reynolds shear stressed suggest that large scale structures
contribute more ta? andi uv than V2 in the flow downstream of the reattachmefor
Reynolds numbers (based on the step height and freestream velocity) of 580 and 4660,
they found that the structure of the smaller scales depend strongly on Reynolds number
whereas the large scales do.rerry et al. (2010) apptdePOD to analyse shear layer
dynamics, streamwise velocity perturbation, and Reynolds shear stress of FFS flows.
Their resuts showthat the experimental data they obtaingere similar to previous
studies, i.e(Moss and Baker1980). Bsel(2013) used POD to analysarbulent flows

over a BFS.The sults indicated that the most dominant flow structures in the

redevelopment region are more energetic than those in the recirculation region.

The snapshot approach of POD introgldiby Sirovich (1987) was employed in this study.
The POD implementation was performed following the procedure explained by Meyer et
al. (2007).This approach considers each instantaneous PIV realization as a snapshot of
the flow. The snapshot method is ethtechnique employed in this study and its

implementation is described detailin Appendix A.

2.3.2 Two-Point Correlations
Following Volino et al. (2007), the twpoint correlation functions are defined for two
arbitrary quantitiesA andB in a plane at refence points separated k1 and gz as

follows:

15



Y Oi1h 61 wh ) (2.1)

where, AT A are the starmrd deviations of A and B, respectively, aiposiions

i i and< > denotes the average. In this stugly, and, represent the turbulent
intensities, whileA andB are the fluctuating velocities. In tixey plane, for example,,
and, are, respectively, the streamwisg and walinormal ¢) fluctuating velocities,
respectively. It should be noted that Eqnl2an also apply to autocorrelations. These
are denoted byrRaaor Res As mentioned earlier, twpoint correlatios can be used to
determine the distance and tirseales over which the turbulence field is correlated
across the flow. It can also be used to estimate the integral as well as the Taylor micro
length and time scales. For examples, the area under thgotntocorrelations rabeen

used to study offset avdall jets previously.

The twopoint correlatios have been used more extensively in boundary layer studies to
guantify the average extent and shape of the halil@nsortex packets. For example, the
angle of inclination of the spatial autocorrelatiarthe streamwise directioRyu(X), can

be interpreted as the average inclination of the hairpin packets (Volino et al., 2007).
Based on direct numerical simulation (DNS) data, Moin and Kim (1985) concluded that
the twopoint correlations strongly suppod flow model with hairpidike vortices
inclined at 45°to the wall in a channel flow. They also found that the size of vortices
increased with walhormal location. The angles of inclinationRif, can be estimated by
fitting leastsquares through pointkarthest away from the setorrelation peak at
different contour levels. Christensen and Wu (2005) determined that, for turbulent
channel flow, the hairpHike vortex packets are inclined at angle of 11°o the channel

wall. Their results are in goodgreementwith values of 12°and 13°reported by
Christensen and Adrian (2001) for turbulent boundary layers at Reynolds number based
on friction velocity ofRes= 547 to 1734. In an earlier study, Head and Bandyopadhyay
(1981) reported inclination anglestween 15°and 20°for 500 <Rer< 17500, wherd&es

is the Reynolds rmabers based on momentum thickness. More recently, Tomkins and
Adrian (2003) reported angles between 10°and 20Ra= 1015 and 7705, respectively.
The results from the experimentstudies show that, for canonical turbulent flows, the

inclination of the hairpidike vortex packets is approximately5°+5 ? Pearson et al.
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(2011) investigated the upstream and downstream separation sregi@ FFS and
reported statistical relatiorisetween the flow characteristics of the recirculation regions

in the vicinity of the step fac&he results showed that after a time delay, the upstream
wall shear stress correlates to the upstream extent of separation is consistent with the
average conveion velocity of the lower boundary laydtssel(2013) also employed the
two-point correlation analysis technique to study flow structures of a BFS flow. The
results show that the physical size of the spatial structures embodied in the streamwise
autocorrelation increases as flow develops from recirculation region to the
redevelopment region while in walbrmal direction, the size of spatial structures

increases with streamwise distance.

2.4Summary

In this chapter, a review of the relevant studies ofulleritt flows over FFS is presented.
From previous studies, it is known thétis highly dependent ob/h, W/h andRe.. In
particular, whenRe, is less than 8500, th¥: value was heavily dependent on the
Reynolds number. However, fdRe, more than 8500, #re is no significantRe
dependence oX:. A large enougti/h ratio is required to characterize the flow and also
the Wh ratio determines the dimensionality of the recirculation region. It is evident that
most of the previous studies focused on smooth &fd ongooint statistics such as mean
flow velocities Reynolds stresses are extensively investigated. Turbulent flows over
rough FFSs in the open literatures are limited only to Wu and Ren (2011, Z0&8).
studies were also limited to only 2 step diei downstreamTherefore, the effects of
surface roughness on the characteristics of turbulent flow over a FFS are not fully
understoodin this thesisturbulent flows over a FF®ith different surface conditiorere
investigated. Turbulent statisticsclnding Reynolds stresseand higher order moments

will be reported.
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CHAPTER 3
EXPERIMENTAL SET -UP AND MEASUREMENT
PROCEDURE

In this chapter, the experimental setup, test conditions, the measurement procedures and

freestream flow characteristics areadissed.

3.1Experimental Setup

The experiments were conducted in a test channel that was inserted into a main
recirculating water tunnekigure 3.1 shows a schematic diagram of the water tunnel used
for this study. The test section was made of clear acpydite to facilitate optical access.

The whole experimental facilitiesonsist of a water tunnel and particle image velocity
(PIV) systemThesesystens will be describedn detail in the following sections.

3.1.1 Water Tunnel
The main water channel consistdlow conditioning unit (items-R), test section (item 3),
a tank (item 4)a centrifugal pump (item 5) variable speed drive (item 6), piping and

3

[

Figure 3.1: Schematic of the water tunnek Honeycomb, 2perforated plate,-3est section, 4tank, 5
pump, and 6variable sped controller(Paul 2006).
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valves, supporting framework and a filtering system.

The recirculating flow iglriven by the centrifgal pump through the flow conditioning unit
at the inlet section of the water channel. The flow conditioning unit has a wide settling
chamber fitted with perforated steel plates and honeycomb followed by a 6:1 contraction
section to break down the largeake turbulence and make the flow uniform prior to

entering the test section. A 24 HP variable speed drive motor regulates the speed of the
pump.

Traverse

Figure 3.2: Picture of the test section of the water tunnel and components of the PIV system.

3.1.2 TestSection andForward Facing Seps

The test section of main water tunnel iswh in Fig 3.2. It has dimensions of 2500 mm
(length) x200 mm (height) x200 mm (internal width). The side and bottom wéltke

test sectiorare made of Super Abrasion ResistAg8AR) clear acrylic plate to facilitate
optical access. The test chalsnevhich wereconstructedwith clear acrylic platesand
installed orstainless steel bars, were screwed onto the bottom wall of the test section of the
water tunnel (Fig3.2). A schemigc drawing of the test channislshown in Fig3.3. The
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test channelwasfabricated from 6 mm thick acrylic plates and have dimensions of 2500
mm (length) x51 mm (height) x186 (width).

Fig. 3.3showsthe forward facing step (FFS) used to induce flow separdtibas nominal
heightof, h = 6 mm, length 1300 mm anddth 185 mm. The step was screwed onto the
bottom wall of the test channelh&upstream channel height By = 51 mm and the
channel height downstream of the trailing edge of the FA34rs 45 mm.The test
channel has an aspect ratio (ARV/h) and expansen ratio (ER=Hq/Hy) of 31 and 0.864,
respectivelyThe present aspect ratio of AR = 31 is significantly larger than the minimum
value of AR = 10 required to establish a tdimensional mean flow at the mgban of the

test sectior{De Brederode and Bradshaw, 1972)

3.2FFS and Surface Condition

Three stepsurface conditions were used in this stullyeplaceable reference smooth
surface and two rough surfaces of different topograpdng placed on the step to study the
effects of surface conditionson the flow structures within the recirculation and

redevebpment regions.

60 mm

Flow Direction {"l—'-| /Stap

v L)
T ‘“‘H_ \‘— & .-";

H,=51mm Trips PO v p1 / Ps Hy=45 mm
— +

}_‘.l‘ VA A A A A

|= - -'

1200 min x 1300 mim

Figure 3.3: Schematic of sectional side view of the parallel test channels.

The smooth surface (hereafter denoted by SM) is simply the step described above without
any surface treatment. The rough aue were made from sandpaper-g6ts (hereafter
deroted by SP36) and sandpaper 2jtits (hereafter denoted/SR24) glued onto a 4.5
mm acrylic plate and also spans 1300 mm from the trailing edge of the FFS. Each of the
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sandpapers has a mean sheet thickness of 1,5smithat the combined thickness of the

plate and roughness elements was 6.0 £0.1 mm.

Figure 3.4: Pictures and contour plots of sandpaper 36 grits36f) and 24 grits, SP4 (b) (Essel, 2013)

Figure 34 showsthe pictures of SF86 and SFP24. Samples of the rough surface {3
and SP24) were profiled by Bl (2013) with a Veeco Wyco NT9100 optical profilometer
which utilizes white light interferometry with strhicron vertical accuracy. The surface

statistics are summarized in Tablel3.

The average of maximum pe&dktrough roughness height is denotedkhywhile kims is
the rootmeansquare roughness heiglg is the skewness ari€, is the flatness of the
roughness probability density functionhe equivalent sand grain roughnekspf the
each rough surface was estimated from the following formul@tioposed bylack and
Schultz (201p

Ks= 4.43ms (1459137 (3.1)
Table 31: Surface statistics of rough surface (Essel, 2013)
Type ke (mm) ks (mm) kims( € M) S Ky
SP-36 1.12 1.37 161.07 0.61 3.23
SR24 1.29 1.70 239.93 0.41 2.39




For SR36, ks is approximately 20% larger th&n In the case of SR4, the value oks is
approximately 30% larger thda The surface statistics also shdwat the value ok; of
SR24 is approMmately 15% larger than that of 88 and values of th& imply that there
are more peaks than troughs ondas compared to SH.

3.3PIV System and Measurement Procedure

A particle image velocimetrytechnique was used to conduct detailed velocity
measuements ink-y planes located at mispan of the test chann@lV is a wholefield
norrintrusive velocity measurement technique that measures instantaneous velocity
vectors simultaneously aflow field. A detailed discussion on the basic principles and

implementation of the PIV techniqisprovided in detail in Appendiis.

In the PIV technique, the flovield is seeded with tracer particles aidminated by
pulselasersheethat areseparated by a tinaterval gt A couplecharged device (CCD)
camera captures the light scattered by the seeding particles on two successive images
(image pairs). To obtain the velocity statistics, each image pairs is divided into grids of
interrogation area (IA) and for each IA, americal correlation algorithm is applied to
statistically determine the local displacement veamws,of the particles between the first
and second imageThe average of the local displacement vedwsof all the particles
within an IA, is then dividd by the timegptto obtain the velocity vector within the IA.

The numerical correlation algorithm is repeated for all the 1As to obtain the velocity
vector map of theentire flow field. PIV system and setup used in the present study is
shown in Fig 3.2. The basiccomponents of the PIV system comprae&louble pulsed

laser, a CCD cameras and a synchronizer (not showig. 3.2.

In the presentstudy, he f |l ow was seeded with 10 em fIl u
(Rhodamine B) having a specificayity of 1.19 and refractive index of 1.48. The size of

the particles and the refractive index where chosen so as to ensure the seeding particles
have good light scattering abilitgince the PIV technique measures the velocity of the
particles and not #hfluid velocity, it is essential to ensure that the particles follow the

flow faithfully. To this end, the particle settling velocity and response time were
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evaluated.The settling velocity,vs and response timd; were calculated using the

following expessions:

b — (3.2

I (3.3)

where ) p is the particle densityy is the fluid densityg is the acceleration due to gravity,
dpis the diameter of the particle are is the dynamic viscosity of the fluid. Using the
approach centerline main mean velocityJaf= 0.80 m/s, for example, the values of the
settling velocity and response time of the particles werel.04x 10° m/s and; = 6.61

x 10°% s, respectively. This settling velocity is negligibly small compared with the
approach centerline main mean velocliti € 0.80 m/s). Similarly, the particle response
time is negligibly small in comparison with the sampling time used irptésent study.
Based on thesparametersit was concluded that the seeding particlegéutfollow the
flow faithfully.

The flow field was illuminated using New Wave Solo Nd:YAG doublaulsed laser that

emits green lighat 120 mJ/pulsevith 532 nm waelength and 15 Hz repetition raféhe
emittedlight from the particles are captured e 12-bit CCD camera with 2048 pixel x

2048 pixel arrayand7.4 em pixel pitch. A synchronizer controlletie trigger rate of the

laser and image capturing time oetlCCD camera. The fluorescent seeding particles
absorb the green laser light and emit orange light at 570 nm wavelength. The CCD camera
was equipped with an orange filter with bgwass wavelength of 570 nm. The use of
fluorescent particles anthe orangefilter significantly reduced surface glare at the
interface between the working fluid (water) and the solid wall, thereby significantly

improved the quality of the velocity vectors close to the wall.

The data acquisition was controlled using commeratiiv&re (Dynamic Studio version

3.41) supplied by Dantec Dynamics. Detailed measurements were obtained in an upstream
plane (P0) at20h to characterise the approach flow and 5 other downstream planes (P1
P5) that start from 2 step heights upstream ele¢lading edge of the FFS to 68 step height
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downstream (i.ex = x/h = -2 to 68) as illustrated in Fi®.3. The field of view of each
measurement plane was set to 60 mB0 mm. Based on preliminary convergence tests
(presented and discussed in SecB808), a sample size of 4000 instantaneous image pairs
was acquired in each plane and pastcessed using the adaptive correlation option of
Dynamic Studio version 3.41. The adaptive correlation algorithm uses apasstifast
Fourier transform with a @dimensional Gaussian peéikting function to determine the

average particle displacement within the interrogation window tgpsuh accuracy.

The 1A size was set to 32 pixels x 32 pixels with 50 % overlap in bothxthady
directions. During the iage acquisition, precautionary steps were taken to ensure that the
maximum particle displacement was less than 1/4 of the IA size. Therefore, the maximum
particle displacement in the streamwise direction was 8 pixels.OAlifubpixel accuracy

and a maxnum particle displacement of 8 pixels, the dynamic range is 80. The spacing
between adjacent vectors was 0.47 mnh ©10.078h in both thex andy directions. The
Kolmogorov length scaleff and Taylor micrescale () were estimated in the upstream
plane following the procedure used in prior turbulent boundary layer st{ddieansson

and Alfredsson, 1983)Assuming local equilibrium (i.e., production = dissipation), the
Kolmogorov length scale/f and Taylor micrescale () can be estimated fronh =
33/Urand/ = 15°%tsUe, Wheretr= #?/3 is theKolmogorov time scales is the kinematic
viscosity, Ue is the approach centerline velocity abd is the friction velocity.lt was
determined that, ithe upstream plane, the vector spacing corresponffstdl.09 and//

= 0.155.

This analysis demonstrates that the IA is larger than the smallest (Kolmogorov) scales.
Since theKolmogorov scales are responsible for dissipation of turbulent kinetig\eiee
present resolution is not sufficient to accurately measure the dissipation rate. On the other
hand, the 1A is orders of magnitude larger than the Taylor rsicate, hence the scales that
contribute to the turbulence statistics reported in thesigh(e.g. Reynolds stresses and

triple velocity correlations) are adequately resol{iessel, 2013)
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3.4Test Conditions

To enhancea rapid developmenibf the turbulentboundarylayer, two trips madefrom
sandpaper24-grits with dimensionsof 70 mm (length) x 186 mm (width) were
positionedat the inlet of the test section at the top and boteeail (as indicated in
Fig. 3.3) with the aid of a double sidethpe. Six different test conditions were
conducted as listed in Tablg.2. In order to ensurethat the upstream boundary
conditionswere similar for all test cases,each experimentvas conductedat the same
approachcenterlinemeanvelocitiesof U,,=0.27 m/s, 0.54m/sand 0.80m/s for the
corresponding Reynolds numbeThese data were obtained after condgti
measurements plane (PO) centeredatx = -20h upstream of the FFS to characterize the
nature of the approach flow at Reynolds numbers based on the step heighRé =
1600, 3200, and 4800 respectively. Note tRat = Unh/n, where nn is the kinemétc
viscosity of waterThe perimental data were obtainedPlanes 1 to 5, denoted as P1,

P2é , P5 over three different surfacenditions

Table 32: Test conditions

Test Ren Ue(m/s) Planes Surface Type
1 1600 0.27 PO,P1 smooth
2 3200 0.54 PO,P1 smooth
3 4800 0.80 PO, P1P5 smooth
4 4800 0.80 PT smooth
5 4800 0.80 P1-P5 24-grits
6 4800 0.80 P1-P5 36-grits

Note: P1 = planel(P1)is offset (from the center of channel) ®gtep heights (3.

Someof the salientparanetersof the upstreamboundarylayer (forUe = 0.8 m/$ areas
follows: The boundary layethickness was estimatedag 28 . 1 mm; and
thicknesswasj’ & 3. 8 mm. T hfér Uef0.8 m/ais apphogimately 4.7The
ratio of boundarylayer thicknessto the step height,i/h > 0.2 implies that the effect

of upstreamboundarylayeron thereattachmenlengthis minimal (AdamsandJohnston,
1988). The rest of the boundary layer parameters are listed in TaBldt 3Zhould be
emphasized thafess 1, 2 and 3 were conducted time same step surface type (i.e.,
smooth but different Reynolds numbers in orde characterizehe effects of Reynolds
number on the reattachment lersgénd turbulent flonwOn the other handest 3, 5 and 6
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were conductedt the same Reynolds number buatthree surface typas orderto study

the effects of different surfacemditions on the flow properties.

Table 33: Boundary layer parameters

- o

Test u
1 5.3 1.6
2 11.4 25
3 28.1 3.8
4 28.1 3.8
5 28.1 3.8
6 28.1 3.8

3.5 Measurement Uncertainty

A careful measuremenuncertainty analysiswas undetaken following the AIAA

standarddescribedoy Colemanand Steele(1995) and proceduresiescribedn Prasadet
al. (1992) and Forliti et al. (2000) for analyzing bias and precision errors in PIV

measurementsDetailed uncertainty analysis of the presentstudy is presentedin

AppendixC. In view of the precautionaryneasuresakenduring the measurementshe
size of interrogationarea,Gaussiarpeakfitting algorithmandfiltering usedto calculate
the instantaneousector maps,and the large numberof instantaneousimagesusedto

calculatethe flow statistics,the uncertaintyin the meanvelocities at 95% confidence
level wasestimatedo be £2% of the streamwiseneanvelocity. The uncertaintiesn the
Reynolds stressesand third order momentsre estimatedo be 8% and 1 4%,

respectively

3.6Convergence Test

Prior to obtainingthe datafor analysis a convergenceestwascarried out to determine
the samplesize requiredto accuratelycomputethe meanand higher order turbulent
statistics.In generalthe sample size requireddependson the local turbulencelevel and
turbulent statisticsof interest.Also, the measurementincertaintyis known to decrease
with a larger samplesize. To this end, threesamplesizesof N = 1000, 2000 and 4000
were measured on tlieugh step(SP-24) andusedto calculatethe meanvelocity and
Reynoldsstresses. The rationale for selectingZ3Ffor the convergence test was the fact

that the turbulent statistics on-@8 are generally more complex.
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Figure 35: Profiles of dimensionless streamwise men velocity (a), streamwise (b) Reyrwidsl
stressesReynolds shear ssges (c)and walthormal (d) Reynolds normal stressemmputed from sample
size,N = 1000, 2000 and 4000 in the redevelopment region (B8hat64.7 over SR24.

The quantities from the differeiMM samples(1000, 2000 and 4000) analotted as
shown in Fig 3.5The error bars on selecteddata points representthe measurement
uncertaintyof the respectivequantity. It is evident from the figures that the differences

among the profiles from the sample sizes are within acceptable measurement uncertainty.

The above resultsnply that N © 1000is sufficient to obtain statisticalconvergencef
the streamwisemean velocity and Reynolds stresses. Theref@@Q0 image pairs
were acquiredin each of the measurement locatidas computing the mean velocity

and higher order turbulent statistcs reportedin this study. The rationale for acquiring
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the 4000 data pairs was to facilitate multiple point statistical analysis such as proper
orthogonal decomposition and tyoint correlation functionsThe number of image
pairsusedin the presenstudy is significantly much more than that used in previous FFS
studies. For exampleSherry et al. (2010) used00 image pairs andRen (2010)
employed 1000 image pairs.
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CHAPTER 4
RESULTS AND DISCUSSIONS

This chapter will concentrate on thesults and discussions of turbulent boundary layer
flows over smooth and rough forward facing steps (FFSs). Contour plots of the
recirculation region, profiles of mean velocity (streamwise and -malnal) and
turbulence statisticdReynolds stresseproduction terms and triple velocity products) at
selected streamwise locations downstream over smooth and rough steps are presented.
Contour plot is quite useful to visualize flow features especially in rapidly evolving
regions such as the recirculationioeyg The distribution of turbulence statistics facilitates
comparison of flow characteristics at selected locations. In addition, multiple turbulent
statistics such as twpoint correlation functions and proper orthogonal decomposition
(POD) analysis restd for selected modes will also be included, such as rotating
structues, rotating size and numbefBhis chapter is divided into three sections. In
Section 4.1, the reattachment length of each test condition over smooth and rough FFSs
reported and disssed. In Section 2, the profilesof onepoint turbulent statistics at
selected locations downstream ottez stepwill be presented and discussed. Sections 4.3
and 4.4 contairmnalygs multi-point statistics including twoint correlation functions
andPOD analyss. To reveal the effects of surfacendtions on the large scale structures

in the recirculation ancedevelopmentegions.

4.1 ReattachmentL ength

The reattachment lengtK; is an important parameter for flow over a forward facing.step

It is usedto study other parameters such as vortex intensity and pressure gradient
downstream(Xia and Liu, 2012).Following previous procedure (Essel, 201#)e
reattachment leng#hn this studyare determinedasthe locations (1) where the diving
streamingline y = 0; and (2) where the 50% forward fraction line reattaches to the top
surface of the step. The mean reattachment length was determined as the average of the
results obtained by thdawo definitions and normalized. The normalized mean

reattachment lengtis denoted aX;, as indicated in Table 4.1.
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Table 41: Normalized reattachment lengtk,, for various test conditions.

Dividing o
Test Re, Streamline 50 A). forward Average X" Surface
fraction(mm) (mm) Type
(mm)
1 1600 _ 22.0 22.0 1.67 smooth
2 3200 _ 23.0 23.0 1.83 smooth
3 4800 25.31 25.7 25.5 2.25 smooth
5 4800 19.19 18.6 18.9 1.15 24-grits
6 4800 21.07 21.2 21.2 1.53 36-grits

Please note: Test 4 is measured at P1 offset 3mm from thepauidof the channel.

It was obgrvedthat the stream function in Tests 1 and 2 were not well defined so it was
decided to exclude them in the estimatiorKofComparingTests 1 to 3n the table, the
normalized reattachment length over the smooth FFS increased with increasing Reynolds
numbers. This result is consistent witie previous study conducted by Sherry et al.
(2010). As indicated in Chapter 2, the reattachment length is sensitive to several factors
such as the channel widtiV) to step heighth) ratio, the boundary layer ttioess () to

h ratio and the step length)(to h ratio. Tes$ 3, 5 and Garecomparisos of reattachment

length overthe three surface conditions:smooth FFS (SM), rough FFSs covered with
sandpapers 2drits (SRP24) and 36grits (SRP36). Note that SR4 is rougher than SB6

with thevalue ofk; for SR24 about 15% larger than that of-8& The results indicate that

at a same Reynolds number, the reattachment lsngthtSM, SR24 and SF36 were
estimated to beX,” = 2.25, 1.15 and 1.52, respectively.€Be numbers show that the
reattachment length decreased with increasing surface roughness. A recent study
conducted by Ren and Wu (2013) indicated that the reattachment length obtained over a
FFS with realistic surface roughnessn{= 640 em) was esti mated
current study, the root mean square roughness heightf2d@8RdSFB 6 i s 240 & m
161lem as shown in Table 3.1, respectivel y.
consistent withthe previous studyRen and Wu, 2013although their experiment was
conducted at a smaller Reynolds numbeRaf= 3450. Therefore, a general conclusion

can therefore be made that the reattachment length over a FFS decreases with increasing

surface roughness.
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4.2 Profiles of MeanVelocities andT urbulent Statistics

This section examines the influence of FFS and its surface roughness on the distribution
of turbulent statistics on approaching turbulent boundary layer at selected streamwise
locations in the recirculation and re@¢oping regions. For convenience, profiles are
plotted at the following selected streamwise locatiovis:= 0.5, 2, 8, 16, 40 and 60.
Among whichx/h= 0.5, and 2 are in the recirculation regiafh = 8, 16, 40 and 60 are

in the redeveloping region eextding to far downstream locations. Note that the step
height @) is used as the length scale and the maximum upstream veldgjtis(used as

the velocity scale.

4.2.1 Mean Flow Velocity

The profiles of streamwise mean velocityUn, in the recirculation andedeveloping
regions over smooth surface (SM), sandpapegritd (SP24) and sandpaper 2gits
(SP-36) at selected streamwise locations are shown in Fig. 4.1. For each test condition,
the sudden contraction at the leading edge of the step does notiaposimediate
effect on the flow over FFSs until B downstream, where flows are close to the step
surface. For example, in the regigih < 0.5, the streamwise mean flow velocity was
decreased. The black curve, PO represents upstream flow characterigtissand the

subsequent figures as a reference.

As flow develops downstream, effects of surface roughness begins to show. As can be
seen in Fig. 4.1e, from/h = 16, the difference between SM, -8® and SFB6 is even

more evident. The smooth surfacaswbserved to have the largest streamwise velocity
with SR24 having the smallest. This is expected since there is more wall friction for
rough step compared to the smooth step an@45B rougher compared to B as
indicated in Chapter 3. Beyoryh > 1, streamwise flow velocity for each test condition

is very close to the freestream velocity. This study also reports the most downstream
profiles that can be found in the open literature. As can be seen, the profiles do not show

any seltsimilarity.
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Figure 4.1: Profiles of streamwise mean velocltyUn, in the recirculation and redeveloping region over
smooth surface (SM), sandpaperdtits (SR24) and sandpaper dfits (SR36).

The difference hveen the profile is not significant fromth = 0.5 to 8. This implies that

in the recirculation region and early redeveloping regions, surface roughness has no
significant impact on the streamwise mean velocity. Similar observations had been
reported in pevious rougkwall turbulent boundary layer studigsrégstad et al., 1999;
Esse] 2013).By the furthest measurement locatiorh(= 60) in Fig. 4.1f, the streamwise
velocity of SP24 and SFB6 at 1 step height above the step surface is reduced by
approxmately 22% and 20%, respectively, compared to the corresponding value of the
smooth surface. In addition, it can be observed from Figs-f4Hat, close to the step
surfacethe mean flow velocity was reduced compared to upstream velocity PO. However,
the mean velocity of smooth step was higher tllae upstream velocity. This result
suggests that the surface roughness significantly rediestreamwise velocity close to

thestep surface downstream afterstép heightslownstream
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Profiles of wallnormal mearor verticalvelocity V/Um, are also reported in Fig.2. The
profiles adjacent to the leading edge of the sxép= 0.5), in Fig. 4.2a, are positivEéhe
smooth surface has the strongest positive flow compared-21 3ad SF36. However,

the peak valus of SM decreased sharply byr2lownstreamand changed sigrclose to

the step bw/h = 2 (Fig. 4.2b), to negative)but are predominantly negative close to the
step surfaceyth < 1). For SR24 and SFB86, however, thevertical motion was not
reduced as dramatdly asin SM. In fact, it was strongest ove8M followed by SP36

and SP24. This indicates that there is strong interaction between the freestream flow and
reverse flow in the recirculation region. The surface roughness appears tovediced

motion close to the leading edge of step even in the recirculation region.

00 02 04 005 000 0.05 010 002 000 002 004
VIUm ViUm

002 000 0.02 004 -0.02  0.00 0.02 0.04

Figure 4.2: Profiles of wallnormal mean velocity//Um, in the recirculation and redeveloping region over
smooth surface (SM), sandpaperdits (SR24) and sandpaper 3fits (SP36).

As the flow develops further downstream, wadirmal velocitkes of each test condition
are relatively smaller than those values in the recirculation and early redeveloping regions.

Beyondx/h = 8, the vertical ration of all step conditions are comparable xAi= 8 (Fig.
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4.1e), peak values of SM, SP4 and SF86 collapse on upstream (PO) profile and

continue to reduce downstream.

Close to the leading edge region, in the recirculation and early redevelopiogsreg
surface roughness appears to supress vertical motion of the flow. However, in
downstream redeveloping region, the effect of surface roughness is not significant
compared with the SM cask generaljt was observed that surface roughness elevated
wall-normal velocity beyongl/h > 1 after 8 step heights downstream.

4.2.2 Reynolds Stresses

Profiles of Reynolds stresses in the recirculation and redeveloping regions over smooth
surface (SM), sandpaper-gdits (SR24) and sandpaper 2fits (SR36) are presdad in

Fig. 4.3, Fig. 4.4 and Fig. 4.5, respectively. Profiles show that irrespective of surface
conditions, peak values of Reynolds stresses are generally higher close to the
recirculation region than downstream regions. In addition, peak values atedelect
locations are higher close to the step surface, in the rgffienl. Figure 4.3 shows that

peak values of each test condition occur at around 0.5 step height and decreased
downstream as expected andXfly = 60, peak value locations for all test cotidins are

atya @.. 2

Within 8h downstream, peak values of SM are higher thar2&Bnd SFB6, indicating

that surface roughness suppresses streamwise Reynolds normal stresses in this region.
The peak values are highest for the smooth step and lowekiefoougher step (SB4)

due to surface friction. Interestingly the SM profiles rather decay so fast that I8

(Fig. 4.3c), the peaks of all test conditions are comparable/By 40, the streamwise
Reynolds normal stresses appear to be elevat@ti, SR24 having the strongest
streamwise Reynolds normal stresses, followed bg&GBnd then SM. By = 60h (Fig.

4.3f), SP-24 collapses onto upstream profile (P0), but not the SM ar@b6SfPofiles.
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Figure 4.3: Profiles of streamwise Reynolds normal stresg>/U.?, in the recirculation and redeveloping
region over smooth surface (SM), sandpapegi24 (SR24) and sandpaper 2gits (SR36).

However, byx/h = 60, SP36 has the strongest streamsviBeynolds normal stresses
while SR24 has the lowest. There is no consistent effect of surface roughness on the
turbulent boundary layer faraway downstream and there is no similarity in the results.
Tachie et al(2001) also reported lack of similarityev at 100 although their Reynolds
number was much lower than in the present stddyhe shear layer grew, the peak value
locations for streamwise Reynolds normal stresses increaseq frdirth atx = 0.5h to

y = 0.5h atx = 8h, which is consistent witthe growth of turbulent boundary layer.

The profiles of the other Reynolds stresses (Reynolds shear stresses, and
wall-normal Reynolds normal stresses)>9 have trends similar to those described for
streamwise Reynolds normal stressesp<abowe, except thatw> profiles shows more

effects in they direction as expected.
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Figure 4 4: Profiles of streamwise Reynolds stressuv>/Uy?, in the recirculation and redeveloping region
over smoottsurface (SM), sandpaper-2dits (SRP24) and sandpaper 2fits (SR36)

One major differencén the profiles of -<uv> is that atvh = 0.5, unlike the Reynolds
normal stresseshe Reynolds shear stresses in this region are negative regardless of the
surface conditions. Bothww> and-<uv> appear to need more downstream distances to
collapse compared withus>.

4.2.3 Triple Velocity Products

The triple velocity products are important turbulence statistics because their gradients
constitute the turbulence diffio® termsin the transport equations for the turbulence

kinetic energy. Thus, profiles of the triple velocity products would provide guidance for
modeling the turbulence diffusion term in the turbulence kinetic energy transport
equations.For e x auhp ),/ OR( BvntdV®) OOy are associ at e

transport of turbulence kinetic energy in the streamwise andnweathal directions,
respectively.
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Figure 45: Profiles of streamise Reynolds stress/wv>/ U2, in the recirculation and redeveloping region
over smooth surface (SM), sandpapeits (SP24) and sandpaper 3gits (SR36).

To provide a further insight into the transport of turbulent kinetic energy, the profiles of
(u® + u?) and (Pv + V) in the recirculation and redeveloping regions over smooth
surface (SM), sandpaper-gdits (SP24) and sandpaper 2fits (SR36) are presented in

Fig. 4.6 and Fig. 4.7. The profiles show that the triple velocity products arealigne
larger close to the step surface and the reattachment region. The protiferaiv®) is
predominantly negative except for regiomshin 2 step heights from the leading edge of
the stepx/h < 0.5), with some positive gradiemtlose to the stepusface.

These trends in the profiles indicatibat there is negative transport of turbulent kinetic
energy close to the step and positive transport of turbulent kinetic energy away from the
step. Surface roughness appears to reduce the level of trapn$garbulent kinetic
energy in the streamwise direction in the recirculation region and redeveloping region,
especially for SR24. For example, ath = 2,y/h = 0.5 in Fig. 46b, the triple velocity for

SM is approximately twice larger than that of-24
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Figure 4.6: Profiles of <® + uv®> Uy’ in the recirculation and redeveloping region over smooth surface
(SM), sandpaper 2drits (SR24) and sandpaper 2gits (SR36).

As flow evolves further domstream, the effect of surface roughnesstloa triple
velocities is reduced. The profiles dhe (U>v + V¥) as shown in Fig. 4.7 are generally
positive except fothe regions close tohe step surfacey(h < 0.5) within 2 step heights
downstream. Howevefor further measured downstream locations, profiles of each test
condition fluctuag. This trend also suggests that there is negative transport of turbulent
kinetic energy in the transverse direction close to the step and positive transport away
from thestep. It was observed that surface roughness redhedédnsverse transport of
turbulent kinetic energy in the recirculation region and early redeveloping regions
compared to SM surface. At far downstream locations, no significant effect of surface
rougmess on turbulent flosvwas observed on the transverse transport of turbulent
kinetic energy. This indicates that the effect of surface roughness is only limited to the
region close to step surface and the reattachment refficn@). After 16 step height
profiles of SM, SP24, SR36 werenearly zercand close to PO profile except for-3R at

x/h = 40(Fig. 4.6e).
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Figure 4.7: Profiles of v + v*>/U,,in the recirculation and redeveloping regiover smooth surface
(SM), sandpaper 2drits (SR24) and sandpaper 38its (SR36).

4.2.4 Turbulent Productions

The normalizegbrofiles of the production of turbulence kinetic eneiy,= P« *h/Unin

the recirculation region and redeveloping regions attadelocations downstream over
SM, SR24 and SFB36 are presented in Fig. 48ince a twecomponent planar particle
image velocimetry (PIV) was employed in the present study, the production terms in the
transport equations for the turbulence kinetic engkgwere estimated as followBk =
uvOou/ Oy + 20U0V00%].Ow u

Generally, high values are observed close to the step surface in the rglgien0(5)
regardless of surface conditions. Close to the step leadingxdug®.5 in Fig. 48a,
production of turbulent kinetic energg negative. However, strong positive turbulent

kinetic energy production was observedx#t = 2 for all surface conditions. This
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production peeked ath = 2 and started to decay downstream as expected. The decay

process for SM is more rapid comparedhwhose of SR24 and SF36.
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Figure 4.8: Profiles of production ofturbulent kinetic energyP«*h/U?, in the recirculation and
redeveloping egion over smooth surface (SM), sandpaperg2$ (SP24) and sandpaper 3fits

(SP-36).

Profile of SM collapsed on upstream profile PO/at= 40 (Fig.4.8e), while SF24 and

SP36 need more distante collapse. A/h = 2 (Fig. 4.8b), which is in the recirculation
region, there is igh positive production of turbulent kinetic energy. This may be
attributed the the fact that the mixing of freestream flow and reverse flow elevated the
production of turbulent kinetic energy. It is observed that the rough surfaces seem to
suppress turbeht kinetic energy production compared to the smooth surface in the
recirculation regionxh = 2). For example, peak production of SM is approximately 55%
and 170% larger than the corresponding value e8&RNnd SF24, respectively. By the
furthest measement location at/h = 60, production of SM af/h = 1 is approximately

60% less than the corresmbng values of SR4 and SF36. Thae is, however,no

significant difference between SH# and SFB86. This result indicates that surface
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roughness may enhee production of turbulent kinetic energy in the fully developed

region downstream.

Profiles of production of the Reynolds stresseghe recirculation and redeveloping
region over smooth surface (SM), sandpapeg24 (SR24) and sandpaper 2gits
(SP-36) are presented in Fg4.94.11.

3 xih=0.5 3 xih=2 3 li“‘ xih=8
o SM g
] = SP24 : ®) 2 i"s ©
Jih P i ,
L : yh oo,
4 4 Ao, Y S
: n’ . .r.\?‘)?o
By G o = oL . IS}
0 ; 0 0 o 0 0 §' 0
10 5 : 0 600 1200 1800
PuhUnd
3 x/h= 60
)
2,
y/h
1,
o WD
ol *y B . ™ ,
-10 5 0 5 10 15
PuithUn3

Figure 49: Profiles of production of streamwise Reynolds stré%gih/U°, in the recirculation and
redeveloping region over smooth surface (SM), sandpapgri4(SR24) and sandpaper 3fits (SP36).

Profiles ofPuu (Puu = -[-u?O U / -Quxv O Q)/slibws that close to the leading edge of the
step h = 0.5), profiles for rough surfaces are significantly modified. Peak value
locations of rough surfaces are lowered compared to smooth surface. Close to the step
surface, there is strgmegative production of streamwise Reynolds normal stress. In the
recirculation regionxh = 2), strong positive production & is observed in the region
adjacent to step surfacglf < 0.5).
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As the flow evolves downstream, production of streamvidegnolds normal stresses
spread, which is consistent with the growth of turbulent boundary layer. After 16 step
heights, the profiles ahe production of streamwise Reynolds normal stresses appear to

increase monotonously as flow develops downstream.

Figure 4.10:. Profiles of production of Reynolds shear stré&s*h/U.°, in the recirculation and
redeveloping region over smooth surface (SM), sandpapgri4(SRP24) and sandpaper 2fits (SR36).

Furthest downstream/h = 60 (Fig. 4.10f), the streamwise production of Reynolds
normal stresses values of the rough surfaces are higher than the smooth surface. For
example, ay/h = 1 andx/h = 60, the value of SB6 is approximately 25% higher than

the corresponding value of SM. Profiles of SM was close to upstream flow characteristic
atx/h = 60.

For the profiles of production of Reynolds shear streske¢Puw = -[u v @D+ u v @OX
+ PO YO x+ VO UDY), surface roughness appears to suppress thaugiion in the

recirculation region, SR4 reduced the production most, followed by&Pand SM.
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