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Abstract

Influence of Surface Geometry and Heating on the
Flow Structure in Wall-Bounded Flows

Shivani Tara Gajusingh

The present research is aimed at improving the knowledge and understanding of the
physical processes that control heat transfer across the solid-fluid interface, which is very
important in order to develop efficient heat exchangers. To achieve this objective, the
research has been divided into three phases, which investigated the fundamental physical

phenomena from different aspects.

The first phase provided the first detailed investigation of the impact of different wall
roughness on the turbulent properties in a smooth channel. The results show the different
wall roughness has significant effects on the mean streamwise velocity and Reynolds
stress distribution. For other turbulent properties, the enhancement was observed near the

rough wall, however, it was restricted to the inner region.

The second phase provided the first quantitative comparison of the mean and turbulent
properties in the presence and absence of wall heating under same operating conditions.
The results show that both mean and turbulent characteristics are affected by wall
heating. The results also showed that an originally laminar flow becomes turbulent with
the addition of heat. However for an originally turbulent flow, addition of heat reduces

the magnitudes of the mean streamwise velocity and turbulent properties.

The third phase provided the first detailed comparison on the turbulent characteristics
with and without a baffle. The results showed a significant enhancement of all turbulent
characteristics in the region downstream of the baffle. These results demonstrate that
higher turbulence produced by a baffle would be responsible for the enhanced heat

transfer rate at the wall.

il

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgment

I would like to extend my sincere gratitude to Kamran Siddiqui for his support and
guidance over the past two years as my thesis supervisor. His trust and confidence in me
has allowed me to accomplish my goals and develop my intuition and knowledge as an
engineer. I would also like to thank the members of my examining committee, Georgios

Vatistas, Fariborz Haghighat, and Henry Hong, for their suggestions.

I would also like to thank the members of Environmental Thermofluidics research group,
Junaid Bukhari, Nasiruddin Shaikh and Majid Nabavi for their help with PIV
measurements and Matlab codes. I would like to show my appreciation to the members
of Concordia’s Machine Shop and technical staff: Brian Cooper, Gilles Huard and Alex
Macpherson. Special thanks to Alex Macpherson for his continuous guidance and help

with the design and fabrication with my experimental apparatus.

1 would like to thank my parents, family and friends for without their support I would not
be able to complete my studies. I would specially like to thank Sabrina Poirier for her

continuous support throughout my years at Concordia University.

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I dedicate this thesis to my parents

whose continuous support has made this possible.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table of Contents

Page
List of Figures viil
List of Tables Xii
List of Symbols xiii

Chapter 1 — Introduction 1
1.1 Internal Flows with Walls of Different Fall Roughness 2

1.2 Impact of Wall Heating 5

1.3 Influence of a Baffle 9

1

1

1.4 Objectives 6
1.5 Thesis Layout 7
Chapter 2 — Experimental Setup and Techniques 18
2.1 The Experimental Apparatus 18
2.1.1 The Settling Chamber 18

2.1.2 The Trip Section 18

2.1.3 The Test Section 19

2.1.4 The Pump 20

2.2 The Experimental Apparatus Alterations for each Phase 20
2.2.1 Phase | 20

2.2.2 Phase II — The Heating System 21

2.2.3 Phase III - The Baffle 21

2.3 The Measurement Technique 21
2.3.1 DPIV Technique 22

2.3.1.1 Tracer Particles 23

2.3.1.2 Interrogation and Search Regions 24

2.3.2 Field of View of the Camera 26

2.3.2.1 Walls of Different Roughness — Phase 1 26

2.3.2.2 Heat addition — Phase II 26

2.3.2.3 Insertion of a Single Baffle — Phase I1II 27

2.3.3 Temperature Measurements 27

2.4 Post Processing of Velocity Data 27
Chapter 3 — Flow Behavior in a Channel Bounded by Walls of Different Roughness 37
3.1 Mean Velocity 38
3.2 Vertical Mean Streamwise Velocity Gradient 40
3.3 Turbulent Velocities 41
3.4 Reynolds Stress 45
3.5 Turbulent Energy Production 47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

vi



3.6 Turbulent Energy Dissipation 49
3.7 RMS Turbulent Vorticity 51
3.8 Discussion 51

Chapter 4 — Influence of Wall Heating on the Flow Structure in the Near-wall

Region 64

4.1 Mean Velocity 64

4.1.1 Momentum and Displacement Thickness 67

4.2 Vertical Mean Streamwise Velocity Gradient 68

4.3 Turbulent Velocities 69

4.4 Mean Kinetic Energy 71

4.5 Reynolds Stress 72

4.6 Turbulent Energy Production 73

4.7 Turbulent Energy Dissipation 74

4.8 Discussion 75

Chapter 5 — Influence of a single Baffle on the downstream flow structure 87

5.1 Mean Velocity 87

5.2 Vertical Mean Streamwise Velocity Gradient 90

5.3 Turbulent Velocities 92

5.4 Turbulent Kinetic Energy 94

5.5 Reynolds Stress 95

5.6 Turbulent Energy Production 96

5.7 Turbulent Energy Dissipation 97

5.8 Discussion 98
Chapter 6 — Summary and Conclusion 120
6.1 Recommendations for Future Studies 123
References 125
Appendix A 131

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

Figure 2.1: Schematic of the experimental set-up for phase I experiments (not to scale).
The dashed lines show the measurement region, i.e. 9.4 cm horizontal and 7 cm
vertical.

Figure 2.2(a): Schematic of the experimental set-up for phase Il (not to scale). The
dashed lines show the measurement region, i.e. 3.2 cm horizontal and 2.4 cm
vertical, (b) two-dimensional view of the square channel (not to scale). The
dashed lines represent the electric heater...................coeeiiin . 31

Figure 2.3: Schematic of the test section only for phase III (not to scale). The dashed
lines show the measurement region, i.e. 12.2 cm horizontal and 5.4 cm vertical.
The other components of the channel are the same as in Figure 2.1 and 2.2, (b)
two-dimensional view of the square channel showing the baffle (not to scale).

Figure 2.4: Schematic of a typical DPIV set-up............c.oiiiiiiiiiiiiiiiiiiininnn, 33

Figure 2.5: DPIV image pair (a) first image of image pair, red box represents the
interrogation window; (b) second image of image pair, red box represents the
corresponding search window.............ccovviiiiiin 34

Figure 2.6: DPIV velocity vector field (a) before correction; (b) after correction scheme

Figure 3.1: The mean streamwise velocity normalized by the maximum of the mean
streamwise velocity versus the channel depth normalized by the hydraulic
diameter. Re; = 164 (o), Re, = 144 (A), Re, = 71 (0) and Re, = 17 (0). z/D;, = 0
corresponds to the glass surface and z/D, = 7 cm correspond to the aluminum
surface. Hanjalic and Launder [8] at Re = 18000 (®) .......ccooveivvniiniiiiiinin, 55

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.2: The vertical profiles of the mean streamwise velocity gradients normalized by
the rough surface friction velocity and hydraulic diameter. Dashed, Re, = 164 (D),
Rer=144(A), Rer=T1 (0)ceininenitiiiiiieie e 56

Figure 3.3: The plots of (a) RMS streamwise turbulent velocity, (b) RMS vertical
turbulent velocity, versus the normalized depth. The turbulent velocities are
normalized by the rough surface friction velocity. Re. = 164 (o), Re; = 144(A),

Figure 3.4: Two-dimensional turbulent velocity field at Re,=164.......................... 58

Figure 3.5: The Reynolds Stress normalized by the rough surface friction velocity, versus
the normalized channel depth. Re; = 164 (o), Re; = 144(A), Re, = 71 (o).

Figure 3.6: The rate of turbulent kinetic energy production normalized by the rough
surface friction velocity and hydraulic diameter is plotted versus the normalized
channel depth. Re, =164 (0), Re, = 144(A), Re: =71 (©)cvvviriiniiniiniinininne 60

Figure 3.7: The rate of turbulent kinetic energy dissipation normalized by the rough
surface friction velocity and hydraulic diameter is plotted versus the normalized
channel depth. Re; =164 (0), Re; = 144(A), Re: =71 (O) vvvvvviniviininininiininn 61

Figure 3.8: The production-dissipation ratio (P/¢) is plotted versus the channel depth. Re,
= 164 (@), Rec = 144(A), Re: = T1 (O) v 62

Figure 3.9: The RMS turbulent vorticity normalized by the rough surface friction
velocity and kinematic viscosity versus the normalized channel depth. Dashed,
Re; = 164 (0), Re; = 144(A), Re; =71 (O)euivininiiiiniiniieieiieeieeeeineeaee 63

Figure 4.1: Vertical profiles of the mean streamwise velocity. Case I (-A-), Case II (-o0-),
Case III (-o-) and Case IV (-E-). Open symbols: unheated condition; closed

symbols: heated condition. ..............ooooiviiiiiiiiii 80

Figure 4.2: Vertical profiles of the mean streamwise velocity gradients (dU/dz). Dashed,
Case I; dash-dotted, Case II; solid, Case III; dotted, Case IV. Thin line: unheated
condition, thick line: heated condition. ...........ccooviiiiiiiiiiiiiiiieiien 81

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.3: The plots of (a) RMS streamwise turbulent velocity, (b) RMS vertical
turbulent velocity, versus the height from the wall. Case I (-A-), Case II (-0-),
Case III (-o-) and Case IV (-E-). Open symbols: unheated condition; closed
symbols: heated condition. .............c.oiiiiiii 82

Figure 4.4: The mean kinetic energy is plotted versus the height from the wall. Case I (-
A-), Case 1II (-o0-), Case III (-o-) and Case IV (-E-). Open symbols: unheated
condition; closed symbols: heated condition. ...............c.cooeiiiiiiiiiinnnn.... 83

Figure 4.5: Vertical profiles of the Reynolds Stress. Case I (-A-), Case II (-o0-), Case III (-
o-) and Case IV (-E-). Open symbols: unheated condition; closed symbols:
heated CONITION. ......oueiuirii it 84

Figure 4.6: Vertical profiles of the rate of turbulent kinetic energy production. Case I (-
A-), Case II (-0-), Case III (-o-) and Case IV (-E-). Open symbols: unheated
condition; closed symbols: heated condition. ................c.cooiiiiiiiiiinn.. 85

Figure 4.7: Vertical profiles of the rate of turbulent kinetic energy dissipation. Case I (-
A-), Case II (-0-), Case III (-o-) and Case IV (-E -). Open symbols: unheated
condition; closed symbols: heated condition. ....................oc 86

Figure 5.1: The temporally averaged instantaneous velocity vector field. (a) Re, = 66
and (D) Re: =152, oo sessrsssesssessneeneees 103

Figure 5.2: Vertical profiles of the mean streamwise velocity. Case 1 (-A-), Case II (-0-)
and Case III (-0-). Open symbols: no-baffle case; closed symbols: baffle case. (a)
x = 51.4cm, (b) x =52.2cm, (c) x =53.7cm and (d) x =58cm. ............cuenen. 104

Figure 5.3: Vertical profiles of the mean streamwise velocity gradients (dU/dz). Case I (-
A-), Case II (-0-) and Case III (-0-). Open symbols: no-baffle case; closed
symbols: baffle case. (a) x = 51.4cm, (b) x = 52.2cm, (¢) x = 53.7cm and (d) x =
< o7 1+ VO 106

Figure 5.4: Vertical profiles of the RMS streamwise turbulent velocity. Case I (-A-),
Case II (-0-) and Case III (-o-). Open symbols: no-baffle case; closed symbols:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



baffle case. (a) x = 51.4cm, (b) x = 52.2cm, (¢) x = 53.7cm and (d) x = 58cm.

Figure 5.5: Vertical profiles of the RMS vertical turbulent velocity. Case I (-A-), Case II
(-0-) and Case III (-o0-). Open symbols: no-baffle case; closed symbols: baffle
case. (a) x = 51.4cm, (b) x =52.2cm, (c) x = 53.7cm and (d) x = 58cm.......... 110

Figure 5.6: The mean kinetic energy is plotted versus the height from the wall. Case I (-
A-), Case II (-0-) and Case III (-o-). Open symbols: no-baffle case; closed
symbols: baffle case. (a) x = 51.4cm, (b) x = 52.2cm, (¢) x = 53.7cm and (d) x =

Figure 5.7: Vertical profiles of the Reynolds Stress. Case I (-A-), Case II (-0-) and Case
III (-o-). Open symbols: no-baffle case; closed symbols: baffle case. (a) x =
S1l.4cm, (b) x=52.2cm, (c) x=53.7cmand (d) x=58cm..........ccevevninnnnne 114

Figure 5.8: Vertical profiles of the rate of turbulent kinetic energy production. Case I (-
A-), Case II (-0-) and Case III (-o-). Open symbols: no-baffle case; closed
symbols: baffle case. (a) x = 51.4cm, (b) x = 52.2cm, (¢) x = 53.7cm and (d) x =

Figure 5.9: Case I (-A-), Case II (-0-) and Case III (-0-). Open symbols: no-baffle case;
closed symbols: baffle case. (a) x = 51.4cm, (b) x = 52.2cm, (c) x = 53.7cm and
(d) X = 580 et 118

xi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Tables

Table 3.1: Properties for different cases; E, uncertainty in velocity measurements; Re;,
Reynolds number based on friction velocity at the rough wall and half channel
height; u.,, friction velocity at the aluminum wall; ., friction velocity at the

glass wall; Ay, roughness length at the aluminum wall normalized by v/u.,; hq,
roughness length at the glass wall normalized by v/syg..c.ovvveninviniinininiini 54

Table 4.1: Properties for different cases; E, uncertainty in velocity measurements; Reg,

Reynolds number based on maximum velocity of the channel the momentum
ThICKIESS. ...ttt aa e 79

Table 5.1: Properties for different cases; E, uncertainty in velocity measurements; Re,,
Reynolds number based on friction velocity at the rough wall and half channel
height.

xii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



At

Re
Rey
Re,
Ri

St

R S

N

List of Symbols

Specific Heat

Time separation between two images of an image pair
Mean turbulent kinetic energy

Heat transfer coefficient

Mass flow rate

The rate of turbulent kinetic energy production
Reynolds Number based on hydraulic diameter
Reynolds Number based on momentum thickness
Reynolds Number based on friction velocity

Gradient Richardson number

Stanton Number St =

Streamwise component of the instantaneous velocity
Streamwise component of the turbulent velocity
Friction velocity

Mean streamwise velocity

Freestream velocity

Vertical component of the instantaneous velocity
Vertical component of the turbulent velocity
Horizontal axis

Vertical axis

Greek Symbols

o

&

Boundary layer thickness
The rate of turbulent kinetic energy dissipation

Kinematic viscosity of water

(ki/kg - °C)
(ms)

(cm?/s?)
(W/m’” - °C)
(kg/s)
(cm?/s®)
dimensionless
dimensionless
dimensionless

dimensionless

dimensionless

(cm/s)
(cm/s)
(cm/s)
(cm/s)
(m/s)

(cm/s)
(cm/s)
(em)

(cm)

(cm)
(cm?/s®)

(cm?/s)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Xiii



0 Momentum thickness (cm)
p Density (kg/m®)
o' Turbulent vorticity ™)

Subscripts

w water

P particle

Xiv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1 - Introduction

The performance of energy utilizing systems plays an important role in contributing to
the greenhouse gas emissions. Any improvement in these systems would reduce energy
consumption and hence cut down gas emissions. Heat exchangers are used in a wide
range of engineering applications, such as power generation, auto and aerospace industry,
electronics, and HVAC. The primary function of a heat exchanger is to transfer heat from
one fluid to the other efficiently, which in most of the cases are separated by a solid wall.
In many applications such as power generation and HVAC, the efficiency of heat
exchangers plays an important role in controlling the overall performance of the system.
An efficient heat exchanger in such systems could result in the reduced consumption of

the energy resource, which would provide both economical and environmental benefits.

Due to the complex nature of flow and the unavailability of advanced instrumentation
and measurement techniques, the fundamental heat transfer process between the heat
exchanger wall and fluid has not been fully explored and is not well understood. As a
result, bulk heat transfer characteristics are used as a criterion to improve the thermal
design of heat exchangers, which is an approximate approach. The present research is
aimed at improving the knowledge and understanding of the physical processes that
control heat transfer across the solid-fluid interface, which is very important in order to
develop cfficient heat exchangers. To achieve this objective, the research has been
divided into three phases, which investigated the fundamental physical phenomena from
different aspects. The initial phase of the research examined the simultaneous impact of a

wall bounded flow with the top and bottom walls of different surface roughness. The
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second phase is focused on the direct impact of wall heating on the flow characteristic in
the near wall region. Lastly, the final phase investigated the impact of a single
rectangular baffle on the flow structure downstream of the baffle. As these phases
investigated the flow and/or thermal behavior involved in the heat exchanger design from
different perspectives, the introduction and literature review of each of the three phases

has been discussed separately.

1.1 Internal Flows with Walls of Different Wall Roughness

Internal flows are observed in a wide range of engineering applications. In these
applications, the flow passes over solid walls of different materials and roughness. The
impact of surface roughness on the flow characteristics has been studied extensively over
the past several decades. The results showed that the surface roughness has an impact on
the wall shear stress and near-surface turbulent properties. However, there is no
consensus on the extent from the wall up to which the influence of surface roughness is
significant. Townsend (1976) proposed wall similarity hypothesis which states that at
sufficiently high Reynolds number, the turbulent flow in the region outside the roughness
sublayer is independent of the wall roughness. Some experimental studies supported this
hypothesis. For example, Keirsbulck et al. (2002) investigated the flow over smooth and
rough surfaces and observed that the roughness effect on the turbulent intensities and
Reynolds stress were confined to the near-wall region. They also observed that the
vertical component of velocity was more sensitive to the wall roughness than the
horizontal component. Perry et al. (1987) analyzed the turbulent structure in zero-

pressure-gradient boundary layer over different surface roughness using spectral analysis.
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They found that the turbulent velocity spectra for smooth and rough wall cases support
Townsend’s (1976) similarity hypothesis. However, there are several other studies which
observed that the wall roughness is not restricted to the near-wall inner region, but also
extends to the outer region. For example, Krogstad er al. (1992) observed that wall
roughness influences the mean velocity profile and turbulent stresses into the outer
region. They further observed that wall roughness has significant impact on the
magnitude of the vertical turbulent intensity, moderate on the Reynolds stress and slight
on the horizontal turbulent intensity. Krogstad and Antonia (1999) and Bergstrom et al.
(2002) also reported that the roughness effects were not limited to the roughness sub-

layer but extended into the outer region.

Recently, Bakken et al. (2005) studied the effect of Reynolds number in the outer layer
over different wall roughness. They observed that the wall effects are restricted to the
inner region up to a distance equal to five times the roughness length scale. They argued
that the outer layer in a channel could behave differently from a boundary layer. They
attributed this behavior to the differences in the outer boundary layer conditions. That is,
in a channel flow, the length scales become independent of the streamwise position once
the flow is fully developed. This behavior is not observed in a boundary layer where the
wall shear stress controls the growth rate in the outer layer. Krogstad et al. (2005) and
Ashrafian and Andersson (2006) also observed that the effects of different wall roughness
are restricted only in the inner region. A common feature in these three studies is that the
roughness of both bounding walls was kept the same. Bakken et al. (2005) further argued

that the deviation from the similarity hypothesis could be due to the reason that in
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channels with only one rough surface, the difference in the drag between this rough
surface and other relatively smooth surface causes an asymmetry which could affect the
outer layer structure. Krogstad et al. (2005) attributed the discrepancy in the agreement
with the similarity hypothesis to the reason that the surface roughness effects on the outer

layer could be dependent on the flow type.

Hanjalic and Launder (1972) experimentally investigated the flow in a channel bounded
by walls of different roughness. They observed asymmetry in the mean velocity and
turbulent characteristics across the channel in both inner and outer regions. They found
that the turbulent shear stress near the rough wall was four times greater than that near the
smooth wall. The locations of the maximum mean velocity and zero stress were also
shifted towards the smooth wall. They argued that smooth and rough surfaces generate
dissimilar flows which interact with each other resulting in strong diffusional transport of
turbulent shear stress and kinetic energy from the rough towards the smooth wall.
Bhaganagar et al. (2004) numerically‘ investigated the effect of different wall roughness
in a channel flow. They found that turbulent intensities, turbulent vorticity and turbulent
energy budget are influenced by the difference in the wall roughness, however the
influence of roughness was restricted to the inner region, except for the turbulent
intensities, whose effect was extended to the outer region. Miyake et al. (2001) also
numerically investigated the effect on different wall roughness on the flow and thermal
characteristics in a channel. They found that the influence of roughness on both velocity

and thermal fields was restricted to the near wall region. For the turbulent shear stress,
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they observed an asymmetry across the channel with the zero stress location shifted

towards the smooth wall.

Hanjalic and Launder (1972) and Miyake et al. (2001) considered ribs of square cross-
section on the rough wall, whereas, Bhaganagar et al. (2004) considered roughness
elements of “egg-carton” shape. The roughness of the other wall (i.e. the smooth wall) in
these studies was almost negligible compared to the size of the roughness element on the
rough wall. Thus, the cases considered in these studies, indicated the impact of distinctly
smooth and rough surfaces on the flow structure. In many practical applications, the walls
of a channel are not necessarily of the same material or roughness. In this case, the flow
is bounded by walls of different roughness. Furthermore, in these applications, the
roughness is typically natural and not altered by artificial elements. Thus, the actual size
of the roughness elements on both surfaces is usually very small, thus, in the absolute
terms, both surfaces are considered to be smooth. However, one wall is relatively rougher
than the other. The impact of wall roughness on the flow behavior in such situation has

not been reported.

1.2 Impact of Wall Heating

Significant work has been done over the past several decades, to understand the internal
flows and the flow structure over a solid wall. These studies can broadly be categorized
into two groups. The first group is focused on the investigation of the flow structure in an
unheated channel or above an unheated wall, with the main emphasis on the impact of

wall roughness on the flow structure in the inner and outer layers adjacent to the wall.
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This work is outlined in the previous section (section 1.1). The second group is focused
on the investigation of the flow and thermal structure when heat is added from the wall.
Nicholl (1970) studied the effects of heat on a turbulent boundary layer for stable and
unstable stratifications in a wind tunnel. The wall and free stream temperature difference
ranged from 20 to 100 'C. He observed that for unstable stratification, the mean velocity
and turbulent intensities near the upstream edge of the heated plate are larger in
magnitude than that observed further downstream. He argued that when the boundary
layer first encounters the heated surface, the interaction of convective layer and boundary
layer turbulence induce intense local convective activity, which reduces with the
downstream distance. At a distance of 74 cm from the upstream heated edge, he
compared the mean and turbulent intensity profiles for heated and unheated conditions
and observed no significant difference in the magnitudes. Arya (1975) investigated the
effects of buoyancy on the mean and turbulence structure in a developed turbulent flow
over a horizontal flat plate. Experiments were conducted for stable, neutral and unstable
conditions. He observed that the thickness of the viscous sublayer increased with
stability, whereas, the coefficients of skin friction and heat transfer decreased with
stability. The turbulent characteristics, however, were presented only for the stably
stratified conditions and it was concluded that the turbulence was suppressed with
increasing stability. Perry and Hoffman (1976) investigated the flow over a constant
temperature wall to determine the scaling laws for the mean and fluctuating temperature
and velocities using X—wire probes. They showed that the temperature and velocity
profiles correlate well with inner and outer layers scaling. They also observed that the

fluctuating properties are more sensitive to the spurious pressure gradients than the mean
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flow. Rued et al. (1987) conducted experimental and numerical investigation of the flow
in a square channel with one heated wall. The velocity field was measured using laser
Doppler anemometry. Their study was focused on the effects of wall intersections (i.e.
the corner effects) on the flow and heat transfer. They observed an increase in the
Nusselt number in the corner region of the channel where the heated and unheated walls
intersect. They attributed this enhanced heat transfer to non-symmetry and anisotropy at

the corner and the proximity of the unheated wall.

Fukui and Nakajima (1985) investigated the impact of unstable thermal stratification on
the flow and thermal structure in the wall region. They measured velocity and
temperature fluctuations in the wall region of fully-developed turbulent flow between
horizontal parallel plates for a range of Reynolds and Richardson numbers. They found
that in the inner region, the normalized horizontal velocity fluctuations increased with an
increase in the Richardson number. The opposite trend was observed for the vertical
velocity fluctuations in the inner region. That is, the normalized velocity magnitude
decreased with an increase in the Richardson number. In the outer region, the horizontal
velocity fluctuations collapsed for all cases, whereas, the trend of the vertical velocity
fluctuations was reversed. That is, the vertical velocity magnitude increased with the
Richardson number. They concluded that during unstable stratification, the dependency
of the turbulent intensities differ in the inner and outer regions. They also observed that
unstable stratification has no effect on the temperature fluctuation in the inner region but
the magnitude of temperature fluctuations decreased with the Richardson number in the

outer region.
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Hirota et al. (1997) measured velocity and temperature in a square duct using hot-wire
probes for fully turbulent flow at a single Reynolds number. Their investigation was
focused on the flow structure in the plane normal to the flow direction. Based on the
comparison of mean and fluctuating velocities for heated and unheated cases, they
concluded that heat addition has no significant influence on the flow properties in this
plane. They also observed that the eddy diffusivity for the heated case is higher than the
unheated case in the middle of the channel and which become comparable near the wall.
They also suggested that the influence of secondary flow on heat transport is weaker than
that on the momentum transport. Ichimiya and Yamada (2005) numerically investigated
the flow structure in a square duct for both thermally insulated walls and uniform
temperature walls. They also studied the velocity field in a plane normal to the direction
of the flow. Similar to Hirota et al. (1997), they observed that buoyancy influences the

secondary flow development in the downstream direction.

In spite of several studies describing the flow structure above the heated wall, the
question as to how the addition of heat affects the flow structure has not been well
established to date. A direct comparison between the flow properties in the presence and
absence of wall heating would provide a better insight into the impact of wall heating on
the flow structure. In most of the previous studies however, the flow structure was
investigated either in the absence or presence of heat, and no such comparison was made.
Nicholl (1970) conducted such comparison for mean and turbulent intensity profiles;

however, he did not observe any appreciable difference.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.3 Influence of a Baffle

As mentioned previously, heat exchangers are used in a wide range of engineering
applications. An enhancement of heat transfer between the two fluids would therefore
result in a more efficient heat exchanger. This can be achieved by improving the thermal
contact of the heat exchanger fluid with the wall by increasing the surface heat transfer
coefficient, which is typically done by manipulating the heat transfer surface. Examples
of manipulated surfaces include treated surfaces, rough surfaces, extended surfaces,
coiled tubes, surface vibration, fluid vibration, jet impingement and vortex generators.
Previous studies have shown that the vortex generator is an effective mean of increasing
the surface heat transfer. The vortex generator is basically a solid object attached to the
wall that obstructs the flow. The vortex generator causes flow separation generating
longitudinal vortices downstream of the generator. The circulation created by the vortex
enables rapid transfer of fluid parcels to and from the heat transfer surface and thus,
enhances the heat transfer. Different designs of vortex generators have been proposed in

the literature and most common are cubical and delta winglets.

There has been extensive research, both experimentally and numerically, on determining
the optimum configuration and shape of vortex generators for the given flow
arrangement. The early work in this area goes back about two decades. Eibeck and Eaton
(1987) studied the heat transfer effects of an isolated longitudinal vortex embedded in a
turbulent boundary layer. The measurements were made in the direction normal to the

flow at different downstream locations. Several types of half delta wing vortex generators
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with angles of attacks equal to 5, 12 and 20° were examined. They found that under
different conditions, the Stanton number increased up to 24% and decreased as much as
14%. The overall effect was a net increase in the spanwise-averaged heat transfer
coefficient. They observed that the distortion of the turbulence field has no significant
effect on the heat transfer, and argued that the distortion of the mean velocity field caused
by the longitudinal vortex affects the Stanton number. Pauley and Eaton (1988) studied
16 different vortex pair configurations and two regular arrays which are often used to
prevent boundary layer separation on lifting control surfaces. They analyzed the results
using vorticity contour plots, and separated them into three categories: common flow
down, common flow up and co-rotating vortices. They found that the common flow
down caused the strongest distortion of the boundary layer over the greatest streamwise
extent. They also found that these vortices did not interact strongly with one another, and
that their strength increased linearly with the angle of attack, up to an angle of attack of
18°. Furthermore, the common flow up pairs of vortices found to interact strongly with
one another but weakly with the viscous flow near the wall. In the case of co-rotating
vortices, it was found that a single pair of co-rotating vortices would merge to form a
single vortex if the initial spacing is not too large. The vortices in the array were found to

be essentially independent.
Wroblewski and Eibeck (1991) experimentally investigated the heat transfer in a
turbulent boundary layer, using half delta wings at an angle of attack of 12° as the vortex

generators. The measurements were made in a plane normal to the direction of the flow

at a Reynolds number of 1.82 x 10°, They found that in the vortex core, the Reynolds

10
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stress components were nearly equal and suggested that the turbulence is isotropic in this
region. In the same region, they also found that the heat transport was enhanced and
despite the high levels of turbulence, the Reynolds stress was small, indicating that the

turbulent transport of momentum was suppressed.

Fiebig et al. (1991) experimentally investigated the effect of triangular and rectangular
vortex generators on the flow structure, flow losses and heat transfer augmentation in a
compact heat exchanger. They found that the drag induced by the vortex generator was
proportional to the projected area, and was independent of the Reynolds number as well
as its geometrical shape. They also observed that the heat transfer enhancement depends
on the angle of attack of the generator, and showed that heat transfer increases with the
angle of attack up to 60°. They also found that the heat transfer enhancement was higher
for the case of triangular vortex generator as compared to the rectangular one.
Tiggelbeck et al. (1992) experimentally investigated the flow structure and heat transfer
in a channel with multiple vortex generators of delta winglet type. They observed that
near the rear edge of the winglets, the Nusselt number had a local enhancement of 310%
in the case of one row of delta winglets, which increased to 460% with two rows of delta

winglets.
Tsay et al. (2005) numerically investigated the heat transfer enhancement due to a
vertical baffle in a backward-facing step flow channel. The effect of the baffle height,

thickness and the distance between the baffle and the backward facing step on the flow

structure was studied in detail for a range of Reynolds number varying from 100 to 500.
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They found that an introduction of a baffle into the flow could increase the average
Nusselt number by 190%. They also observed that the flow conditions and heat transfer
characteristics are strong function of the baffle position. O’Brien et al. (2004) conducted
an experimental study in a narrow rectangular duct fitted with an elliptical tube inside a
fin tube heat exchanger, for a range of Reynolds numbers varying from 500 to 6300. A
pair of delta winglets was used as the vortex generator. They estimated the local surface
heat transfer coefficient and pressure drop, and found that the addition of a single winglet
pair could increase the heat transfer by 38%. They also found that the increase in the
friction factor due to the addition of a winglet pair was less than 10% over the range of
Reynolds numbers studied. Dupont et al. (2003) investigated the flow in an industrial
plate-fin heat exchanger with periodically arranged vortex generators for a range of
Reynolds number varying from 1000 to 5000. They found that the vortex intensity

increases with the Reynolds number.

Shafiqul et al. (2002) experimentally investigated the mean streamwise velocity and
mean turbulent kinetic energy in a channel with square ribs with two pitch-to-height
ratios. PIV was used as the measuring technique to study the flow characteristic in the
vicinity of the ribs. Measurements were made at two Reynolds numbers, 7000 and
20000. They found that the ribs produce turbulence which created circulation. In the
separated region downstream of the rib, eddies were formed. The largest magnitude of
turbulent kinetic energy was observed near the reattachment point of the flow. They also
noted that a high Reynolds number would accelerate the flow over the ribs and increase

the pressure rise. They observed that the velocity gradients are strong in the separation
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region which leads to a shorter reattachment length. The reattachment length was
measured from the velocity vector fields in the developing, fully developed and exit
regions of the flow for a range of Reynolds numbers between Re = 1400 to 50000. they
observed that after Re=15000, there was a little difference in the reattachment lengths at
different spanwise locations, indicating that and it become independent of the Reynolds

number and pitch-to-height ratio.

Acharya et al. (2000) conducted experiments using internally ribbed channel with
cylindrical vortex generators placed above the ribs. They studied the effect of the spacing
between the vortex generators and the ribs. They found that the heat and mass transfer
depend on both the generator-rib spacing to rib height (s/e) ratio and the Reynolds
number. They showed that at low Reynolds number (Re = 5000), the heat transfer
enhancement was observed for all s/e ratios. However, at high Reynolds number (Re =
30,000), the enhancement was observed only for the largest s/e ratio (s/e = 1.5). For this
ratio, the generator wakes and rib shear layer interact with each other and promote
mixing and thus, enhance heat transfer. For the smallest s/e ratio (s/e = 0.55), due to the
smaller gap between the generator-ribs, at high Reynolds numbers the ribs act as a single

element and prevent the redevelopment of the shear layer causing reduced heat transfer.

Tiwari et al. (2003) numerically simulated the effect of the delta winglet type vortex

generator on the flow and heat transfer in a rectangular duct with a built-in circular tube.

They observed that the vortices induced by the vortex generator resulted in an increase in

the span-averaged Nusselt number at the trailing edge of the vortex generator by a factor
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of 2.5 and the heat transfer enhancement of 230% in the near wake region. Lin et al.
(2002) numerically studied the performance of a wave-type vortex generator installed in a
fin-tube heat exchanger. They found that an increase in the length or height of the vortex
generator increases the heat transfer, as well as the friction losses. They reported up to
120% increase in the heat transfer coefficient at a maximum area reduction of 20%,

accompanied by a 48% increase in the friction factor.

Leonardi et al. (2003) conducted a numerical investigation of a flow over square bars
attached to a wall. The same flow configuration was later investigated experimentally by
Leonardi et al. (2004). Both studies were focused on the effect of the distance between
bars to bar height (w/k) ratio on the flow behavior. Both investigations were made at the
same Reynolds number of 4200. They found that the dependence of the flow behavior on
w/k is very strong. At small values of w/k, the turbulent intensities and flow structure
resemble the flow over a smooth wall. At high values of w/k, they observed that the
normal wall motion induced by the bars was confined to smaller regions in the vicinity of

the bars, and the overlying flow was similar to that over a smooth wall.

Nasiruddin and Siddiqui (2006) numerically investigated the impact of a baffle (which
acts as a vortex generator) on the heat transfer in a smooth circular tube. A variety of
baffle designs were considered that correspond to different baffle heights and
orientations. The influence of these baffle designs on the vortex characteristics and the
heat transfer rate was studied in detail. The results show that for the vertical baffle, an

increase in the baffle height causes a substantial increase in the Nusselt number but the
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pressure loss is also very significant. For inclined baffle at a given area blockage, they
observed that the maximum Nusselt number was enhanced by a factor of 2.2 compared to
that in the absence of a baffle. For the baffle inclined toward the upstream side, it was
observed that the pressure loss was independent of the inclination angle. However, for the
baffle inclined towards the downstream side, the pressure loss increased with an increase
in the inclination angle. The results showed that a baffle inclined towards the downstream
side with an angle of 15 degree is the optimal design. The heat transfer rate for this
configuration was on average 70% higher than the heat exchanger with no baffle, with a
minimal increase in the overall pressure loss. They also found that for a given baffle
configuration, the Nusselt number increased with a decrease in the Reynolds number.
They also investigated the impact of a second baffle on the overall Nusselt number
enhancement and observed that when a second baffle is introduced to the flow, the
average Nusselt number for the two baffles case was 20% higher than the one baffle case,
and 82% higher than the no baffle case. The average pressure loss for the two and one

baffle cases was 5.0 Pa and 2.8 Pa higher than the no baffle case, respectively.

The literature review in section 1.3 shows that significant research work has been done to
investigate the impact of vortex generator on the flow behavior and heat transfer
augmentation. However, most of these studies were focused on the estimation of the
Nusselt number enhancement and less attention has been paid on the detailed
investigation of the influence of vortex generator on the overall flow structure in general
and in particular, the flow structure in the near-wall region. Furthermore, the studies that

reported flow characteristics were focused on the flow behavior in the presence of the
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vortex generator and no significant quantitative comparison has been made with that in

the absence of the vortex generator.

1.4 Objectives

The literature review in the preceding sections shows that several studies have
investigated the flow behavior with different surface conditions and with the addition of
heat. However, most of these studies were focused on the investigation of the flow
characteristics for the modified surface condition and/or in the presence of surface
heating. A quantitative comparison of the flow behavior under modified condition with
that of the non-modified condition is not well reported in the literature. This quantitative
comparison is very crucial in order to improve our knowledge about which flow
properties are influenced and altered due to these modifications and also to understand
the underlying physical mechanisms that are responsible for this behavior. This issue is
very critical in the near-surface region, which regulates the heat transfer across the fluid-
solid interface. The present research is aimed at improving the knowledge and
understanding of the physical processes that control heat transfer across the solid-fluid
interface, which is very important in order to develop efficient heat exchangers. As
mentioned earlier, to achieve this objective, the research has been divided into three
phases with each phase focused on the fundamental physical phenomena from different

aspects. The specific objectives of these phases are,

1. To investigate the simultaneous impact of different surface roughness on the flow

behavior inside the channel.
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2. To investigate the impact of wall heating on the flow characteristics in the near-
wall region.
3. To investigate the impact of a vortex generator on the flow structure in the

downstream region.

1.5 Thesis Layout

The layout of the remaining thesis is as follows. Chapter two gives a detailed description
of the experimental setup, instrumentation and techniques. It includes, details about the
channel and its configuration for the experiments conducted for each phase, the
measurement techniques employed, and the equations used to compute the turbulent
properties in chapters three to five. Chapter three describes the results obtained from the
first phase, i.e. the simultaneous impact of walls of different surface roughness on the
internal flows. The results of the second phase, i.e. the direct impact of heat addition on
the near wall flow properties, are presented in chapter four. The final phase, i.e. the
impact of a baffle on the channel flow, is presented in chapter five. The results from all
three phases are summarized in chapter six along with some recommendations for the

future work.
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Chapter 2 - Experimental setup and techniques

The experiments were conducted in a closed loop apparatus consisting of five main
sections. The components of the apparatus are described in the following subsections.
Section 2.1 describes components that are common to all three phases mentioned in the
previous chapter. Section 2.2 describes components or modifications to components

described in section 2.1 that are specific to one particular phase.

2.1 The Experimental Apparatus

The experiments were conducted in a square channel with the inner cross-section of 7 cm
x 7 cm. The channel consists of a 15 cm long settling chamber, 10 cm long trip section
and 100 cm long test section. Water was used as the working fluid that was circulating
through the channel in a closed loop. The schematic of the experimental apparatus is
shown in figure 2.1. The main components of the channel and other accessories are

described below.

2.1.1 The Settling Chamber

The settling chamber is made of aluminum and encompasses a honeycomb to straighten
the flow before entering the trip section. A bleeder valve is installed at the top wall of the

chamber to remove any trapped air locked in the channel.

2.1.2 The Trip Section

The trip and test section are made in the same fashion. That is, the top and two side walls

are made of 'z inch thick non-tempered glass and the bottom wall is made of %2 inch thick
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aluminum plate. The upstream end of the trip section is connected to the settling chamber
by two Plexiglas flanges bolted together. The downstream end is connected to the test
section in the same manner allowing it to be easily removed. This component is used for
other experiments but it is considered as part of the channel for the experiments presented

in this thesis.

2.1.3 The Test Section

The surface of the bottom aluminum plate of the test section was coated black with a
marker to minimize the laser reflection. An aluminum end plate is attached at the
downstream end of the test section and is bolted onto another aluminum plate. The
settling chamber and the test section were both bolted onto 5 cm x 1.3 c¢m thick support
plates. The length of the support plates were 7.5 cm and 94 cm beneath settling chamber
and test section, respectively. These support plates are bolted to an exterior common
base. All components of the channel with the exception of the trip section were fixed to
one of the two bases, that is, either the upper base for components downstream of the
pump (i.c. settling chamber, trip and test section), or to a lower base for components

downstream of the test section (i.e. pump and water tank).

The glass walls and aluminum plates of the channel were joined together by an epoxy
(Loctite D-609). The edge between the glass and the aluminum was also reinforced with

a layer of silicone (Loctite 59530) because this edge is most susceptible to leaks.

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.1.4 The Pump

A magnetic pump (Little Giant 58002 4MD series) was used to circulate water from a
water tank through the channel. A rubber pad is inserted between the pump and the
lower base to minimize vibrations. A valve downstream of the pump outlet was used to
vary the inlet flow rate to the channel. A valve was installed at the exit of the test section
to set the channel’s outlet flow rate, same as the inlet flow rate to avoid any pressure
build up within the channel. This valve is also used to help eliminate any trapped air in

the channel via the bleed valve mounted on top of the settling chamber.

2.2 The Experimental Apparatus Alterations for each Phase

2.2.1 Phase |

For the experiments conducted in this phase, no alterations were made to the apparatus
described in section 2.1. As this phase was focused on the impact of surface roughness,
the roughness of both surfaces was measured using Surftest SJ-301 (Mitutoyo), which
measures the roughness height with the accuracy of 0.01 pm. The results show that the
roughness at both the glass and aluminum surfaces is of k-type. The RMS roughness
height for the glass plate is equal to 0.02 pm and that of the aluminum plate is 0.56 pm.
The glass wall was found to be extremely smooth. Although the roughness length of both
surfaces was small, the relative roughness which is defined as the ratio between the
roughness lengths of aluminum to that of glass was very large. That is, the aluminum
wall was approximately 28 times rougher than the glass wall. The complete experimental

set-up for this phase is shown in figure 2.1.
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2.2.2 Phase |l -The Heating System

This phase was focused on the investigation of the impact of wall heating on the flow
behavior. Therefore, an electric heater (240V Dimplex DBH-0750W) was attached to the
bottom of the test section aluminum plate in order to supply the test section with a
constant heat flux (see figure 2.2). Once turned on, the heater supplied a constant heat
flux to the bottom side of the aluminum plate. A minimum of 90 minutes waiting time
after turning on the heater was considered before data acquisition to allow uniform heat

flux from the bottom wall.

2.2.3 Phase lll - The Baffle

This phase was focused on the investigation of the impact of a baffle on the flow
structure downstream of the baffle. Therefore, a baffle was installed in the test section.
The baffle was made of Plexiglas with a rectangular geometry. The dimensions of the
baffle were 1 cm in height, 0.5 cm in thickness and 5 cm in width. The baffle was
adhered to 5 mm thick sheet of Plexiglas with the dimensions of 5 cm x 100 cm using
silicone. This combined assembly was then slide into the channel from the downstream
end (see figure 2.3 (a)). The setup of the test section with the instrumentation for this
phase is shown in figure 2.3(b). The location of the baffle was 50 cm from the upstream

edge of the test section. The baffle was used as a vortex generator.

2.3 The Measurement Technique
The two-dimensional velocity fields were measured using digital particle image

velocimetry (DPIV). The measurements were made in a plane parallel to the side walls

along the centerline of the test section. For each experimental run, 3000 images were
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acquired at a rate of 30Hz. For every experimental run, the data acquisition was started at
least ten minutes after the flow rate adjusted for that particular run allowing the flow

inside the channel to reach steady state.

2.3.1 DPIV Technique

Digital Particle Image Velocimetry (DPIV) is a non-intrusive technique that measures
flow velocities in a plane simultaneously at many points in a flow field. In this
technique, the flow under investigation is seeded with tiny tracer particles that follow the
flow. The set-up of a typical DPIV system is shown in figure 2.4. The set-up in the
present experiments consisted of a Continuum Minilite 25 mJ Nd:YAG laser that was
used as the light source of the DPIV measurements. A CCD camera (JAI CV-M2) with
the resolution of 1600 x 1200 pixels was used to image the flow. The camera was
mounted in the horizontal position. That is, the images were acquired with the
dimensions of 1600 pixels in horizontal and 1200 pixels in vertical, with respect to the
flow field. The camera was connected to a PC equipped with a frame grabber (DVR
Express, 10 Industries, London, ON, Canada) that acquires 8-bit images at a rate of 30
Hz. The water was seeded with silver-coated glass spheres, with the mean diameter of 15
um (Potter Industries, Paoli, PA). These glass spheres were used as the tracer particles for
the DPIV measurements. A four-channel digital delay generator (555-4C, Berkeley
Nucleonics Corporation, San Rafael CA) was used as synchronizer to control the timing
of the laser light pulses. In the PIV technique, a pulsed laser light sheet illuminates a
plane in the flow. The tracer particles within the light sheet start glowing, and the camera
records the positions of these particles. A short time later (known time delay), a second

pulse illuminates the same plane and the camera captures the second image of the tracer
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particles, whose positions are shifted in the second image due to the flow. These first and
second images are called an image pair. In a given set of experiments, a series of image

pairs are acquired.

2.3.1.1 Tracer Particles

The DPIV technique uses the motion of the tracer particles to measure the flow
velocities. Therefore, it is important that these particles should follow the flow
accurately, i.e. the particles should be neutrally or near-neutrally buoyant. In the present
study, silver coated glass spheres with the mean diameter of 15 um were used as the seed
particles. The specific gravity of these particles is 1.65. Therefore, they were not
perfectly neutrally buoyant. If particles are not perfectly neutrally buoyant, then it is
important to compute the time response of the particle. That is, how quickly the particles
response to any change in the flow behavior. The particle response time can be calculated

using the following equation,

d’ Yo,
— P p
T,= Tov, 1+2———pw @1

where, T is the particle response time (Snyder and Lumley, 1971), d, is the particle
diameter, v, is the kinematic viscosity of fluid, and p, and p,, are densities of particle and
fluid, respectively (Siegel and Plueddemann, 1991). In the present study, the time
response of the particles was estimated to be 0.021ms. At the highest Reynolds number
where the fastest flow variations are expected, the Kolmogorov time scale (i.e. the
smallest flow time scale) was computed to be approximately 47 ms. The comparison

shows that the response time of these tracer particles is more that three orders of
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magnitude smaller than the Kolmogorov time scale of the given flow. Thus, it was

concluded that the tracer particles accurately followed the fluid motion in all cases.

2.3.1.2 Interrogation and Search Regions

In DPIV technique, to measure the velocity vectors, the first and second images of an
image pair are divided into interrogation and search regions, respectively. The DPIV
technique computes velocity vectors by cross-correlating an interrogation region in the
first image with its corresponding search region in the second image. The size of the
interrogation region is set in a way that the displacement of tracer particles within this
region is expected to be approximately uniform. Typically, the size of the search region
is twice the size of the interrogation region so that all particles in the interrogation region
in first image, remain within in the search region in the second image. A typical DPIV

image pair with the interrogation and search regions is shown in figure 2.5.

In the present study, the size of the interrogation region was set equal to 32 x 32 pixels
and the size of the search region was set equal to 64 x 64 pixels. A 50% window overlap
was used in order to increase the nominal resolution of the velocity field to 16 x 16
pixels. Due to the difference in the velocity magnitudes for all cases, a constant time
separation between the two images of the image pair will give different particle shifts for
different cases. That is, when the velocity magnitude is small, the particle shift will be
smaller. Very small particle shift increases the uncertainty in the velocity measurements.
Thus, the time separation between the two images of an image pair was varied in each
case, in order to obtain reasonable particle shifts. The time delay for each case is given in

the table of their respective chapter.
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The velocity fields obtained from DPIV technique contains few spurious vectors mainly
due to noise. These velocity fields are then processed through a correction scheme written
in MatLab to correct spurious vectors found in the raw data. These corrected velocity
fields are then analyzed to obtain different flow characteristics that include, mean
velocity field, the turbulent velocity field and corresponding turbulent properties. The
correction scheme used to correct the spurious vectors was developed by Siddiqui ef al.
(2001). In this scheme, the magnitude and angular orientation of each velocity vector is
compared with the median of the neighboring vectors (eight or fewer depending on the
location of the given vector). If the magnitude or orientation of the given vector is outside
the specified range, then the given vector is considered to be spurious and is replaced by
the median of the neighboring vectors. Once these erroneous vectors are replaced, then
all the vectors are interpolated onto the grid points by performing the Adaptive Gaussian
Window (AGW) interpolation. Figure 2.6(a) shows a raw velocity field. Few spurious
velocity vectors near the top, bottom and middle are clearly visible. The velocity field
after the implementation of the correction scheme is shown in figure 2.6(b). Comparison
shows that the correction scheme accurately detects and corrects the spurious vectors. In
all experimental cases, the spurious vectors were found to be less than 1%. Finally, the
magnitude of both velocity components is converted from pixels into cm/s based on the
length scale conversion between the pixels and cm, and the time delay between the two

images of an image pair.
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The total error in the velocity measurements due to the DPIV measurement scheme was
calculated using the scheme in Siddiqui ef al. (2001). They describe the error as the sum
of errors due to gradients, particle density, particle diameter, out-of-plane motion, peak
locking and AGW interpolation. The error for each particular case is tabulated in their
respective tables (i.e. the errors for the experimental runs for the first phase are found in
Table 3.1 and so forth). The complete procedure of the error estimation is presented in

Appendix A.

2.3.2 Field of View of the Camera

2.3.2.1 Walls of Different Roughness — Phase 1

The field of view of the camera for this phase of experiments was set equal to 9.4 cm
horizontal and 7 cm vertical. The horizontal position of the camera was set in a way that
the upper edge of the image coincides with the inner side of the top glass wall and the
lower edge of the image coincides with the upper side of the aluminum wall. The
measurement window was located at a distance of 65.5 cm from the upstream edge of the

test section as shown in figure 2.1.

2.3.2.2 Heat Addition — Phase 11

The field of view of the camera for this phase of experiments was set equal to 3.2 cm
horizontal and 2.4 cm vertical. The horizontal position of the camera was set in a way
that the lower edge of the image coincides with the upper side of the aluminum wall. The
measurement window was located at a distance of 57 cm from the upstream edge of the

test section as shown in figure 2.2.
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2.3.2.3 Insertion of a Single Baffle — Phase I1I

The field of view of the camera for this phase of experiments was set equal to 12.2 cm
horizontal and 5.4 cm vertical. The horizontal position of the camera was set in a way
that the lower edge of the image coincides with the upper side of the aluminum wall. The
measurement window was located at a distance of 47.4 cm from the upstream edge of the
test section as shown in figure 2.3. The upstream edge of the camera field of view was

2.6 cm upstream of the baffle.

2.3.3 Temperature Measurements

Temperature measurements were made during the second set of experiments only. The
temperature data was acquired via a 16-channel data acquisition card (PCI-6036E,
National Instruments) using the LabView data acquisition software. Eight k-type
thermocouples were used to obtain the temperature gradient in the near wall region. The
first thermocouple was placed at the wall and the other thermocouples were placed
horizontally in the vertical plane with a separation distance of 2 mm. The accuracy of the
thermocouples is 0.1 °C. The heater was turned on 1 ' hours before the channel was
filled with water and the measurements taken. The data was acquired 15 minutes after

the flow rate was set to ensure uniformity of the flow rate.

2.4 Post Processing of the Velocity Data

The mean velocity and velocity gradients were computed by temporally averaging the
velocities and velocity gradients at each grid point. The turbulent velocity fields were

computed by subtracting the time-averaged mean velocity at each grid point, from the
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corresponding instantaneous velocity. Various turbulent characteristics were computed
from the turbulent velocity fields. The equations used to compute various turbulent
properties are described below. It is important to note that since the data of the
experiments corresponding to phases I and II were located in the fully developed region,
the data was also spatially averaged in the horizontal direction. That is, at each depth, one
tempo-spatially averaged value was computed. This was not done in the experiments of
phase III, where the flow characteristics were analyzed at different spatial locations

downstream of the baffle.

The energy production was computed using the following equation

P=—uw U 2.2)
daz

- . du . . . .
where —u'w' is the Reynolds stress and = is the mean streamwise velocity gradient
/z

(Pope 2000)

PIV velocity fields provide four velocity gradients in a plane. Doron et al. (2001)
compared five different methods of estimating the energy dissipation and showed that the
“direct” method which uses velocity gradients computed from the two-dimensional
turbulent velocity field obtained from PIV measurements was the most accurate. The

Energy dissipation rate was computed using the direct method as,

'\ (owY (ou'\ (ow'\ . (ou' ow'\ 2(ou ow'
e=3|—| +|—| +|— | +|—| +2] —— |+=| —— 2.3)
Ox Oz Oz Ox 0z Ox 3\ ox Oz
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where 9 is the streamwise velocity gradient in the horizontal direction, % is the
Ox oz
streamwise velocity gradient in the vertical direction, % is the transverse velocity
Ox

!
gradient in the horizontal direction and -aai is the transverse velocity gradient in the
74

vertical direction and v is the kinematic viscosity. The overbar denotes time averaging.

The friction velocity was computed using the relation,

u = Y (2.4)
dz |,
daul . . . .
where, . is the mean streamwise velocity gradient at the wall.
74 z=0
The turbulent kinetic energy is computed using the relation,
E, =%(u'2 +w'?) (2.5)

where, the cross-stream component of velocity (v') is assumed to equal the average of

the horizontal and vertical velocity components.
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Interrogation window Search window

Figure 2.5: DPIV image pair (a) first image of image pair, red box represents the
interrogation window; (b) second image of image pair, red box represents the

corresponding search window
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Chapter 3 - Flow Behavior in a Channel Bounded

by Walls of Different Roughness

(Gajusingh and Siddiqui, 2006A)

The present chapter is focused on the investigation of the simultaneous impact of
different wall roughness on the overall mean and turbulent characteristics in a channel
flow. This would help in understanding the discrepancy in the flow behavior in the outer
region reported in previous studies and also to understand the overall flow characteristics
in a channel with different wall roughness. The experimental apparatus used for these
experiments is described in chapter 2 sections 2.1 and 2.2.1. The bottom wall of the test
section was made of aluminum and the top wall was made of glass. The roughness on
both surfaces was measured using Surftest SJ-301 (Mitutoyo), which measures the
surface height with the accuracy of 0.01 um. The RMS roughness length for the glass
plate is equal to 0.02 pm and that of the aluminum plate is 0.56 pm. The roughness
length normalized by the viscous length scale (v/u«) is given in Table 3.1. The results
show that the roughness length at both walls is significantly less than the viscous length
scale and both surfaces are considered to be smooth. However, the relative roughness
which is defined as the ratio between the roughness lengths of aluminum to that of glass
walls was very large. That is, the aluminum wall was approximately 28 times rougher
than the glass wall. Thus, herein after, among the two walls, the glass wall is considered

as the smooth wall and the aluminum walli is considered as the rough wall.

Four experimental cases were considered that covered the range from laminar to fully

turbulent. To check whether the flow was developed at the measurement location, the
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mean streamwise velocity profiles near the upstream and downstream ends of the camera
field of view (9 cm apart) were compared. The difference in the velocity profiles was less
than 4% for all cases. This confirmed that for all cases the flow was developed. The
friction velocity was computed based on the mean velocity gradient at the wall. The
values of the friction velocity for both walls are presented in Table 3.1. The Reynolds
number was calculated based on the rough wall friction velocity and the channel half-
height or half of hydraulic diameter. The values of Reynolds number (Re,) for all cases

are also presented in Table 3.1.

3.1 Mean Velocity

The mean streamwise velocity was computed by averaging the velocity data at each
depth temporally and spatially. That is, for each experimental run, the time series were
extracted at each grid point. The average velocity was obtained at each grid point by
time-averaging. The time-averaged velocities at all grid points at a particular depth were
then spatially averaged. This provided the spatial-temporal averaged velocity at each
depth. In the present study, the depth, z, is referenced from the inner surface of the glass
wall, with the positive z-axis pointing downwards. That is, z/D, = 0 corresponds to the
inner surface of the glass wall and z/D; = 1 corresponds to the inner surface of the
aluminum wall, where D, is the hydraulic diameter of the channel. The vertical profiles
of the mean streamwise velocity normalized by the maximum mean velocity are plotted
in figure 3.1. The plot shows an asymmetry in the mean velocity profiles for all cases,
that is, the maximum velocity is shifted towards the glass wall that has smaller roughness

compared to the aluminum wall (roughness length of the glass wall is 28 times smaller
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than that of the aluminum wall). The plot also shows that for fully turbulent cases (i.e.

Re. = 144 and 164), the mean velocity profiles collapsed very well, which started to
deviate at Re; = 71. The maximum velocity for these cases was observed at z/Dj, in the

range 0.3-0.35. The profile at Re; = 17 deviated significantly from the other cases with a
prominent asymmetry. The maximum velocity for this case was located at z/Dj, = 0.2. At
Re, = 17, the flow was in the laminar regime, therefore, the influence of viscous forces
was significant and thus, the impact of higher surface roughness was extended over a
significantly large distance from the wall by viscous forces. At higher Reynolds numbers,
the influence of viscous forces decreases and thus, the profiles became more symmetric.

Hanjalic and Launder (1972) also studied the influence of different wall roughness on the
mean velocity profile for fully turbulent flow at Reynolds numbers of 18700, 36400 and
56000 (based on the maximum velocity and half the distance between the walls). In their
experiments, the roughness length at the rough wall was several orders of magnitude
larger than that at the smooth wall. They also observed an asymmetry in the mean
velocity profile. Their mean velocity profile at Re = 18700 is also plotted in figure 2 for
comparison. The plot shows that near the smooth wall in the region 0 < z/Dj, < 0.3, their
profile is similar to that observed for fully turbulent cases in the present study. The
location of the maximum mean velocity has also coincided. At higher Reynolds numbers
(i.e. at Re = 36400 and 56000), the shape of their mean velocity profiles was also similar;
however, the location of the maximum velocity was slightly shifted towards the smooth
wall. From the location of the maximum velocity towards the rough wall (i.e. 0.3 <z/D;, <
0.8), their profile deviated and lied in between the profiles for the laminar and turbulent

cases. This indicates that their mean velocity profile was influenced more by the rough
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wall compared to the turbulent cases in the present study, but this influence was smaller
than that for the present laminar case. The relative difference in the roughness length
between the two walls in the present study is significantly less than that in Hanjalic and
Launder (1972). Thus, based on the results in figure 3.1 it can be argued that, in fully
turbulent flows, when the relative roughness between the two walls is very large,
significant asymmetry in the mean flow is observed even at very high Reynolds numbers.
However, as the relative roughness between the two walls decreases, the mean velocity
profiles tends to become more symmetric even at lower range of Reynolds numbers in the
turbulent regime. In the laminar regime, however, the influence of comparatively lower
relative roughness is more profound on the mean flow than the higher relative roughness
in the turbulent regime. Thus, it can be concluded that from the location of maximum
velocity towards the smooth wall, the trends in the mean velocity profiles are similar for
different Reynolds numbers (in both laminar and turbulent regimes) and for different
relative roughness. However, from the location of the maximum velocity towards the
rough wall, different Reynolds numbers and relative roughness have a significant

influence on the mean velocity behavior.

3.2 Vertical Mean Streamwise Velocity Gradient

Figure 3.2 shows the vertical profiles of the normalized mean streamwise velocity
gradients. The plot shows that for all cases, the mean velocity gradients are relatively
large in the near-wall regions and decreased with the distance away from the wall, as
expected. For the three higher Reynolds number cases, the velocity gradients become

almost negligible in the central region of the channel i.e. at non-dimensional depth
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greater than 0.15 from each wall. Comparison of the velocity gradients magnitudes near
smooth and rough walls shows that the gradients are stronger near the smooth wall
compared to the rough wall for all cases. At the three higher Reynolds numbers, the
velocity gradients near the glass wall are 1. 4, to 1.8 times higher than that near the rough
wall. However, at Re; = 17, the magnitude of the velocity gradient near the smooth wall

is 5.6 times larger than that near the rough wall.

3.3 Turbulent Velocities

The DPIV measurements provide instantaneous velocity fields. The turbulent velocity
fields were computed by subtracting the time-averaged mean velocity at each grid point,
from the corresponding instantaneous velocity. Various turbulent characteristics were
computed from the turbulent velocity fields. At Re, =17, the magnitudes of all turbulent
properties were almost zero as the flow at this Reynolds number is laminar. Therefore,
the turbulent properties are plotted for the three higher Reynolds numbers. The profiles of
the normalized root-mean-square (RMS) streamwise and vertical turbulent velocity
components are shown in figure 3.3 (a) and (b), respectively. Figure 3.3(a) shows that at
the two higher Reynolds numbers, the profiles are relatively symmetric in the outer
region, however, in the near-wall region, the magnitude of turbulent intensity is higher
near the rough wall. It indicates that for the given relative roughness and the range of
Reynolds numbers, the influence of wall roughness is restricted to the inner region. The
plot also shows that for the fully turbulent cases (i.e. Re; = 164 and 144), the values of
the maximum streamwise turbulent intensity adjacent to the rough and smooth walls are

2.75 and 2.5, respectively. Bhaganagar et al. (2004) presented the vertical profiles of
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turbulent intensities in a channel bounded by walls of different roughness obtained
through DNS at Re, = 400. They also found that the RMS turbulent velocities were
increased near the rough wall. In their case, the magnitudes of the maximum streamwise
turbulent intensity near rough and smooth walls were approximately 3.1 and 2.5, which
are in good agreement with the present study. They observed an asymmetry in the
turbulent intensity profile in the outer region and argued that the different wall roughness
affects the flow in the outer region as well. Hanjalic and Launder (1972) also observed
higher streamwise turbulent intensity near the rough wall compared to that near the
smooth wall, with the normalized intensity magnitude of approximately 2.1 and 1.0,
respectively. However, they concluded that the profile of streamwise turbulent intensity
is similar to that in a smooth symmetric channel. The results in the present and these
previous studies indicate that in fully turbulent regime, if the roughness of the opposite
walls are different, the streamwise turbulent intensity in the near-wall regions of both
walls are affected. However, the influence of different wall roughness in the outer region

may depend on the relative roughness of both walls and the Reynolds number.

The profile of streamwise turbulent intensity at Re; = 71 did not collapse with the data at
higher Reynolds numbers, with the turbulent intensity magnitude less than that for the
fully turbulent cases. This could be due to the reason that the flow at Re; = 71 is in the

transition regime and the turbulence is not fully developed. The plot also shows that the
turbulent intensity profile at this Reynolds number is non-symmetric. That is, at the
smooth wall, the streamwise turbulent intensity was increased over a larger distance from

the wall (i.e. up to z/D;, = 0.08) which is significantly large compared to all other cases,
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and then started to decrease. At the rough wall, the streamwise turbulent intensity
increased significantly within a thin layer at the wall (similar to higher Reynolds number
cases) and then decreased sharply over a shorter distance, stayed almost constant over the
next 1 cm layer, and then decreased gradually towards the core. An explanation for this
trend is discussed later in context with other turbulent properties observed at this

Reynolds number.

The RMS vertical turbulent velocity profiles in figure 3.3(b) show symmetric trend in the
central region of the channel. The results also show that the magnitude of the vertical
turbulent intensity increases with the distance from a wall. That is, the vertical turbulent
intensity is higher in the outer region compared to the inner region for both smooth and
rough cases. Bhaganagar et al. (2004) found that the trend of vertical turbulent intensity
profile was similar to that of the streamwise intensity profile. That is, the vertical
turbulent intensity was increased sharply near both walls and decreased towards the
channel core from both sides with an asymmetry in the profile near the channel core.
Hanjalic and Launder (1972) observed a decrease in the vertical turbulent intensity from
the rough wall to the smooth wall. In the near-wall region, the magnitude of the vertical
turbulent intensity in the present study for fully turbulent cases is comparable with that of
Hanjalic and Launder (1972) at both rough and smooth walls and less than that in
Bhaganagar et al. (2004). However, the overall trend of the vertical intensity profile is
different in all three studies. Previous studies have also shown different trends of the
vertical turbulent intensity profile. For example, Antonia and Krogstad (2001), Bakken et

al. (2005) and Keirsbulck ez al. (2002) found an increase in vertical turbulent intensity
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within the inner region, which gradually decreased in the outer region, similar to
Bhaganagar et al. (2004). Lee and Lee (2001) used PIV to measure velocity field in a
turbulent boundary layer over smooth and riblet surfaces. For both smooth and rough
surfaces, they observed the trend similar to figure 3.3(b) for the RMS vertical turbulent
velocity. Romano (1992) measured the turbulent characteristics in a fully turbulent
rectangular channel using PIV and LDA techniques. He observed similar trends in the
profiles of streamwise turbulent intensity obtained from both techniques. However, the
trends in the vertical turbulent intensity profiles were different from both techniques. The
vertical turbulent intensity obtained from the PIV technique showed trend similar to that
in figure 3.3(b), where that from the LDA showed trend similar to Antonia and Krogstad
(2001), Bakken et al. (2005) and Keirsbulck et al. (2002). PIV provides two-dimensional
instantaneous velocity fields with high spatial resolution. To further investigate this
discrepancy, we analyzed the two-dimensional turbulent velocity fields. It was found that
in the near-wall region, the streamwise turbulent velocity component dominates the flow
with very weak vertical velocity fluctuations. As the distance from the wall increases, the
magnitude of the vertical turbulent velocity component increases and in the outer region,
it becomes almost comparable with the streamwise velocity component. A turbulent
velocity field showing the typical flow behavior is plotted in figure 3.4 at Re; = 164. The
plot shows the predominantly streamwise flow near both walls. The strong vertical
motions were observed mostly in the outer regions. Keirsbulck et al. (2002) showed
snapshots of PIV turbulent velocity fields over smooth and rough walls. Their velocity
plot over the smooth wall was similar to that in figure 3.4, that is, the flow was

predominantly horizontal in the near-wall region and the vertical velocity component
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grows with the distance from the wall (consistent with the trends observed in figure 3.3).
Note that the turbulent intensity profiles in Keirsbulck ez al. (2002) were not computed
from their PIV measurements. Further experiments involving the simultaneous velocity
measurements using PIV and other point measuring techniques should be conducted to

resolve this discrepancy.

3.4 Reynolds Stress

The vertical profiles of the normalized Reynolds stress are plotted in figure 3.5. The plot
shows that the magnitude of Reynolds stress increased up to a certain distance from the
wall and then decreased towards the outer region where it almost vanished. Comparison
of the Reynolds stress profiles shows that the Reynolds stress is higher near the rough
wall at Re; = 144 and 164. The maximum Reynolds stress is approximately 0.5 and 0.8
near smooth and rough walls, respectively. Hanjalic and Launder (1972) also observed
similar trend. Near the rough wall at z/D; ~ 0.85, they found maximum normalized
Reynolds stress equal to approximately 0.7, whereas, at z/Dj;, ~ 0.05, the Reynolds stress
was equal to 0.2, which are comparable with the present study. However, they did not
observe a peak in the Reynolds stress near the smooth wall. Miyake et al. (2001)
simulated the flow in a channel with smooth and rough bounding walls at Re; = 150.
They also observed a trend similar to figure 3.5 with the maximum normalized Reynolds
stress approximately equal to 1.1 and 0.3 near rough and smooth walls, respectively. The
maximum Reynolds stress was located at z/Dj, ~ 0.1 from each wall which is consistent
with the present study. At Re; = 71, the magnitude of the Reynolds stress is almost the

same near both walls.
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The analysis of the Reynolds stress behavior in the channel indicates that the wall surface
roughness has a significant impact on the overall magnitude of the Reynolds stress. On
the rougher wall side, the Reynolds stress is propagated deeper into the outer region. As a
result, the location of the zero stress is shifted towards the smoother wall. This indicates
that the Reynolds stress produced by the rougher wall dominates in the channel. Hanjalic
and Launder (1972) argued that the interaction of dissimilar flow generated at both walls
results in strong diffusional transport of turbulent shear stress and kinetic energy from the

rough towards the smooth wall.

Another interesting feature observed in figure 3.5 is that the zero stress remained at the
same vertical location i.e. z/D;, = 0.4 that corresponds to a distance of approximately 3 cm
from the smoother wall, for all Reynolds numbers studied here. Previous studies
investigating the effect of different wall roughness have also observed a shift in the
location of zero stress from the channel centerline towards the smooth wall. Hanjalic and
Launder (1972) observed that the location of zero stress moved to z/Dy, = 0.2. They also
found that the location of zero shear stress shifted slightly towards the smooth wall with
an increase in the Reynolds number. They observed that as the Reynolds number
increased by almost a factor of four, the location of zero stress was shifted by
approximately 15%. Miyake et al. (2001) found the location of zero stress at z/D; =~ 0.3.
The results in figure 3.5 and these previous studies indicate that the dominance of the
Reynolds stress in the turbulent flow is governed by the relative magnitudes of the

surface roughness between the two walls and it is not dependent on the Reynolds number.
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Keirsbulck et al. (2002) observed that the turbulent intensities and Reynolds stress are
affected by the wall roughness only in the inner region and remain unaffected in the outer
region. However, in the inner region, they observed that the streamwise turbulent
intensity and Reynolds stress are higher for the smooth wall, whereas, vertical turbulent
intensity is higher for the rough wall. Antonia and Krogstad (2001) found that the
streamwise turbulent intensity is not affected by the wall roughness, whereas, the vertical
turbulent intensity and Reynolds stress are higher at the rough wall. They argued that the
wall roughness affects the outer layer and the momentum transport. On the other hand,
Bakken ar al. (2005) observed that the wall roughness influence the turbulent properties
only in the inner region. It should be noted that Bakken er al. (2005) conducted
measurements in a channel with the same roughness on both sides. The present results
have shown that the relative roughness between the two bounding surfaces has a
significant impact on the Reynolds stress distribution, particularly in the outer layer.
Thus, when the flow behavior is investigated by increasing the roughness of one surface
while keeping the other surface at the same roughness, the turbulent stresses are expected

to increase in both the inner and outer layers at the former.

3.5 Turbulent Energy Production

The turbulent kinetic energy production can be computed using equation (2.2). The PIV

system used in the present study measured two velocity components (# and w). We can

compute only one component of Reynolds stress i.e. #'w'. In the given measurement

plane (i.e. middle of the channel bounded by upper and lower walls), the only velocity
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gradient that primarily contributes to turbulence production is dU/dz. Thus, equation (2.2)
provides good estimation of the turbulent kinetic energy production in the given
measurement plane. The vertical profiles of the normalized turbulent kinetic energy
production are plotted in figure 3.6. The plot shows that the energy production is almost
zero in the central region of the channel due to very small magnitudes of Reynolds stress
and mean velocity gradients in this region. Comparison of the energy production
magnitudes in the regions near the smooth and rough walls show that at Rep = 71, the
energy production is 1.5 times higher near the glass wall. At Re; = 144, the energy
production near this rough wall is approximately 25% higher than the smooth wall. At
Re; = 164, comparable magnitudes of energy production are observed near both walls.
Hanjalic and Launder (1972) observed a relatively large enhancement of energy
production near the rough wall compared to the smooth wall. Their closest measurement
relative to the rough wall was at z/D;, = 0.85, where the magnitude of normalized energy
production was approximately 12, which is comparable to the energy production in the
present study at the same location. Near the smooth wall at z/D;, = 0.05, they found
normalized energy production equal to 3 which is significantly less than that in figure 3.6
at the same location. They also observed minimum energy production near the location of
zero stress. The profiles in figure 3.6 also show that the enhanced energy production rate
is observed up to 30% of the channel’s height along both walls. Bhaganagar et al. (2004)

also observed the enhanced energy production up to the similar distance from walls, and
almost zero production at greater heights. They however, found relatively large

magnitude of energy production near the rough wall compared to the smooth wall. At

Re. = 71, the opposite trend is observed, that is, the enhanced energy production is
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observed up to greater distance from the smooth wall compared to the rough wall. This
behavior is consistent with that in figures 3.3(a) and 3.5 at Re; = 71. Thus, it can be
concluded that in the transition regime, the magnitude of turbulent intensity, Reynolds
stress and the rate of energy production are relatively large near the smooth wall.

However, in fully turbulent flow, the turbulence is stronger near the rough wall.

3.6 Turbulent Energy Dissipation

The rate of turbulent kinetic energy dissipation was computed using equation (2.3). The
normalized rate of energy dissipation is plotted in figure 3.7 as a function of normalized
depth. The plot shows that in the outer region, the dissipation rate remains almost
constant and lower than that in the near-wall region. Comparison of the dissipation rate in
the near-wall regions shows that the dissipation rate is a factor of 2-3 higher near the
rough wall. Hanjalic and Launder (1972) observed an enhancement in the dissipation rate
by approximately a factor of three. Their estimate of normalized dissipation closest to the
rough wall was comparable with the present study, but it was lower near the smooth wall.
Bhaganagar et al. (2004) found an enhancement in the rate of energy dissipation by
approximately a factor of two near the rough wall. Their dissipation rate profile is similar

to that in figure 3.7.

In order to compare the magnitudes of the turbulent kinetic energy production and
dissipation, the production-dissipation ratio (P/¢) is plotted in figure 3.8 versus the depth.
The plot shows that for all cases and at both walls, the dissipation is significantly higher

than production immediately adjacent to the wall. This is due to the relatively large
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magnitudes of the turbulent velocity gradients near the wall. As the distance from the
wall increases, the ratio increases, that is, the magnitude of the energy production
becomes larger. With a further increase in the distance from the wall, the ratio started to
decrease again and approaches zero in the central region of the channel. This is consistent
with the typical profile of P/e observed in the channel flows (Pope 2000). For example,
Kim et al. (1987) reported that at Re = 13750, P/e = 1.81. For the given range of
Reynolds numbers, the peak values of P/e in figure 3.8 are within reasonable agreement.
Comparison of the peak P/e values between the two walls show that at the largest
Reynolds number (Re. = 164), the peak values are comparable. At Re, = 144, the ratio is
larger near the rough wall. However, at Re. = 71, the peak value of P/e near the smooth

wall is a factor of 2.5 larger than that at the rough wall.

As seen earlier in figure 3.3(a), the vertical profile of the RMS streamwise turbulent
velocity at Re. = 71 exhibits a non-symmetric trend. That is, at the smooth wall, the
streamwise turbulent intensity was increased over a larger distance from the wall (i.e. up
to z/Dy, = 0.1) compared to other cases and then decreased gradually towards the channel
core. At the rough wall, the streamwise turbulent velocity stayed almost constant for 0.78
< z/Dy < 0.93 and then decreased gradually towards the core. This behavior can be
explained on the basis of the production-dissipation (P/e) ratio as follows. Near the
smooth wall at Re; = 71, the energy production is 1.5 times higher and the rate of energy
dissipation is approximately a factor of four smaller than the corresponding values near
the rough wall. A higher production rate and very small dissipation rate resulted in an

increase in the turbulent intensity near the smooth wall. This increase in turbulent
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intensity is manifested in the streamwise velocity component as the turbulence is
predominantly streamwise in the near-wall region. Near the rough wall, in the region 0.78
< z/Dy < 0.93, the ratio between P and € remains the same thus, no significant change is
observed in the magnitude of the streamwise turbulent velocity. It should also be noted
that at this Reynolds number the flow is in the transition regime, and the turbulence is not

fully developed.

3.7 RMS turbulent vorticity

The normalized RMS turbulent vorticity is plotted in figure 3.9 as a function of
normalized depth. The plot shows that for any given Reynolds number, the turbulent
vorticity is maximum near the wall and decreased away from the wall. In the central
region, the vorticity magnitude is almost constant. Comparison near the smooth and
rough walls shows that the turbulent vorticity is more than 50% stronger near the rough
wall compared to the smooth wall. The trend in figure 3.9 is similar to Bhaganagar et al.
(2004), who also observed significant enhancement of turbulent vorticity near the rough

wall.

3.8 Discussion
Comparison between the present and previous studies shows that the influence of

different wall roughness on the flow behavior in the inner region is similar, however, the
extent to which the difference in roughness influences the flow behavior in the outer
region varied for different properties. The Reynolds stress profile in the present study in

both inner and outer regions are similar to that of Miyake et al. (2001) and Hanjalic and
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Launder (1972), however the zero stress location in the latter studies was slightly shifted
towards the smooth wall. The trends of streamwise turbulent intensity and turbulent
vorticity in the present study are similar to those in Bhaganagar et al. (2004), however,
they observed a slight asymmetry in the turbulent intensity profile in the outer region.
The profiles of energy production and dissipation show a relative enhancement near the
rough wall, but both parameters decreased sharply with the distance from both walls and
become negligible in the outer region. These trends are similar to Bhaganagar et al.
(2004) who also observed that the production and dissipation are enhanced near the rough
wall and become negligible in the outer region. Miyake et al. (2001) also observed
maximum production and dissipation in the inner region which decreased sharply
towards the outer region. These trends are however, different from that of Hanjalic and
Launder (1972) who observed an asymmetry in the profiles of energy production and
dissipation that is, both the energy production and dissipation influenced the outer region

of the rough wall.

In a square channel, the corner effect which induces a secondary flow could influence the
flow behavior in the channel. Huser and Biringen (1993) conducted numerical
simulations in a square duct at Re; = 600. They have shown that at low Reynolds
numbers, the secondary flow is very weak near the wall bisector or the center plane of the
channel. Hirota e al. (1997) also observed a similar trend from their experimental study
in a5 cm x 5 cm square channel. The side walls in the present setup are made of glass,
which is very smooth in terms of absolute roughness. Thus, the impact of side walls on

the flow at the mid-channel measurement location would be small.
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The present chapter investigated the flow behavior in a channel bounded by an aluminum
wall and a glass wall. The roughness of both walls in the absolute term is very small and
the flow is considered to be smooth. However, from the aspect of relative roughness, the
aluminum wall is about 28 times rougher than the glass wall. In previous studies
investigating the impact of different wall roughness, in the absolute terms, one bounding
wall was rough and the other was smooth and the relative roughness was very large. The
flow structure obtained in the present study is to a large extent, similar in shape and
magnitude to that reported in the previous studies. Thus, it can be concluded that the
relative difference, i.e. the ratio between the roughness at both walls has a major impact

on the overall flow behavior in the channel even if the absolute roughness in very small.
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Table 3.1: Properties for different cases; E, uncertainty in velocity measurements; Re;,
Reynolds number based on friction velocity at the rough wall and half channel height;

Uy, friction velocity at the aluminum wall; u., friction velocity at the glass wall; Ay,
roughness length at the aluminum wall normalized by v /u., ; hg, roughness length at the
glass wall normalized by v /u.g

At (ms) 10 12 20 66.67
E (%) 2.49 2.55 3.56 6.51
Re, 164 144 71 17
., (co/s) 0.437 0.383 0.190 0.046
U,g (c/s) 0.575 0.480 0.287 0.129
h [ 0.003 0.002 0.001 0.0003
By (10% 1.2 1.0 0.6 0.3
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Figure 3.1: The mean streamwise velocity normalized by the maximum of the mean
streamwise velocity versus the channel depth normalized by the hydraulic diameter. Re;
=164 (o), Re. = 144 (A), Re; = 71 (0) and Re, = 17 (0). z/Dy, = 0 corresponds to the glass
surface and z/Dj, = 7 cm correspond to the aluminum surface. Hanjalic and Launder [8] at
Re = 18000 (e).
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Figure 3.2: The vertical profiles of the mean streamwise velocity gradients normalized by
the rough surface friction velocity and hydraulic diameter. Dashed, Re,; = 164 (o), Re; =

144(A), Re. = 71 (0).
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Figure 3.3: The plots of (a) RMS streamwise turbulent velocity, (b) RMS vertical
turbulent velocity, versus the normalized depth. The turbulent velocities are normalized
by the rough surface friction velocity. Re. = 164 (0), Re. = 144(A), Re. = 71 (0).
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Figure 3.4: Two-dimensional turbulent velocity field at Re, = 164.
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Figure 3.5: The Reynolds Stress normalized by the rough surface friction velocity, versus
the normalized channel depth. Re. = 164 (D), Re. = 144(A), Re. =71 (o).
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Figure 3.6: The rate of turbulent kinetic energy production normalized by the rough
surface friction velocity and hydraulic diameter is plotted versus the normalized channel
depth. Re. =164 (0), Re; = 144(A), Re. =71 (0).
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Figure 3.7: The rate of turbulent kinetic energy dissipation normalized by the rough
surface friction velocity and hydraulic diameter is plotted versus the normalized channel

depth. Re; = 164 (), Re, = 144(A), Re; =71 (0).
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Figure 3.8: The production-dissipation ratio (P/¢) is plotted versus the channel depth. Re;,
= 164 (D), Re; = 144(A), Re, = 71 (0).
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Figure 3.9: The RMS turbulent vorticity normalized by the rough surface friction velocity
and kinematic viscosity versus the normalized channel depth. Dashed, Re; = 164 (o), Re;
= 144(A), Re. = 71 (o).
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Chapter 4 - Influence of Wall Heating on the Flow

Structure in the Near-wall Region

(Gajusingh and Siddiqui, 2006B)

The present chapter is focused on the experimental investigation of the impact of wall
heating on the flow structure in the near-wall region inside a channel. Special emphasis
has been paid on the direct comparison of the flow characteristics at the same location for
the same inlet hydrodynamic conditions, in the presence and absence of wall heating. In
addition, both laminar and turbulent flows were considered. This leads to a better insight
into the physical mechanism(s) involved in this process for both flow regimes. A better
knowledge of the influence of wall heating on the flow structure would help in improving
the design and performance of thermal systems in particular, the heat exchangers. The
experimental setup for this phase of experiments is presented in section 2.1 and 2.2.2.
Four experimental runs were considered that correspond to the mass flow rates of 0.11,
0.70, 1.63 and 2.01 kg/s. Hereinafter, case I refers to 0.11 kg/s, case II to 0.70 kg/s, case
III to 1.63 kg/s and case IV to 2.01 kg/s. For each mass flow rate two cases were studied,
one with the aluminum plate unheated, and the other with the aluminum plate heated.
Since with the addition of heat the volumetric flow rate and Reynolds number change due
to the change in density and viscosity, the mass flow rate is considered as the reference

parameter for each case for both heated and unheated conditions.

4.1 Mean Velocity

To check whether the flow was developed at the measurement location, the time-

averaged streamwise velocity profiles near the upstream and downstream ends of the
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camera field of view (3.2 cm apart) were compared for all cases. The average difference
between the two velocity profiles was less than 5% for all cases except for the heated
profile of case I where the difference was 6.7%. These differences were relatively small

and thus, it was concluded that for all cases, the flow was developed.

Figure 4.1 shows the vertical profiles of the mean streamwise velocity. The mean
streamwise velocity was computed by averaging the velocity data at each depth
temporally and spatially. That is, for each experimental run, the time series were
extracted at each grid point. The average Velbcity was obtained at each grid point by
time-averaging. The time-averaged velocities at all grid points at a particular depth were
then spatially averaged. This provided the spatial-temporal averaged velocity at each
depth. In the present study, the depth, z, is referenced from the inner surface of the
aluminum wall. That is, z = 0 is at the wall with the positive z-axis pointing upward
towards the middle of the channel. The plot in figure 4.1 shows that for both heated and
unheated cases, the mean streamwise velocity increased with an increase in the flow rate
which is an expected behavior. It also shows that the mean streamwise velocity
component for the unheated condition is greater than that for the heated condition for
cases III and IV. The plot shows that within the measurement region, the streamwise
velocity was reduced on average by 15% for case IV and 13% for case III when heat was
added from the bottom plate. However, the opposite trend is observed for the two lower
flow rates (i.e. cases I and II). That is, when heat was added, the mean streamwise
velocity at these flow rates was increased by a factor of more than 2.5 in the close

vicinity of the wall. However, as the distance from the wall increased, the magnitude of
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the streamwise velocity became almost constant for some distance, and then started to
decrease. It was also observed that at a distance of 1.8 to 2 cm from the wall, the velocity
magnitudes for both heated and unheated cases became equal and further away from the

wall, the velocity magnitude for unheated case become greater than the heated case.

The crossing of the velocity profiles for heated and unheated cases at a certain distance
from the wall can be explained as follows. At a given condition, the mass flow rate of
water was the same. For cases I and II, the average velocity in the near-wall region for
heated condition was more than a factor of 2.5 larger than that for the unheated condition.
The percentage decrease in the density due to heating was significantly lower than the
percentage increase in the velocity. Thus, in the near-wall region, the mass flow rate for
heated condition was greater than that for the unheated condition. To satisfy continuity,
the mass flow rate of water for heated case must be decreased in some other region. Thus,
the decrease in the streamwise velocity magnitude away from the wall for the heat case is
to satisfy mass conservation. The same physical argument is also applicable to the higher
flow rates (i.e. cases III and I'V). In these cases it was observed that the mass flow rate in
the near wall region for the heated condition is lower than the unheated condition,
therefore, it is expected that in a region away from the wall (outside the measurement
region), the streamwise velocity magnitude for the heated case would be greater than that
for the unheated case. The reasons for the opposite trends in the mean streamwise

velocity profiles at higher and lower mass flow rates will be discussed later.
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4.1.1 Momentum and Displacement Thickness
The mean velocity profiles in figure 4.1 were used to compute displacement and

momentum thicknesses. The values of the momentum and displacement thicknesses and
the Reynolds number based on momentum thickness (Rep) are presented in Table 4.1 for
all cases. The results show similar trend for both heated and unheated conditions. That is,
for cases I and II, the displacement and momentum thicknesses increased with the mass
flow rate, whereas, for cases III and IV, they decreased with an increase in mass flow
rate. A similar trend was observed for Rey. Comparison between heated and unheated
conditions shows that at a given flow rate, the displacement and momentum thicknesses
and Reg were larger for the unheated condition. Arya (1975) estimated the boundary layer
thickness for stable, unstable and neutral conditions for fully developed turbulent flow.
For unstable case, he observed that for a given free stream condition, the boundary layer
thickness decreased with the heat addition, which is consistent with our observation.
Furthermore, the boundary layer thickness decreased with a reduction in instability. We
observed the same trend for the turbulent cases under the heated condition. That is, the

momentum and displacement thicknesses decreased from case III to case IV (see Table

4.1).

As mentioned in the experimental set up section, the electric heater was placed under the
test section downstream of the trip section. Thus, for the heated cases, the trip section acts
as an unheated starting length. Ameel (1997) showed that the average Nusselt number
and the average plate temperature when the flow is laminar flow is more affected by an
unheated starting length than when the flow is turbulent. As shown later, for unheated

condition, cases I and II were in the laminar regime. Thus, it is expected that the
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properties for these two cases under the heated condition would be more affected by the

unheated starting length compared to cases III and I'V.

4.2 Vertical Mean Streamwise Velocity Gradient
Figure 4.2 shows the vertical profiles of the mean streamwise velocity gradients. The

plot shows that for all cases, the mean velocity gradients are relatively large in the near-
wall regions and decreased with distance from the wall. This is an expected trend due to
the no slip condition at the wall. The plot shows that in the near-wall region, the mean
streamwise velocity gradient is larger for the heated condition for all Reynolds numbers.
This could be due to the decrease in viscosity with the heat addition. The maximum
velocity gradient in this region for the heated condition is approximately 1.3 times higher
than that for the unheated condition for case III and IV, and more than a factor of two
greater for cases I and II. The plot also shows that the strength of the gradients for all

cases approaches zero forz> 1.5 cm.

The friction velocity was computed using equation (2.4). The mean streamwise velocity
gradient was computed between the velocity data nearest to the wall and the velocity at
the wall, where the latter is taken as zero due to the no slip condition. The values of the
friction velocity for both heated and unheated conditions are presented in Table 4.1 for all
cases. The results show that the friction velocity increased with the flow rate as expected.
However, at a given flow rate, the comparison of the friction velocities for heated and

unheated conditions shows that for case III and IV, the friction velocity decreased when
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heat was added from bottom, whereas, for cases I and II, the friction velocity was

increased with the heat addition.

4.3 Turbulent Velocities
The PIV measurements provide instantaneous velocity fields. The turbulent velocity

fields were computed by subtracting the time-averaged mean velocity at each grid point,
from the corresponding instantaneous velocity. From the turbulent velocity fields, a
number of turbulent characteristics were computed. The profiles of the root-mean-square
(RMS) streamwise and vertical turbulent velocity components are shown in figure 4.3 (a)
and (b), respectively. The profiles in figure 4.3(a) show that the magnitude of the
horizontal turbulent velocity is larger for the unheated condition for cases III and IV,
whereas, the opposite trend (similar to figure 4.1) is observed for case I and II. That is,
the horizontal turbulent velocity is larger for the heated condition. The plot also shows
that for the unheated condition, the magnitudes of the turbulent velocity for cases I and II
are very small except in the near-wall region. This indicates that for these two cases the
flow is almost laminar. However, at the same flow rates, when heat is supplied, the
turbulent intensity increased. For cases III and IV, the turbulent intensity was decreased
with the heat addition. Furthermore, for cases III and IV under both conditions, the
horizontal turbulent intensity increased with the distance from the wall up to
approximately 3 mm, and then started to decrease towards the centerline. The maximum
turbulent intensity was observed approximately at the same distance from the wall for
both heated and unheated conditions. With the heat addition, the horizontal turbulent

velocity decreased by approximately 25% within the 3 mm depth and by approximately
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10% in the region away from the wall for cases Il and IV. For cases I and II, the
maximum horizontal turbulent intensity was observed in the close vicinity of the wall
which decreased sharply up to a distance of 2 mm from the wall, and then remained
approximately constant. The same trend was observed for both heated and unheated
conditions. With the heat addition, the horizontal turbulent velocity for cases I and II was

increased by approximately a factor of two.

The profiles of the RMS vertical turbulent velocity are shown in figure 4.3(b). The
impact of heat addition at different flow rates was similar to that observed for the
horizontal turbulent velocity. That is, at the two higher flow rates (cases III and IV), the
magnitude of the vertical turbulent velocity decreased with the heat addition, whereas, at
the two lower flow rates (cases I and II), the magnitude of the vertical turbulent velocity
increased with the heat addition. The variation in the vertical turbulent velocity with the
distance from the wall is similar for all cases. That is, the vertical turbulent velocity first
decreased with the distance from the wall up to 1-2 mm, and then increased at greater
heights, except for the unheated case at the two lower flow rates, where it stays almost
constant with very small magnitude. As mentioned earlier, this could be due to the reason
that the flow was in the laminar regime for these two cases. At the two lower flow rates
in the region away from the wall, the vertical turbulent velocity was increased by almost
a factor of five with the heat addition. This indicates that the flow that was in the laminar
regime before heat addition, and became turbulent when heat was added. For case Il in
the region away from the wall, the magnitude of the vertical turbulent velocity was

approximately the same for both heated and unheated conditions. However, in the near-
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wall region, the vertical turbulent velocity was reduced on average by 50% with the heat
addition. For case IV, the vertical turbulent velocity was reduced on average by 50% in

the near-wall region and by 15% in the outer region when heat was added.

The trend observed in the vertical turbulent velocity profiles can be described as follows.
At the low flow rates when the flow is in the laminar regime, the turbulence is produced
with the heat addition, and the turbulent intensity is much stronger compared to the no
heat case. As the flow rate is further increased, in the turbulent regime, the magnitudes of
the vertical turbulent velocity become almost comparable and with a further increase in
the flow rate, the vertical turbulent velocity for the heated condition become smaller than
that for the unheated profile condition. For the horizontal turbulent velocity the trends are
similar except for case III where the turbulent velocity for unheated condition was higher
than the heated condition unlike the vertical turbulent velocity where both were almost
equal. The results in figure 4.3 show strong turbulent fluctuations for the heated case at

low flow rates (cases I and II).

4.4 Mean Kinetic Energy

The turbulent kinetic energy was computed using equation (2.5). The vertical profiles of
the turbulent kinetic energy are plotted in figure 4.4. As the results in figure 4.3 shows
that the magnitude of the horizontal turbulent velocity is higher than the vertical turbulent
velocity in the near-wall region, the shape of the turbulent kinetic energy profiles in this
region is similar to that of the horizontal turbulent velocity. In the outer region, the

horizontal velocity decreases and the vertical velocity increases, with comparable
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magnitudes, which resulted in the almost constant turbulent kinetic energy in the outer
region. The comparison between the heated and unheated profiles conditions shows that
when heat is added, the turbulent kinetic energy is decreased for cases III and IV, and,

increased for cases I and II.

4.5 Reynolds Stress

The Reynolds stress (-_uTw—') profiles are presented in figure 4.5 as a function of depth.
The plot shows that at higher flow rates (i.e. case III and IV), the profiles for both heated
and unheated cases show the classical behavior. That is, the Reynolds stress increased
with the distance in the near-wall region to a peak value and then decreased towards the
outer region. The plot also shows that at these Reynolds numbers, the magnitude of the
Reynolds stress is higher for the unheated profile condition. At lower flow rates (i.e. case
I and II), a different trend is observed. For the unheated profile condition, the Reynolds
stress is almost zero, confirming that the flow was in the laminar regime at these two
flow rates in the absence of heat. When heat was added at these flow rates, the Reynolds
stress profiles showed the classical trend up to a distance of 1 cm from the wall and then
the Reynolds stress became negative while its magnitude increased with distance up to z
= 2 cm after which it began to decrease. These results indicate that in the near-wall
region, the turbulence extracted energy from the mean flow through the positive
Reynolds stress, while in the outer region the energy is transferred from turbulence to the

mean flow through the negative Reynolds stress.
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4.6 Turbulent Energy Production

The turbulent kinetic energy production due to the mean shear can be computed using
equation (2.2). The vertical profiles of the turbulent kinetic energy production are plotted
in figure 4.6 as a function of depth. The overall trend in the production profiles is similar
to the classical profiles of wall bounded flows. That is, the turbulent energy production
increased very sharply from zero to a peak value in the near-wall region and then
decreased towards the outer region. The higher production in the near-wall region is due
to the higher magnitudes of the Reynolds stress and the mean velocity gradients in this
region. As the distance from the wall increases, the magnitudes of both the Reynolds
stress and the mean streamwise velocity gradients decrease resulting in a decrease in the
energy production, which approaches zero near the channel core. As mentioned earlier,
for unheated condition at the two lower flow rates, the flow was in the laminar regime.
The results in figure 4.6 further confirm this by showing that the energy production is
zero for these two cases. The plot also shows that for the heated condition at the same
flow rates, the energy production is also almost zero except in the near wall region where
energy production due to the mean shear (although very small in magnitude) exists. The
Reynolds stress profiles for these cases in figure 4.4 showed negative Reynolds stress at
heights z > 1 cm. Thus, we expect negative production in this region. However, the mean
stream velocity gradients in this region for these two cases are also negative although
very small in magnitude (see figure 4.2). Thus, the net effect is positive energy
production with a negligible magnitude in this region. The results in figure 4.6 indicate
that for these cases (i.e. cases I and II), the turbulence due to the mean shear is negligible
and the turbulence is primarily generated by the buoyancy flux. Thus, it can be concluded

that in channel flows which are initially laminar in the absence of heat transfer, when heat
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is supplied to create unstably stratified regime, the turbulence generation is almost

entirely due to the buoyancy flux.

For the two higher flow rate cases (i.e. cases III and IV), the plot shows that for a given
flow rate, the energy production is higher for the unheated condition compared to the
heated one. The mean velocity gradients are higher for the heated condition, but the
Reynolds stress is higher for the unheated condition. Since the percentage increase in the
mean velocity gradients is lower than the percentage decrease in the Reynolds stress
when heat is added, the overall effect is a reduction in the energy production. The plot
shows that at both higher flow rates, the maximum energy production is reduced by

approximately 30% when heat is added to the flow.

4.7 Turbulent Energy Dissipation

The rate of turbulent kinetic energy dissipation was computed using the direct method of
equation (2.3). The rate of energy dissipation is plotted in figure 4.7 as a function of
depth. The plot shows, as expected, that the rate of energy dissipation is largest adjacent
to the wall, which decreased with the distance from the wall and became almost constant
in the outer region. For cases I and II, the dissipation is almost negligible, except near the
wall, where the dissipation rate for the heated condition is higher than the unheated one.
For cases 1II and IV, the plot shows that the dissipation rate is higher for the unheated

condition.
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4.8 Discussion
Results in the previous section show that when a flow is unstably stratified via heating

through a bottom wall, both the mean and turbulent characteristics are affected. We have
considered four cases, two of which correspond to the laminar regime in the absence of
heat (cases I and II) and the other two correspond to the turbulent regime (cases III and
IV). The results have shown that the impact of wall heating on the flow behavior is
significantly different for the laminar and turbulent flows. It was found that when a flow
that is originally laminar is heated, the mean streamwise velocity in the near-wall region
is significantly increased and turbulence is generated in the flow. Thus, a flow that is
originally laminar becomes turbulent with the heat addition. However, when the flow is
in the turbulent regime, addition of heat reduces the magnitudes of mean streamwise

velocity and turbulent properties.

For the heated cases in the present study, there are two mechanisms of the turbulence
production, one is the mean shear and the other is the buoyancy flux. The relative
magnitudes of the turbulence production due to the buoyancy and mean shear is

quantified in terms of the gradient Richardson number (R;) which is defined as,

dp | (oUY
R=-gL/p= 4.1

where, 0p/0z is the vertical density gradient and g is the acceleration due to gravity
(Turner 1973). When R; < 0, the flow becomes thermally unstable. As mentioned in the
experimental setup section, the temperature was measured in the near-wall region in a

separate set of experiments under the identical conditions. The values of R; were
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computed from the temperature data. The values of R; in the near-wall region for all
heated cases are presented in Table 4.1. The results show that the magnitude of the
Richardson number is largest for case I and decreased monotonically to case IV. This
indicates that the turbulence production due to buoyancy is more dominant at the lower
flow rates compared to the higher flow rates. When the flow is unheated, the only source
of turbulence is the mean shear. The results show that for unheated condition at low flow
rates, the turbulent intensities are almost negligible and the turbulence production due to
the mean shear is almost zero. This indicates that in the absence of heat transfer, the flow
is in the laminar regime. When heat is applied, the magnitude of turbulent intensities
increased drastically, however, the magnitude of the turbulent kinetic energy production
due to the mean shear remained close to zero. This implies that the strong turbulent
intensities observed for these cases are due to the turbulence production by buoyancy.
Turner (1973) argued that for thermally stratified flows, the Reynolds number for the
transition to turbulence depends on the Richardson number. The present results confirm
this argument by showing that a flow in the laminar regime at relatively low Reynolds
number could become turbulent when unstable thermal stratification is introduced. That
1s, when heat is supplied from the bottom. In the present study however, we are not able

to estimate the critical Richardson number for the transition.
In the turbulent regime (i.e. cases IIl and 1V), the Richardson number is several orders of
magnitude lower than that for cases I and II. This indicates that the impact of buoyancy

on turbulence production is relatively small and mean shear is the dominant mechanism

of turbulence production. The results show that in this regime, the magnitude of the
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turbulent characteristics decreased when heat is added. This trend is opposite to that
observed at lower flow rates. Turner (1973) argued that in stratified fully developed
turbulent flows where the Richardson number is small, the turbulent kinetic energy is
systemically removed over a range of wavenumbers by working against buoyancy forces.
He further argued that the energy production due to the mean shéar is balanced by the
rate of working against the buoyancy forces and the viscous dissipation. Townsend
(1958) estimated the ratio of the total energy loss to energy production (due to the mean
shear) in a stratified flow and plotted it versus the turbulent intensity for various
buoyancy effects. The plot shows that the total energy loss to energy production ratio
increases with an increase in the buoyancy effects. The plot also shows that for a given
turbulent intensity, this ratio is always higher for the stratified flow compared to the
unstratified flow, where in the latter the energy loss is entirely due to viscous dissipation.
This indicates that in a fully turbulent flow at a particular flow rate (i.e. case III or IV),
when the flow becomes stratified, the turbulence works against the buoyancy forces
resulting in a decrease in the turbulent intensity as observed in Figs. 4.3 and 4.4. A
decrease in the turbulent intensities resulted in a decrease in Reynolds stress and thus, the
energy production as seen in Figs. 4.5 and 4.6. Similarly, due to the reduction in energy
production and turbulent intensities, the rate of viscous dissipation is also reduced as

evident in figure 4.7.

These results indicate that the effect of stratification on the flow structure is significantly
different for the flow that is originally in the laminar regime compared to that in the

turbulent regime. For the same flow rate, in the laminar regime, stratification leads to the
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transition to turbulent regime if the Richardson number is higher than certain critical
value. However, in the turbulent regime, stratification leads to the decrease in turbulence
level due to its work against the buoyancy forces. Furthermore, in unstratified flows the
transition from laminar to turbulent regimes occurs with an increase in the Reynolds
number and turbulence is produced by the mean shear. However, when a laminar flow
becomes turbulent due to the stratification (in the same range of Reynolds number), the
turbulence production due to the mean shear remains negligible and the turbulence is

produced almost entirely due to buoyancy.

The mean velocity profiles in figure 4.1 also show a trend similar to that of the turbulent
properties. That is, for cases I and II, the mean velocity is increased in the near-surface
region when heat is added, whereas, for cases III and IV, the mean velocity is decreased
with the addition of heat. One plausible explanation for this tend is that in the laminar
regime where the Reynolds number is low, the viscous effects are relatively more
significant than that at in the turbulent regime where the Reynolds number is high. Thus,
when heat is added, the viscosity of the fluid is reduced which resulted in an increase in
the mean velocity in the near-wall region. At higher Reynolds numbers in the fully
turbulent regime where the viscous effects are insignificant, the decrease in viscosity has
no significant impact on the mean velocity in the near-wall region. However, this reason
cannot explain the trend of decrease in mean velocity with the heat addition. The reason

for this trend is still under investigation.
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Table 4.1: Properties for different cases; E, uncertainty in velocity measurements; Reg,
Reynolds number based on maximum velocity of the channel the momentum thickness.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Case | 11 Im IV
Mass Flow rate (kg/s) 0.11 0.70 1.63 2.01
Wall Temperature (°C) 32.6 31.2 29.7 29.9
Richardson Number -0.4684 | -0.2773 | -0.003 -0.001
Unheated 25 10 4 3
At (ms)
Heated 20 8 4 3
Unheated 4.14 6.43 2.86 2.96
E (%)
Heated 4.39 6.71 3.08 3.34
Unheated 0.209 0.249 0.212 0.161
Momentum Thickness (cm)
Heated 0.118 0.135 0.179 0.143
Unheated 0.366 0.506 0.289 0.204
Displacement Thickness (cm)
Heated 0.154 0.178 0.241 0.187
Unheated 18 28 127 120
Ree
Heated 11 16 93 89
" Unheated 0. 100 0.094 0.280 0.318
« (cm/s)
Heated 0.133 0.176 0.300 0.327
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Figure 4.1: Vertical profiles of the mean streamwise velocity. Case I (-A-), Case II (-o0-),
Case III (-0-) and Case IV (-0-). Open symbols: unheated condition; closed symbols:

heated condition.
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Figure 4.2: Vertical profiles of the mean streamwise velocity gradients (AU/Az). Dashed,

Case I; dash-dotted, Case II; solid, Case III; dotted, Case IV. Thin line: unheated
condition, thick line: heated condition.
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Figure 4.3: The plots of (a) RMS streamwise turbulent velocity, (b) RMS vertical
turbulent velocity, versus the height from the wall. Case I (-A-), Case II (-0-), Case 111
(-o0-) and Case IV (-0-). Open symbols: unheated condition; closed symbols: heated
condition.
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Figure 4.4: The mean kinetic energy is plotted versus the height from the wall. Case I
(-A-), Case 11 (-0-), Case III (-0-) and Case IV (-0-). Open symbols: unheated condition;
closed symbols: heated condition.
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Figure 4.5: Vertical profiles of the Reynolds Stress. Case I (-A-), Case II (-0-), Case 111
(-o-) and Case IV (-0-). Open symbols: unheated condition; closed symbols: heated
condition.
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Figure 4.6: Vertical profiles of the rate of turbulent kinetic energy production. Case I
(-A-), Case II (-0-), Case Il (-o-) and Case IV (-0-). Open symbols: unheated condition;
closed symbols: heated condition.
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Figure 4.7: Vertical profiles of the rate of turbulent kinetic energy dissipation. Case I
(-A-), Case II (-0-), Case III (-z-) and Case IV (-0-). Open symbols: unheated condition;
closed symbols: heated condition.

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 5 - Influence of a Single Baffle on the

Downstream Flow Structure

The present chapter is focused on the investigation of the impact of a single rectangular
baffle (which acts as a vortex generator), on the overall mean and turbulent
characteristics of a flow in a channel downstream of a baffle. This would help in
understanding how the flow characteristics are affected locally by the insertion of a
vortex generator. The experimental apparatus used for these experiments is already
described in chapter 2 (see sections 2.1 and 2.2.3). In this set of experiments, three
experimental cases were considered. The Reynolds numbers (Re.) based on the friction
velocity and half of the hydraulic diameter for these cases are 66, 134 and 152,
respectively. Hereinafter, they are considered as cases I, IT and III, respectively. For all
plots presented in this chapter, the streamwise length, x, is referenced from the upstream
end of the test section. Thus, the upstream edge of the PIV field of view corresponds to x

=47.4 cm and the downstream edge of the PIV field corresponds to x = 59.6 cm.

5.1 Mean Velocity

The mean streamwise velocity was computed by time-averaging the velocity data at each
grid point. The two-dimensional mean velocity fields at the lowest and highest Reynolds
numbers (Re; = 66 and 152) are presented in figures 5.1(a) and (b), respectively. The
plots represent the typical flow behavior past a vertical obstruction. The plots show that

in both cases, the flow appears to be most affected by the baffle in the surrounding region
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with the flow separation off the upper edge of the baffle. Both plots exhibit strong
vertical motion just downstream of the baffle. The magnitude of the separation vortex, as
expected, increased with the Reynolds number. The plot also shows stagnation areas
adjacent to the baffle near the wall, which is also observed in previous studies for
example, Leonardi et al. (2004). The longitudinal vortex induced by the baffle enhances
mixing and thus, the surface heat transfer. Since we are interested in the flow structure
modified by the baffle, the results in all subsequent plots are focused in the region
downstream of the baffle. As the plots in figure 5.1 have shown that in the region
downstream of the baffle, there is a significant spatial variation in the flow. Thus, any
horizontally-averaged parameter will not be able to correctly quantify these variations in
this region. Therefore, in order to capture the true dynamics in this region, various
parameters are analyzed at specific spatial locations. The selected spatial locations are at
x=151.4,52.2,53.7 and 58 cm. These locations cover the spatial extent of the flow within
the given field of view from x = 51.4 cm which is immediately downstream of the baftle
to x = 58 cm which is close to the downstream end of the field of view where the flow

reattaches itself.

The influence of baffle on the flow structure can be quantified by comparing the flow
characteristics downstream of the baffle with that of the flow without a baffle. In Chapter
3, we measured flow characteristics in the same channel without any obstruction under
similar conditions. Thus, the comparison of flow characteristics downstream of baffle
with that presented in Chapter 3 would provide the influence of the baffle on the flow

behavior quantitatively. Although the experimental conditions were similar during both
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sets of experiments, however, the Reynolds numbers were not exactly the same.
Similarly, the roughness of bottom wall in both cases was different (aluminum for no
baffle case and Plexiglas for baffle case). Therefore, the flow properties for both cases
are compared in the non-dimensional form at different spatial locations mentioned above.
It should be noted that the flow characteristics for no baffle case presented in Chapter 3
are for the developed flow. Therefore, for no baffle case, the same properties are

presented at all spatial locations.

The mean velocity profiles normalized by the friction velocity at different Reynolds
numbers are plotted in figure 5.2 (a)-(d) at the streamwise locations x = 51.4, 52.2, 53.7
and 58 cm, respectively. The profiles are normalized with their respective friction
velocity. The friction velocity at different Reynolds numbers for the baffled case was
computed the same way as for the cases in Chapters 3 and 4. That is, the mean velocity
gradient at the wall was computed between the bottom wall and the mean streamwise
velocity at the first data point above the wall, where, the velocity at the wall was taken as
zero due to the no slip condition. The mean streamwise velocity was computed by
spatially and temporally averaging the instantaneous streamwise velocity in the region
downstream of the baffle. The values of friction velocity for all Reynolds number cases

are presented in Table 5.1.

The plots in figure 5.2 shows that for all three cases, the two closest locations to the
baffle, i.e. x = 51.4 to 53.7cm, contain a negative streamwise velocity component in the

near wall region. This is an expected trend due to the increased circulation in this region
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caused by the baffle. This region is also clearly seen in figure 5.1. It is shown that the
flow begins to recover from the disturbance at x = 53.7cm and the profiles return a
classical profile of a flow over a flat plate by x = 58cm, although the magnitude has been
significantly increased when compared to the no-baffle case. The slight decrease in
magnitude above z/Dj, = 0.6 is attributed to the fact that the flow is approaching the other
bounding wall at which the velocity must equal zero to satisfy the no slip condition. The
plots show some discrepancies in the data in the region 0.5 < z/D;, < 0.7 at x = 51.4 for
Re, = 134, This is due to localized errors in the data set caused by bubbles that had
adhered to the wall during the acquisition at Re; = 134 only. In the outer region of the
flow, just downstream of the baffle, the velocity was increased by 3, 6 and 7 times for Re
= 66, 134 and 152, respectively, when compared to the no-baffle case. This is due to the
reason that the baffle cases a reduction in cross-sectional area and for mass conservation,
the flow accelerates. The significant variation in the mean streamwise velocity was
found up to approximately z/D, = 0.3 in figure 5.2 (a) — (c) for the baffle case at all three
Reynolds numbers. This is approximately three times further away from the bottom wall
compared to that for the no-baffle case where it was observed around z/Djy = 0.1 in all
three profiles. This distance increased to z/D, = 0.5 at x = 58cm, i.e. five times the

distance of the no-baffle case.

5.2 Vertical Mean Streamwise Velocity Gradients

The vertical profiles of the mean streamwise velocity gradients normalized by the
hydraulic diameter (D;) and friction velocity are presented in absolute form in figures 5.3

(a) — (d) at the streamwise locations x = 51.4, 52.2, 53.7 and 58 cm, respectively. The
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profiles of the mean streamwise velocity gradients for the no baffle case are also plotted
in the figure for comparison. The plots show that the mean velocity gradients for the
baffle case increased with the distance from the wall to a peak value at z/D, = 0.17 and
then decreased towards the channel core. The gradients again started to increase with z as
they approach the upper wall. The gradient profiles at different streamwise locations
show that immediately downstream of the baffle (i.e. at x = 51.4 cm), the increase in the
magnitude of velocity gradient is very sharp. They increased by more than an order of
magnitude from z/Dy = 0 to z/D, = 0.17 and then decreased by more than two orders of
magnitude to a height z/D, =~ 0.3 where they almost vanished. As the downstream
distance from the baffle increased, the magnitude of the maximum velocity gradient
decreased. At x = 58 cm, the increase in the gradient magnitude was reduced to a factor
of two. However, at all downstream distances, the peak stays at approximately the same
height from the wall (i.e. z/D;, = 0.17) which is equal to the height of the baffle. Although
the minima shifted away from the wall as the streamwise distance from the baffle
increased. The minima shifted from z/D;, = 0.3 immediately downstream of the baffle to
z/Dy = 0.46 at x = 58 cm. These heights correspond to two and three times the baffle
height, respectively. The profiles of the mean velocity gradients for the no-baffle case
show that the gradients reach a peak value immediately above the wall and then continue
to decrease towards the channel core. Comparison of the profiles for both cases shows
that when a baffle is inserted into the flow, within a distance equal to two to three baffle
height from the wall, the mean velocity gradients are increased on average by almost an

order of magnitude.
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5.3 Turbulent Velocities

The PIV measurements provide instantaneous velocity fields. The turbulent velocity
fields were computed by subtracting the time-averaged mean velocity at each grid point,
from the corresponding instantaneous velocity. Various turbulent characteristics were
computed from the turbulent velocity fields. The normalized profiles of the root-mean-
square (RMS) streamwise turbulent velocity components are shown in figure 5.4 (a) - (d)
at different spatial locations. The profiles of the RMS streamwise velocity for no baffle

case are also plotted for comparison.

The plots show that the normalized profiles of turbulent intensity for the fully turbulent
cases (Re; = 134 and 152) collapsed well, however, the profile at Re; = 66 did not
collapse. This could be due to the reason that the flow at this Reynolds number is in the
transition regime and therefore, the turbulence is not fully developed. Comparison of the
streamwise turbulent intensity for baffle and no-baffle cases shows that at all spatial
locations presented here, the streamwise turbulent intensity is enhanced by an order of
magnitude when the baffle is inserted in the flow. In the region immediately downstream
of the baffle, a sharp peak in the streamwise turbulent intensity was observed at a
distance of z/Dj, = 0.17, at all Reynolds numbers (see figure 5.4(a)), which is equal to the
baffle height. The plot shows that the turbulent intensity was increased by almost a factor

of three from the wall to the peak value and then decreased sharply to a distance z/Dj, =

0.3 (correspond to twice the baffle height) and then decrease slowly towards the channel
core. At further downstream locations, the plots show that the sharpness of the peak is

decreased, however, the location of the peak was almost the same. These results indicate

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



that when a baffle is inserted into the flow, the turbulence is enhanced throughout the
channel. However, sharp increase in streamwise turbulent intensity was observed in a
layer adjacent to the wall. The thickness of this enhanced turbulence layer is
approximately equal to twice the baffle height at the location immediately downstream of
the baffle, which increased to approximately three times the baffle height as the
downstream distance increased to x = 58 cm. These results indicate that the enhanced
turbulence layer grows with the distance from the baffle. This trend is significantly
different from the no baffle case, where the streamwise turbulent intensity has a peak
very close to the wall and then decreased gradually towards the channel core. Figure 5.4
(a) shows that at x = 51.4 cm, the magnitude of the turbulent intensity is almost constant
at the two higher Reynolds numbers up to z/Dy, = 0.05. This is due to the reason that this
region represents a stagnation area where the flow re-circulates (see figure 5.1). A similar
trend in the turbulent intensity profile in this region was also observed by Leonardi et al.
(2004). The results also show that the magnitude of the normalized turbulent intensity at
the two higher Reynolds numbers (Re, = 152 and 134) is twice that at Re; = 66 for the
entire depth. This is most likely due to the reason that at Re, = 66, the flow is in the

transition regime and the turbulence is not fully developed.

Similar trends were observed for the normalized RMS vertical turbulent velocity profiles
shown in figure 5.5(a) — (d). The location of the peak of vertical turbulent velocity was
also at the same height (i.e. the baffle height) and the thickness of the enhanced vertical
turbulent velocity layer was also increased with the streamwise distance from the baffle.

Similar to the streamwise turbulent velocity, the profiles of the vertical turbulent velocity
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for the baffle and no-baffle cases show that the vertical turbulent velocity was enhanced
by approximately an order of magnitude when a baffle is inserted into the flow. The
lower magnitude of the normalized vertical turbulent velocity at Re, = 66 could be due to
the same reason as mentioned above, that is, the flow is in the transition regime and the
turbulence is not fully developed. Comparison of the magnitudes of streamwise and
vertical turbulent velocities for baffle case at two higher Reynolds numbers shows that
throughout the vertical region, the streamwise turbulent velocity was larger in magnitude

than the vertical turbulent velocity.

5.4 Turbulent Kinetic Energy

The turbulent kinetic energy can be computed using equation (2.5). The profiles of the
normalized turbulent kinetic energy for baffle and no-baffle cases are presented in figures
5.6 (a) — (d), for the three Reynolds number cases. Since the turbulent kinetic energy
depends on the streamwise and vertical turbulent intensities, the trends in the profiles of
the turbulent kinetic energy are similar to those of the streamwise and vertical turbulent
intensities, presented in figures 5.4 and 5.5. Comparison of the turbulent kinetic energy
magnitude for baffle and no baffle cases shows that the turbulent kinetic energy is
increased by almost two orders of magnitude when a vertical baffle is inserted into the
flow. Similar to figures 5.4 and 5.5, the plots in figure 5.6 show that the turbulent kinetic
energy is sharply increased in the near-wall region to a peak value and then decreased
sharply to a distance approximately equal to twice the baffle height and then decreased

very slowly with height. The maximum kinetic energy is observed at a distance from the
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wall equal to the baffle height and the peak tends to get flatted as the streamwise distance

from the baffle increases.

5.5 Reynolds Stress

The profiles of the normalized Reynolds Stress for baffle and no-baffle cases are
presented in absolute form in figures 5.7(a) — (d) for all Reynolds number cases. The
results show that the Reynolds stress is significantly enhanced in the presence of baffle
for all cases. In conventional channel flows as depicted in the profiles of no-baffle case,
the Reynolds stress increases sharply near the wall and then decreases gradually towards
the channel core where it almost diminishes. However, as the results in figure 5.7 shows,
the vertical profiles of Reynolds stress change drastically in the presence of a baffle. The
first major difference was the shift in the Reynolds stress peak away from the wall to a
height approximately the same as the baffle height. Unlike the no-baffle case where the
Reynolds stress decrease gradually towards the channel core, the Reynolds stress
decreased sharply towards the core for the baffle case. The results also show that the
trend of the Reynolds stress profile changed significantly as the downstream distance
from the baftle increased. Immediately downstream of the baffle (i.e. at x = 51.4 cm), the
Reynolds stress increase sharply to a distance equal to the baffle height and then
decreased sharply to a distance approximately equal to twice the baffle height. The
Reynolds stress started to increase again with a further increase in the distance from the
wall to a peak value and then decreased to a minimum value at a height z/D, ~ 0.68
(which correspond to 4.5 cm from the wall) and then started to increase towards the upper

wall. The magnitude of the second peak is significantly smaller than the first peak which

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



is located at a distance equal to the baffle height. This indicates that in the region
immediately downstream of baffle, three layers exist inside the channel. In each of the
three layers, the Reynolds stress increases towards the center of the layer. However, the
most significant enhancement in the Reynolds stress is observed in the bottom layer.
With an increase in the streamwise distance from the baffle, the thickness of the bottom
layer increases and at a farther distance (i.e. x = 58 cm), the middle layer is merged
partially into the top and bottom layers and the profiles appear similar to that of the no
baffle case. However, the peak in the bottom layer stays at the same height. The results
in figure 5.7 also show that Reynolds stress in all these layers was significantly enhanced
compared to the no baffle case. Results in figure 5.7 also indicate that the normalized
magnitude of Reynolds stress for Re, = 66 is lower than the other two cases, which is due

to the same reason as mentioned earlier, that is, the transition regime.

5.6 Turbulent Energy Production

The rate of turbulent kinetic energy production can be computed using equation (2.2).
The normalized turbulent energy production profiles for baffle and no baffles cases are
presented in absolute form in figures 5.8(a) — (d) at different streamwise locations. The
data was normalized with the hydraulic diameter and the friction velocity. As equation
(2.2) indicates that the rate of turbulent energy production is the product of the Reynolds
stress and mean streamwise velocity gradients, the trend and magnitude of the production
profiles are similar to those of the mean velocity gradients (figure 5.3) and Reynolds
stress (figure 5.7). The results in figure 5.8 show that the rate of turbulent kinetic energy

production is enhanced by three to four orders of magnitude when a baffle is inserted in a
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channel. The maximum energy production is observed at a distance equal to the baffle
height. The thickness of this enhanced layer of energy production is equal to twice the
baffle height in the region immediately downstream of the baffle, which increased to
three times the baffle height at a distance further downstream. Similar to the previously
presented turbulent characteristics, the results in figure 5.8 also indicate that the baffle
influenced the flow not only in the vicinity of the baffle but throughout the channel as the
rate of turbulence production away from the baffle i.e. z/D, > 0.5 is still more than an

order of magnitude higher than the no baffle estimates.

5.7 Turbulent Energy Dissipation

The rate of turbulent kinetic energy dissipation was computed using equation (2.3). The
normalized rate of energy dissipation for both baffle and no baffle cases is plotted in
figure 5.9 (a) — (d) as a function of normalized depth at different streamwise locations.
The plots show that the dissipation rate is significantly enhanced when a baffle is inserted
in a channel. However, the trend of the dissipation rate profile in the presence of a baffle
is different from that of the no baffle case, in the near-wall region. The plots show that
for the no baffle case, the rate of turbulent kinetic energy dissipation is maximum '
immediately adjacent to the wall, which decreases with the distance from wall to a height
z/Dy = 0.3 and then stays almost constant over the remaining height presented in the
plots. However, in the presence of a baffle, the dissipation rate is first decreased in a thin
layer immediately adjacent to the wall and then started to increase with the distance from
the wall to a location equal to the baffle height. With a further increase in the distance the

dissipation rate decreased to a location two to three times the baffle height (depending on
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the streamwise location) and then becomes almost constant over the remaining distance.
Within the thin layer immediately adjacent to the wall, the dissipation rates for the no-
baffle was one order of magnitude smaller than that in the absence of baffle. However, in
the region, 0.05 < z/D;, < 0.3, the dissipation rate in the presence of baffle was more than
two orders of magnitude higher than that in the absence of baffle, with the peak value
approximately three orders of magnitude higher in the region near the baffle. At heights
z/Dy > 0.4 where the dissipation profiles are almost constant for both cases, the
dissipation rate in the presence of a baffle was enhanced by approximately two orders of
magnitude. The plots show some outliers in the data in the region 0.5 <z/D, < 0.7 at x =
51.4 and 53.7cm for Re, = 134. These are due to the bubbles that had adhered to the wall

during the data acquisition for this case.

5.8 Discussion

In the present study, we have introduced a single obstruction, that is, a vertical baffle of
1 cm height. The results presented in the previous section have demonstrated that the
introduction of the baffle into the flow, which acts as an obstruction, has significantly
altered the flow characteristics downstream of the baffle. The main objective of the
present work was to quantify the influence of an obstruction on the flow behavior in the
channel. As mentioned earlier, in the introduction section, no previous study had reported
any detailed quantitative analysis of this nature. To fully explore this issue it i1s important
to find the relationships between the geometrical properties of the obstruction and the

downstream flow characteristics. This is recommended for the future work. There are
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however, few studies who investigated the relationship between the size of the

obstruction and its impact on the flow behavior.

Shafiqul et al. (2002) conducted experiments using PIV in a rib-roughened rectangular
channel. They conducted experiments for two pitch-to-height ratios i.e. 10 and 20 at
Reynolds numbers of 2000 and 7000. They compared the profiles of the mean streamwise
velocity and the turbulent kinetic energy for the two pitch-to-height ratio cases at three
locations corresponding to immediate upstream of the rib, at the rib and immediate
downstream of the rib, to investigate how this ratio affects these properties. They
observed negative velocity in the near wall region for the location downstream of the
baffle, which is consistent with our results in figure 5.2. In the plots of Shafiqul et al.
(2002), when the p/k ratio is low there is an excellent collapse of the profiles away from
the wall whereas when the p/k ratio was higher the profiles did not collapse for both
Reynolds numbers. In the present study, the mean velocity profiles collapse very well in
the near-wall region, however, the difference in magnitude increased with the distance

from the wall.

The plots of the turbulent kinetic energy show similar results as well. In the region away
form the wall, the magnitude is highest for the upstream position regardless of Reynolds
number. The profiles upstream and at the baffle collapse in the near wall region and
gradually moves apart as the depth is increased. In the region close to the wall there is a

sharp peak at the wall for the upstream profile after which the magnitude decreases to just
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after the height of the baffle (or rib) and then peaks again. The downstream position

peaks at the height of the baffle (or rib) and then decreases in both studies.

The results presented in the preceding section have shown that the flow characteristics
are significantly modified by inserting a baffle inside the channel. Although the baffle
was attached to the bottom wall of the channel and it obstructed almost 15% of the lower
cross-section of the channel, the results show that it influenced the flow structure
throughout the channel. Comparison of the turbulent characteristics in the presence and
absence of the baffle has demonstrated that all turbulent characteristics are enhanced
throughout the channel in the presence of the baffle. However, the most significant
turbulence enhancement was observed in the region within a distance of two baffle
heights from the bottom wall. The turbulence in this region was one to three orders of
magnitude higher than that without a baffle. As turbulence contribute significantly to
mixing and heat transfer, higher levels of turbulence indicates that the heat transfer across
the wall would also be enhanced if heat is added or removed through the wall in the
presence of a baffle. The results presented in this chapter are consistent with the results of
Nasiruddin and Siddiqui (2006) who numerically investigated the impact of a baffle on
the heat transfer rate inside a heat exchanger tube. They studied three different baffle
orientations and found that for all orientations, the Nusselt number was enhanced by
almost a factor of two in the presence of a baffle. They also found that the performance of
the heat exchanger is optimal when the baffle is inclined towards the downstream end as
the Nusselt number enhancement is almost the same with a minimal pressure loss. Thus,

based on the results presented in the chapter it can be concluded that an insertion of a
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baffle in a channel would significantly enhance the heat transfer through the wall while
other operating conditions remain the same. That is, the effectiveness of a heat exchanger

can be improved by installing a baffle at the heat exchanger wall.
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Table 5.1: Properties for different cases; E, uncertainty in velocity measurements; Re.,
Reynolds number based on friction velocity at the rough wall and half channel height.

Case I 11 1411
Re; 66 134 152
At (ms) 10 8 8

E (%) 10.78 | 4.67 3.82
"+ (cm/s) 019 | 0.38 0.44
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Figure 5.1: The temporally averaged instantaneous velocity vector field. (a) Re. =66 and
(b) Re, = 152.
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Figure 5.2: Vertical profiles of the mean streamwise velocity. Case I (-A-), Case II (-0-)
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Figure 5.3: Vertical profiles of the mean streamwise velocity gradients (AU/Az). Case I
(-A-), Case 1I (-0-) and Case III (-0-). Open symbols: no-baffle case; closed symbols:
baffle case. (a) x = 51.4cm, (b) x = 52.2cm, (c) x = 53.7cm and (d) x = 58cm.
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Figure 5.4: Vertical profiles of the RMS streamwise turbulent velocity. CaseI (-A-),
Case II (-0-) and Case III (-0-). Open symbols: no-baffle case; closed symbols: baffle
case. (a) x =51.4cm, (b) x = 52.2cm, (c) x = 53.7cm and (d) x = 58cm.
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Chapter 6 — Summary and Conclusion

This thesis has reported on a series of laboratory experiments to investigate the flow field
in a square channel. During these experiments, the two-dimensional velocity fields were
measured using DPIV. The results presented in this thesis are unique because they
provide the first insight into the structure of the flow fields in the near wall region from

different perspectives.

The experimental setup and the measurement techniques were described in Chapter 2.
The author designed the channel used in the experiments to achieve the thesis objectives.
One special consideration for channel design was to allow optical access for the use of
DPIV measurement technique. A detailed description of the DPIV technique was also
presented. Using the DPIV technique, the velocity flow field is obtained. From this data
the turbulent velocities can be computed and turbulent properties can also be obtained.
The equations used to compute the two-dimensional properties are given at the end of
Chapter 2. The author conducted the experiments, and processed and analyzed all

datasets.

The results of phases one through three were presented in Chapters 3 through 5. Chapter
3 presented the results describing the flow behavior in a channel bounded by walls of
different roughness. Previous studies investigated this issue with distinctly different
surface conditions at both walls. That is, one wall was rough and the other was smooth in
the absolute terms. The rough surface in these studies was specially fabricated using the

square bars. However, no study investigated the impact of different roughness when both
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roughness are natural. In addition, the impact of different roughness in a smooth channel
has not been investigated. These issues are investigated for the first time in the present
study. The results show that the relative difference in the roughness between the two
walls has an impact on the overall flow behavior in the smooth channel. This impact is
significant in some characteristics and negligible in others. However, the significant
effects of wall roughness on all characteristics are observed in the inner region. The most
significant effect of the difference in wall roughness was observed in the mean
streamwise velocity distribution across the channel. In both laminar and fully developed
turbulent regimes, the location of the maximum velocity was shifted from the channel
centerline towards the smooth wall. This affects the flow behavior in the outer region and
also resulted in an increased mass and momentum deficit near the rough wall. The
profiles of Reynolds stress also show a shift of minima towards the smooth wall. The
results also show that for the turbulent regime, the velocity gradients are negligibly small
in the central region of the channel and the effect of different wall roughness is restricted
only to the near-wall regions. The turbulent properties that are based on the velocity
gradients, i.e. turbulent kinetic energy production and dissipation and turbulent vorticity
also showed similar behavior. That is, the variation in these properties remained almost
negligible in the central region. However, the extent to which these properties varied
away from the wall was influenced by the wall roughness. Based on the results, it is also
concluded that the investigation of the wall roughness on the flow characteristics is
highly dependent on the roughness of the other bounding wall. Further experimental
studies with higher roughness lengths are recommended to further explore this trend. The

results also confirm the argument of Bakken et al. (2005) that the most accurate approach
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to study the wall effects on the flow behavior, is by keeping the same roughness of both

walls.

Chapter 4 presented the results of the second phase which was conducted to investigate
the impact of wall heating on the flow structure in the near-wall region inside a square
channel. The unique feature of this study is that it provided the first quantitative
comparison of the mean and turbulent properties in the presence and absence of wall
heating under same operating conditions. This provided a deep insight into the impact of
wall heating on the near-wall flow behavior. The results have shown that when a flow is
unstably stratified via heating through a bottom wall, both the mean and turbulent
characteristics are affected. The results also shown that the impact of wall heating on the
flow behavior is significantly different for laminar and turbulent flow regimes. It was
found that when a flow that is originally laminar is heated, the mean streamwise velocity
in the near-wall region is significantly increased and turbulence is generated in the flow.
The turbulence production due to the mean shear in this flow regime is negligible and the
turbulence production is predominantly due to buoyancy. Thus, a flow that is originally
laminar becomes turbulent with the heat addition. However, when the flow is in the
turbulent regime, addition of heat reduces the magnitudes of mean streamwise velocity
and turbulent properties. The reduction in the magnitudes of turbulent properties in this

flow regime is due to the working of turbulence against the buoyancy forces.

Chapter 5 presented the results of the final phase in which we experimentally studied the

effect of a rectangular baffle on the flow behavior in the downstream region. Over the
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past few decades several studies have investigated the impact of a baffle on the
downstream flow structure. However, the unique feature of the present study is that it
provided the first detailed quantitative comparison of the flow characteristics with and
without baffle. The results show that the flow is most affected by the baffle in the
immediate downstream region where strong longitudinal vortex is observed. However,
the impact of the baffle was observed at all downstream locations within the
measurement plane. Comparison of the turbulent characteristics in the presence and
absence of the baffle has demonstrated that all turbulent characteristics are enhanced
throughout the channel in the presence of the baffle. However, the most significant
turbulence enhancement was observed in the region within a distance of two baffle
heights from the bottom wall. The turbulence in this region was one to three orders of
magnitude higher than that without a baffle. As turbulence contribute significantly to
mixing and heat transfer, higher levels of turbulence indicates that the heat transfer across
the wall would also be enhanced if heat is added or removed through the wall in the

presence of a baffle.

6.1 Recommendations for Future Studies

The three phases considered in the present thesis investigated the flow behavior in a
channel from different aspects. The results provided a detailed insight into the flow
structure that would improve our understanding of the flow dynamics under these
conditions. Each of these phases investigated the flow behavior at different Reynolds
numbers, however, the controlling parameters in these experiments were fixed. That is,

for the first phase, the flow behavior was investigated for one ratio of relative roughness.
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In the second phase, the flow behavior was investigated for one heat flux condition and in
the third phase, the investigations were made for one type of baffle. Following are some
recommendations for the future work,

(1) The flow behavior should be investigated for different types of roughness to
get comprehensive information about the impact of wall roughness on the
flow behavior in a channel. This will lead to the development of specific wall
roughness for flow control.

(i)  The impact of wall heating should be investigated for different heat fluxes. In
addition to the flow measurements, simultaneous temperature measurements
in the same plane should also be performed to understand velocity and
temperature interactions.

(iii))  Different shapes, sizes and orientations of vortex generators should be used
and their impact should be quantified with respect to the case with no vortex
generator.

(iv) A comprehensive study should be conducted that will consider combined

effect of wall roughness, wall heating and vortex generator.

The most significant outcome of the recommended work would be the better
understanding of the relationships between flow and thermal parameters, which will lead

to the development of improved heat transfer models for more accurate heat transfer

predictions. Eventually, this would lead to the development of more efficient heat

exchanger.
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Appendix A

Error Estimation for the DPIV measurements

The total error in the DPIV measurements is the sum of the errors due to gradients,
particle density, particle diameter, out-of-plane motion, dynamic range, peak locking and
AGW interpolation (Cowen and Monismith 1997). The non-dimensional particle
diameter in the present study was 0.14 pixels. Particles smaller than one pixel always
occupy one pixel area in a DPIV image. As a result, they are not able to resolve the true

position of the particle within a pixel.

Ideally, the duration of the light pulse should be as small as possible to avoid imaging
streaky particles. One of the main consequences of these streaky images is that the shape
of the particle will no longer be Gaussian and this will affect the shape of the correlation
peak. The combined effect of the smaller particle diameter and non-Gaussian particle

image shape was to increase the peak locking errors.

Peak locking refers to the bias that occurs when the estimated location of the correlation
peak is shifted towards the nearest integer value. According to Fincham and Spedding
(1997) peak locking occurs in any type of Image Velocimetry technique where sub-pixel
determination of the correlation peak is attempted. However, it can be minimized by
using a suitable peak-fitting scheme. We tested several different sub-pixel peak fitting

schemes including the three-point Gaussian, parabolic and center-of-mass estimators and
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found that the three-point Gaussian estimator performed the best (Cowen and Monismith
1997). We found using the three-point Gaussian estimator that on average 15% of the
vectors were affected by peak locking, which is consistent with Fincham and Spedding’s

(1997) results.

The largest errors are expected to occur along the wall surface since the velocity
gradients are largest here. We used the results of Cowen and Monismith (1997) and
Prasad et al. (1992) to estimate the errors in the DPIV data. The errors were estimated
using the raw displacement data. A detailed step-by-step procedure to estimate errors in

the DPIV data is given below.

1. The mean values of the largest velocity gradients in the streamwise and vertical
directions were computed from the raw DPIV data. The mean streamwise velocity
gradient was 1% and the mean vertical velocity gradient was zero. The errors were
estimated for the streamwise velocity on the basis of the mean streamwise velocity
gradient.

2.  The errors due to velocity gradient were estimated using figure 5(e) in Cowen and
Monismith (1997). This figure gives the approximate errors due to velocity
gradients and is based on a particle size of 2.0 pixels. The total error due to velocity
gradients is the sum of the mean and RMS errors. The errors due to velocity
gradient were estimated to be,

& = 0.08 pixels (based on 1% gradient) (A.1)
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where &, is the errors associated with the streamwise velocity.

3.  As mentioned earlier, the particle diameter in the present study was 0.14 pixels,
therefore, the errors due to smaller particle diameter should be accounted for. We
used figure 5(a) in Cowen and Monismith (1997), which is the plot of the errors as a
function of the particle size. The errors due to a particle diameter of 1.0 pixel were
estimated, since this was the smallest particle diameter that Cowen and Monismith
(1997) considered. The errors for a particle diameter of 1.0 pixel and the same
velocity gradients were,

& = 0.09 pixels (A2)
The errors corresponding to a particle diameter of 0.14 pixels were estimated using
figure 13 in Prasad et al. (1992), which shows the variation in the bias (peak
locking error) and RMS errors as a function of particle diameter. Using this figure,
we estimated that the errors associated with a particle diameter of 0.14 pixels would
be 40% larger than the errors associated with a particle diameter of 1.0 pixel. The
estimates of Prasad er al. (1992) were based on a center of mass peak-fitting
scheme, which is the scheme most susceptible to peak-locking errors (Fincham and
Spedding 1997). The errors in the present case would be smaller since we used a

three-point

4.  Gaussian estimator, which is much less susceptible to peak locking than the center
of mass scheme (Cowen and Monismith 1997). Therefore, a more realistic estimate
of the increase in the errors is 20% due to the small particle size. Hence, the final
error estimate based on a 20% increase in errors was,

&= 0.179 pixels (A3)
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5.  The in-plane vertical displacement based on the mean and standard deviation of the
vertical displacement was estimated to be,
W= w+a, =0.3353 pixels ~ 19.8 um (A4)
The out-of-plane motion was expected to be less than or equal to the vertical
displacement. Since the thickness of the laser light sheet was approximately 200 um,

the out-of-plane motion in the present case was assumed to be negligible.

6. The error due to AGW interpolation was estimated from figure 5(f) in Cowen and
Monismith (1997) and it was 0.08 pixels.
Thus the total error in the streamwise velocity was estimated to be,
& =0.099 + 0.08 = 0.179 pixels (A.S)
This RMS error expressed in velocity units is,
&=0.106 cms™ (A.6)
We assumed that the errors in the vertical velocity (w) were the same as the errors in the

streamwise velocity (#). Since the larger gradients in the vertical direction (i.e.0u/0z)

will produce errors in both u and w. Therefore, the error in ¥, where V = vu® + w? is,
&=0.15cms” (A7)
The errors in the vorticity measurements were estimated from the errors in the

velocity measurements. The vorticity () is given by,
0=——— (A.8)

where, Ou/0z and ow/ Ox are the streamwise and vertical velocity gradients, respectively.

The streamwise velocity gradient can be written as,

134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



u_

oz Az (&.9)

where, Au = u; — u,, that is, the difference in the streamwise velocities at two grid points
and, Az is the vertical distance between the two grid points. We used the central
difference method to compute vorticity; therefore, Az in the present case is equal to 0.189
cm (correspond to 32 pixels x 0.0059 cm/pixel). The variance of the errors (%) in Au can

be estimated as,
e2(Au) =€%(u;) + €% (uz) = 2 €*(u) = 2 (0.106)* = 0.022 cm” s (A.10)

where £%(Au), €%(u;) and £*(u;) are the variance of the errors in Au, u; and u,, respectively

(Kennedy and Neville 1976). The variance of the errors in 6u/0z is then given by,
£%(Au/Az) = e*(Au)/Az = 0.022/0.189 = 0.116 s (A.11)

Since we assumed the magnitude of the errors in w were equal to those in u, the variance

of the errors in Ow/0Ox is given by,
e2(Aw/Ax) = e (Aw)/Ax = 0.022/0.189 = 0.116 5 (A.12)

where Ax is equal to 0.189 cm (32 pixels x 0.0059 cm/pixel). The variance of the errors

in the vorticity, £*(w), is then given by,
(W)= 2 (Au/Az) + £X(Aw/Az) = 023257 (A.13)

Thus, the RMS error in the vorticity, £(®), is given by,

&(@) = % (w) =0.482 5" (A.14)

Hence, the average RMS errors in the instantaneous velocity and vorticity estimates are

+0.15 cm s™! and £0.482 s, respectively.
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