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Abstract

This experimental work investigated the flow and heat transfer characteristics of
rectangular channels equipped with a flapping flag as a vortex generator. Specifically, it aimed
to determine the influences of channel geometry, flag material properties and flow conditions on
the flapping dynamics of the flag, turbulence characteristics inside the channel and the resulting
heat transfer behaviour of the system.
The inclusion of the flag inside the channel alters the overall nature of the flow and
consequently the heat transfer. Vortices shed from the flag interact with each other and the
channel walls, thus increasing the turbulence levels (as high as 20%) in the near wake of the
flag. The enhanced turbulence levels lead to Nusselt number enhancement by as high as 1.34 to
1.62 times bare channel levels. As the turbulence decays in the streamwise direction, so does
the thermal enhancement.
The turbulence and heat transfer enhancement are accompanied by an increase in pressure
drop due to the periodic blockage imposed by the flag during flapping. The friction factor, which
is governed by the flag oscillation mode and frequency, was found to be as high as 1.39 to 3.56
times bare channel levels. The thermal enhancement benefit of the flag vortex generator varies
with streamwise distance: a thermal enhancement factor as high as 1.14 was observed near the
flag’s free end. The blockage may be minimised through the use of a thicker flag which assumes
a simpler oscillation mode that reduces the contact between the flag and the channel walls.

iv

Abstract
The size of the channel (aspect ratios of 0.2 to 1.0) relative to the flag has profound effects

on flag dynamics, turbulence levels and heat transfer. Wider channels allow wider flapping
amplitudes and more complex oscillation modes, which lead to the creation of stronger vortices
that decay slower inside the channel. Due to stronger vortices and delayed turbulence decay,
thermal enhancement in wider channels are higher and sustained for longer distances.
The present study revealed the salient mechanisms which affect the performance of flags
as vortex generators for turbulence and heat transfer enhancement. The results of this study
contribute to the better understanding of this complex thermal-fluid-structure problem and may
serve as guides for the use flag vortex generators in various applications.
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Chapter 1
Introduction

1.1

Flag VG and Heat Transfer Enhancement
Recent innovations in thermofluid systems and electronics are geared towards improved

system performance. One of the key areas of research is in improving their cooling systems
for optimum thermal and economic performance. Due to the demanding nature of their
applications, modern electronics and energy systems need compact and more efficient means of
heat transfer.
This research project focuses on the use of flexible plates or “flags” to improve the heat
transfer or cooling capabilities of a heated channel or surface (see Figure 1.1). The channel may
represent fins or ducts, which are essential components in the cooling of most mechanical and
electronic systems. The flapping of the flag, due to the fluid flow, creates vortices inside the
channel, hence, the flag is termed as a vortex generator (VG). The flag and vortices it generates
enhance the turbulence levels inside the channel, which lead to heat transfer enhancement.
As seen in Figure 1.1, the flag-channel system is a complex thermal-fluid-structure
problem. Using flags as VG’s presents some unique challenges that merit further investigation.
Vortex generators in the form of channel surface modifications (e.g. channel with rough walls,
winglets, corrugations, etc.) rely on channel wall geometry to create turbulence. On the other
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Figure 1.1: The flag VG system as a thermal-fluid-structure interaction problem.

hand, a VG driven by an external power source (e.g. piezofans and magnetic fans) essentially
oscillates regardless of the flow conditions. The same cannot be said for flag VG’s, which
rely on the flag, flow and channel properties to exhibit oscillations that create turbulence.
The interactions among flag material properties, flow conditions and channel configurations
determine the overall heat transfer performance of the flag as a vortex generator.
The interaction of the flag and the fluid is generally termed ’flapping’ or ’flutter’ and
is the key mechanism for turbulence enhancement inside the channel. The fluid, together
with the channel configuration, initiates and sustains flag oscillations during flapping. As the
flag oscillates, the flow field around the flag is altered, which eventually affects the dynamic
behaviour of the flag. As flapping persists, the turbulence level in the wake region of the flag
is enhanced, and this leads to improved thermal enhancement inside the channel. The fluid-flag
interaction, therefore, profoundly affects the thermal characteristics of the system. In turn, the
heat coming from the channel may alter flag (strength, thermal conductivity, etc.) and fluid
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properties (e.g. density, viscosity, etc.) which affects flag and flow dynamics. Even though the
interactions (denoted by arrows in Figure 1.1) are two-way, this research project focused only
on the effects of fluid-flag interaction on the thermal performance of the flag VG system.

1.2

Objectives of the Study
Although the idea of turbulence enhancement using flags has been widely proposed, the

heat transfer enhancement associated with this has not been extensively investigated using
experimental methods. Existing reports on flag VG heat transfer enhancement are mostly proofs
of concept done through numerical studies, prompting the need for experimental results to
generate new information and validate their numerical predictions. Indeed, much is still to
be established on the dynamics and heat transfer characteristics of a flag-channel system. A
non-exhaustive list of gap and challenges in flag VG research may be found in Section 2.3.
This research project aims to investigate the flow dynamics and heat transfer
characteristics of a rectangular channel with a flag as a vortex generator. Specifically, it aims to
determine the effects of channel geometry, flag material properties and flow conditions on:

1. flapping dynamics of the flag;
2. flow structure inside the channel and wake characteristics of the flag; and
3. thermal behaviour of the channel, including friction characteristics and thermal
enhancement performance.

The objectives of this study aim to answer these fundamental questions:

1. What are the influences of the different flag properties, flow parameters and channel
dimensions on flag dynamics? What oscillation modes the flag assumes in the presence
of confinements? What oscillation frequencies and Strouhal numbers are expected during
flag flapping? Is hysteresis in flag critical velocity also present in highly confined
scenarios, and what are the possible causes of this hysteresis?
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2. How would flag dynamics affect the flow field around and in the wake of the flag? With
the flag’s inclusion, how do parameters like velocity, turbulence intensity and Reynolds
stresses behave? What is the mechanism of vortex formation due to the flag’s oscillation?
How do the coherent structures decay in the wake of the flag.
3. How do flag dynamics and flag wake characteristics explain the observed heat transfer
performance of a rectangular channel with flag VG? What levels of Nusselt numbers
and friction factors are expected inside a channel with flag VG? How does the flag
VG channel compare to channels without a flag in terms of thermal performance? What
factors determine the level of pressure drop inside the channel?

Accordingly, this research project was divided into three sub-studies to meet the objectives
listed above. Each sub-study focuses on one of the three objectives which aim to describe each
of the vertices of the thermal-fluid-structure triangle shown in Figure 1.1.

1.3

Thesis Structure and Organisation
This thesis is structured to conform to the guidelines prescribed for theses with

publications. It is composed of core and auxiliary chapters. Core chapters (Chapters 4 to 6)
deal and focus on the methods and results of sub-studies performed to satisfy the objectives
of the research. They also include their own introduction, summary and conclusions. Auxiliary
chapters (Chapters 1, 2, 3 and 7) supplement and complement the sub-study chapters so that the
thesis forms a coherent whole.
Chapter 1 (Introduction) establishes the rationale of this research work. It introduces the
fundamental characteristics of the flag vortex generator and its potential applications. It also
enumerates the objectives of the research and discusses the structure of the thesis.
Chapter 2 (Review of Literature) is a published review paper. It provides an overview of
the dynamic behaviour of flapping flags and the effects of different factors on such behaviour.
It also presents recent findings on the use of flags as turbulence enhancers with application in
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heat transfer enhancement. This chapter concludes with an enumeration of existing gaps and
challenges on the use of flags as vortex generators for heat transfer enhancement.
Chapter 3 (General Methodology) outlines the materials and methods used that are
common to all sub-studies. It describes the construction and design of the experimental rig used
in this work, together with the instruments used to measure and control the different parameters.
This chapter discusses, among others, uncertainty analysis and an innovative approach to
measuring flag oscillation frequency.
Chapter 4 (Flag Dynamics in Rectangular Channels) focuses on the dynamic behaviour
of flags in rectangular channels. It presents the results of a sub-study conducted to determine
the effects of channel size, flow parameters and flag material properties on flag dynamics as
indicated by flapping frequency, oscillation modes and critical velocity.
Chapter 5 (Flag Wake Characteristics) deals with the turbulence characteristics in the
wake of the flag. It includes the results of measurements performed to establish the velocity
profiles, turbulence intensities and Reynolds stresses inside the channel. It also discusses a
proposed mechanism of vortex formation and decay at the wake of the flag.
Chapter 6 (Flag VG Heat Transfer Performance in Rectangular Channels) is a published
journal paper and it presents the thermal and friction characteristics of rectangular channels
equipped with flag VGs. It discusses the behaviour of the flag-channel system as affected
by channel size, flow conditions and flag location with respect to channel entrance and flag
thickness. It also includes a discussion on the thermal enhancement characteristics of flag VGs
in rectangular channels.
Chapter 7 (Conclusions and Future Work) summarises the major findings of this research
work. It also enumerates the possible areas of future research efforts related to flag VG thermal
performance and flag-channel systems.
The Appendices section compiles some relevant formulas used in this study, the
specifications of select materials and instruments, and the technical drawings of relevant test
rig components.

Chapter 2
Review of Literature1

Heat transfer in channels is one of the classical problems in heat transfer and fluid
mechanics. Numerous experimental, theoretical and numerical studies have already described
the thermal behaviour of the channel. Correlations like the one proposed by Dittus-Boelter [5]
are widely used to describe this thermal behaviour. In these correlations, the Nusselt number
inside a channel is a function primarily of the flow Reynolds number and the fluid properties
represented by the Prandtl number. Unless these flow properties are modified, insignificant heat
transfer enhancement is attained and one way to circumvent it is by introducing additional
turbulence to the flow. Indeed, heat transfer enhancement by introducing additional turbulence
has been widely explored. The use of vortex generators (VGs) for heat transfer enhancement is
a common approach.
Vortex generators are generally categorised as passive or active. Passive VG techniques
include modifying the channel surface to generate turbulence in the flow. These may be done
by creating protrusions, dimples, corrugations, etc. in the channel walls. Recent reviews and
studies by Sheikholeslami et al. [6] and Ahmed et al. [7] provide brief, yet comprehensive
reports on the advances made in passive VGs. Reviews on passive techniques, which include
inserts like twisted tapes and other channel surface modification are also widely reported [8–12].
Active vortex generators need an external energy source to create turbulence [13, 14]. Piezofans
1 This

chapter is published in [1].
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[14–20] and magnetic fans [21, 22] belong to this category. The third category of VG may be
derived by combining passive and active techniques [11].
To create additional turbulence, conventional VG involves modifications to channel wall
surfaces or inclusion of features that alter the overall channel geometry. Although recent
advances in manufacturing made complicated geometries possible, the geometry of these
enhanced surfaces and features posed challenges on the construction of the system. On the
other hand, power requirements remain one of the causes of limitations of active systems. Space
considerations also matter. In piezofans, for example, the presence of the piezoelectric patch
limits their spatial applications, i.e. they are seldom inserted inside the channels. Indeed, most
piezofans are used for thermal enhancement of heat sinks [14–20].
Alternative techniques to conventional passive VGs involve inserting flexible materials
like small flags and reeds inside the channel to enhance turbulence. These systems combined
the prominent advantages of both the passive and active systems. Unlike the active systems,
the motion of the flag or reed is caused by the flow, eliminating the need for an external power
source. The flow-induced motion of the flag creates the turbulence which enhances the channel
heat transfer without the need for complicated geometry and features. Thin flags or reeds can
also be installed in smaller channels.
Inserting flags in channels (see
Figure 2.1) is a promising technique
for heat transfer enhancement. In recent
experimental studies, Herrault et al. [23]
and Hidalgo and Glezer [24, 25] reported
the beneficial effects of inserting flexible
plates or flags in between heat sink fins to
enhance their heat transfer. They reported
that an enhancement as high as 300% in

Figure 2.1: A flag inserted in a rectangular channel

local heat transfer might be attained by actuated by a fluid with velocity u.
using flags. The same qualitative results
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were reported by Shoele and Mittal [26] and Soti et al. [27] through their numerical analyses.
Flag VGs have huge potential in a wide array of applications owing to the flexibility of
modifying the different flag material properties, channel dimensions and flow characteristics
to suit different operating conditions. Indeed, the technology is readily scalable, i.e., it can
be used for both micro and macroscale applications. Microscale cooling systems in portable
devices like laptop computers, sensors, etc. will derive benefits from this technology. Likewise,
thermal management in larger systems like data centres, chillers, air conditioners, dryers,
refrigerators and other industrial heat exchangers may be improved through the flag VG
system. Undoubtedly, the technologies which will be derived from this research effort will have
profound commercial benefits to the thermal management industry.
The dynamic behaviour of the flag immersed in the flow and the influences of channel
properties contribute to the complexities of this system that merit further research efforts.
Although the use of inserts had been a prevailing theme in various VG studies, very little
information appears to be available on the characteristics of flag or reed inserts as vortex
generators for heat transfer augmentation. This chapter presents a non-exhaustive review of
experimental, theoretical and numerical studies regarding the use of flags as vortex generators
for heat transfer enhancement. Since the motion of the flag primarily governs the thermal
performance of the system, a section on flag dynamics has been included and another section
is devoted to heat transfer enhancement using flags. This chapter also enumerates the possible
areas of further research efforts, which aims to address the gaps and challenges involved in this
heat transfer enhancement technique.

2.1

Flag Dynamic Behaviour
The dynamic response of the flag immersed in a flow is generally characterised by

its flutter or flapping behaviour. Flag flutter is one of the classical problems involving
fluid-structure interactions (FSI). Its prevalence and complexity has attracted many researchers
over the years. The term ‘flutter’ is usually used if the flag material is of high bending rigidity
while ‘flapping’ is used for very flexible materials, i.e. with low bending rigidity. Both terms
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are used interchangeably in this thesis.
Flag flutter or flapping has been investigated in the context of energy harvesting [28–31]
and propulsive motion [32, 33]. Others have explored flag flutter for its potential application
to instrumentation [34]. In an attempt to understand snoring, flag flutter models were also
implemented to study the human palate [35, 36]. Similar investigations [37, 38] were also
conducted to understand the dynamics of paper flutter in printing presses and paper machines.
Flag flutter is a phenomenon involving fluid and structural mechanics. The system is
composed of a flag or plate immersed in a fluid which is moving at a velocity u (Figure
2.1). Both the fluid characteristics and flag material properties, including the different boundary
conditions, contribute to the complex behaviour of this phenomenon. Flutter or flapping occurs
when the pressure difference across the plate is sufficient to cause lateral deflections [39]. The
new shape of the deformed flag or plate then determines the subsequent fluid dynamics, and this
cyclic interaction between the flag (structure) and the fluid gives rise to the complex nature of
the system’s behaviour.
It is observed that the flag is initially aligned with the prevailing fluid flow direction
at a velocity below a certain value called the critical velocity (discussed in detail in Section
2.1.1.1). Beyond the critical velocity, the plate exhibits large lateral deflections and oscillations.
Although the deflection is mainly attributed to the pressure difference across the flag [40], there
is no universally accepted explanation as to the origin of this pressure difference at the very
onset of flutter. Recent analyses [40, 41] dismissed previous explanations that the combined
effects of vortex shedding at the trailing edge of the flag and Kelvin-Helmholtz instability
causes plate instability. Instead, it is believed to be a self-excited phenomenon [41] and the
onset of flutter is believed to be due largely to boundary conditions. The wake effects of the
flag mast were observed to affect the stability of the flag [42, 43]. Similarly, the presence of
confinement, other flags, and introduction of other flag configurations, also affect the system’s
stability (see Sections 2.1.4 and 2.1.5). This section presents a summary of the findings of
numerous experimental, theoretical and numerical studies about flag flutter.
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Behavioural indicators of flag flutter

Flag flutter is a complex phenomenon and this dynamic behaviour may be described by
different parameters. The list below enumerates indicators that can be used to describe the
dynamic behaviour of flags immersed in a moving fluid.
2.1.1.1

Critical flow velocity, Uc

The critical velocity Uc is the minimum velocity where the flag begins to exhibit flutter.
Experimental observations revealed that the critical flow velocity assumes either one of two
values, depending on initial flow conditions. The non-dimensional critical flow velocity serves
as a threshold for flag stability. It is one of the widely determined, modelled and analysed
parameters in flag flutter systems, due primarily to its hysteretic behaviour. The hysteretic nature
of critical flow velocity (Uc ) is one of the least understood aspects of flag flutter.
To
Figure

illustrate
2.2

shows

this

behaviour,

typical

flutter

amplitudes (A) as a function of reduced
velocity, U ∗ [44]. As the flow velocity
is increased (denoted by the filled black
triangles), it reaches a critical value (say
Ui , around U ∗ = 10). At this critical
velocity, the flag flutters abruptly,
creating large amplitude oscillations. Figure 2.2: A sample illustration of the hysteretic behaviour
of critical velocity. Reprinted from [44] with the permission of

However, when the flow velocity is Cambridge University Press.
reduced gradually (denoted by the

unfilled, inverted triangles), the flag returns to a stable state at a velocity (say Ud , around
U ∗ = 8) lower than the critical value Ui when the flow is increasing, hence the hysteresis
[41, 45, 46]. This observation reinforces the theory that the onset of flutter is largely affected
by initial conditions as shown by the co-existence of two stable states between Ui and Ud [41].
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Eloy et al. [44] and Tang et al. [41, 47] attributed the hysteresis to “inherent planeity defects
of the flags”. They theorised that there are inherent curvature or defects (which are significant
when in the order of flag thickness) when the velocity is increasing, making the flag stiffer,
thus, it requires higher velocity flow to initiate flutter. When the flag is already fluttering, these
“defects” are already ironed out, requiring a lower velocity flow to restore the flag to stability.
The effects of confinement, blockage [41] and damping [48] were also mentioned
as possible causes of this hysteresis. Another possible cause of this hysteresis is the
three-dimensionality of flag flutter behaviour. This effect is mostly observed in flags with
high aspect ratios [44]. Most of the existing models for flag flutter deal with two-dimensional
behaviour. Thus, the three-dimensional nature of the problem is not really captured by these
models [41]. Viscous effects on the flag (boundary layer effects), which increase tension
(thereby stabilising the flag), also contribute to this observed phenomenon [40].
Observations reveal that the increasing or upper critical velocity (Ui ) has very poor
repeatability in experiments, thus, the lower value (Ud ) is the one compared to numerical
predictions [46, 49]. Numerical studies [46, 48, 50, 51] predicted that the difference between
the upper and lower critical values is in the range of 2.5% to 5%, but experimental results
revealed a difference of up to 20% [46]. This significant deviation of theoretical predictions
from experimental observations remains to be one of the motivations of flag flutter studies.

2.1.1.2

Regimes of flag flutter

Connell and Yue [50] proposed a regime map of flag flutter which arose from their
fluid-structure simulations. Depending on the combined effects of various factors such as mass
ratio, Reynolds number (Re) and bending rigidity (see Section 2.1.3), flag flutter dynamics may
fall into three categories: fixed-point stability, limit cycle flapping and chaotic flapping.
Fixed-point stability is a region where the flag aligns with the flow. As the flow velocity
is increased, limit cycle flapping takes over, characterised by single-frequency repeating flag
oscillations. Chaotic flapping occurs as the flow velocity is further increased. The chaotic
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regime exhibits multi-frequency, multi-amplitude and irregular flapping behaviour and violent
snapping of the flag also occurs [50, 52, 53].
2.1.1.3

Oscillation modes

The shapes assumed by a fluttering or flapping flag are best described by oscillation
modes. In experimental studies, these modes are observed using various visualisation
techniques, usually by using high-speed and high-resolution cameras. Numerical techniques,
usually similar to structural dynamic beam analysis [54–57], are used to predict the different
flutter modes. Figure 2.3 shows sample illustrations of different modes of a cantilevered flexible
plate [58, 59]. Depending on various conditions, the mode varies from the simplest shapes
(Figure 2.3a and 2.3b) to more complicated deflections and oscillations (Figure 2.3c to 2.3i).

Figure 2.3: Sample oscillating mode shapes of a cantilevered flexible plate in axial flow. Reprinted
from [59] with the permission of Elsevier.
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2.1.1.4

Flutter frequency and amplitude

The amplitude and frequency of flutter are usually based on the displacement of the free
end of the flag. The tip amplitude (A) is obtained from experiments (processed image or signals),
or from data generated using numerical techniques. The oscillation frequency ( fosc ) is then
determined using Fourier analysis [47, 58, 60, 61]. The amplitude A, frequency fosc and the
flow velocity u are related through the Strouhal number, St as [50, 62, 63]:

StA =

fosc A
u

(2.1)

A reduced frequency f ∗ (equivalent St based on the undeformed flag length, StL ) is also
used [58, 63], where the flag length L is used instead of the amplitude, i.e.

f ∗ = StL =

fosc L
U

(2.2)

The tip amplitude A (or amplitude of other points in the flag) is normalised in terms of the
flag length as A∗ [46]:

A∗ =

2.1.1.5

A
L

(2.3)

Forces

Some researchers also examined the forces experienced by the flag due to the fluid flow.
By attaching force sensors at strategic locations, Virot et al. [58] determined the unsteady fluid
forces experienced by the flag and the flagpole. The forces and drag coefficients of the flag were
determined from FFT analysis of the experimental signals. A similar study was also conducted
by Morris-Thomas and Steen [64, 65] to determine the stability and drag responses of the flag
to in-plane tension.
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Overview of studies on flag flutter

2.1.2.1

Experimental studies
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A large number of experimental investigations have focused on the dynamics of flag
flutter. Tests were carried out in wind [38, 44, 49, 58, 61, 62, 65, 66] and water [63]
tunnels or in soap films [67–70]. The transient nature of the experiment has required effective
experimental set-ups for visualisation and measurement. In experiments requiring non-intrusive
measurements, some studies [62, 71] employed particle image velocimetry (PIV), or laser
Doppler velocimetry [63] and high-speed cameras for this purpose. Others relied on the Pitot
tube [44, 45, 53, 61, 66, 72] and hot-wire anemometry [45, 49, 60] for velocity measurements.
The complex nature of the problem led to a wide range of experiments over the
various aspects of flag flutter. Although the effects of flow characteristics and flag material
properties (see Section 2.1.3) have been the prevalent theme of the majority of single flag
experiments, other factors were also considered. The effects of flag shape [49] and aspect ratio
[39, 44, 47, 49, 53, 65, 73, 74] have been initially investigated. Different flag materials like paper
[38, 58], copper [63], brass [47], stainless steel [47], aluminum [38, 61, 62], polypropylene
[47, 66, 72], polyethylene [65], polyester [38], dacron membrane [60], polycarbonate [71], silk
[53] and mylar [44, 45, 47, 49, 53, 63] were used in various studies. In addition, the effects
of flag material properties like homogeneity [59] were previously examined. The dynamics
of a flag in in-plane tension were also investigated by Morris-Thomas and Steen [64, 65].
Flag positioning studies [71, 74] have also contributed to the extensive literature on flag flutter
behaviour. Furthermore, the effects of confinement on flutter behaviour were also the subject of
different studies [45, 73, 75].
2.1.2.2

Theoretical and numerical studies

Theoretical and numerical models have been proposed to complement the observed
experimental results. Although numerous models have been formulated, they are generally
categorised into inviscid or viscous flow formulations. In addition, spatial treatments (either
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2D or 3D formulations) also served to classify such models. In all of the categories, flow and
structural assumptions are made to simplify the analysis. The following assumptions apply in
most cases [41]:

1. The flag is made of flexible material, capable of deflections even at very low flow
velocities;
2. The flag is of finite length, attached at its leading end and all other edges are free; and
3. The flow only passes at the surface of the flag, from the leading edge to the trailing edge,
and cross flow (flow through the flag) is not considered.

Most 2D theories are based on inviscid, potential flow formulations. To invoke
two-dimensionality, the flag width (spanwise dimension) is assumed significantly longer than
the length, such that only a thin slice of the flag is considered in the analysis. The theories and
models proposed by Alben [57, 76–78], Michelin et al. [51, 79], Argentina and Mahadevan [40]
and others [41, 80–82] follow this formulation. In most cases, the flag is assumed to be a simple
Euler-Bernoulli beam [41, 51, 63, 76], although some [42, 83, 84] used modified, nonlinear
beam models. The problem is considered a potential flow problem and these models subscribe
to either continuous or discrete vortex formulation [42, 48, 51, 52] wherein the vortices in the
wake of the flag are modelled by invoking the Kutta condition [76, 79, 82, 85].
Since the 2D, inviscid models subscribe to almost the same assumptions; it is no wonder
that their predictions agree with each other, specifically in predicting the critical velocity of flag
flutter. However, these predictions significantly differ from what are measured in experiments
[42]. In most cases, the differences are attributed to three-dimensional and viscous effects.
Indeed, the flag flutter problem was also investigated by incorporating viscous effects by
solving the Navier-Stokes equations [37, 50, 86–94]. Although Gibbs et al. [62] argued that
inviscid theories were sufficient to model flag flutter, the viscosity was demonstrated to affect
flag instability [45, 46, 63]. Viscous, boundary layer effects were also observed to affect the
hysteretic behaviour of the flag’s critical velocity [40, 41].
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Two-dimensional models provide reasonable predictions [41] when the spanwise
deflection of the flag is small, as observed in some experiments [38, 61, 63, 94, 95]. However,
three-dimensional behaviour is significant at high flow velocities [41, 96], specifically when
the flag deforms significantly along its spanwise and lengthwise directions. Furthermore, the
3D analysis is also preferred in the presence of confinements (Section 2.1.4). These prompted
various researchers [42, 90, 91] to propose 3D models for flag flutter.

2.1.3

Flag dynamics in unconfined flow

2.1.3.1

Effects of fluid and flag material properties

Being an FSI problem, flag flutter in an unconfined flow was observed to be governed by
both flow characteristics and flag material properties. For fluid characteristics, the flow velocity
u, fluid density ρ f , and viscosity µ f play significant roles. For the flag, its density ρs , elastic
modulus E, Poisson’s ratio νs , width s, length L, and thickness h, matter. Various research efforts
explored the combinations of these parameters to describe the flutter phenomenon, leading to a
set of non-dimensional terms.
It was shown that viscosity affected flag instability [63], and therefore, viscous effects
should be considered. For viscous flow analysis and experiments, the flow Reynolds number
based on the flag’s length is defined as:

ReL =

ρ f uL
µf

(2.4)

The critical flow velocity Uc has been one of the most analysed aspects of flag flutter and is
believed to be governed by two additional, non-dimensional parameters. Although researchers
defined them differently, the definitions presented here will be adopted. The mass ratio M ∗
[26, 39, 44–46, 51] is defined as:

M∗ =

ρf L
ρs h

(2.5)

18

Chapter 2. Review of Literature
For materials with low bending rigidity like cloth, M ∗ plays a dominant role, indicating

that the force restoring the flag to stability is dominated by flow induced tension [50]. Other
researchers [50, 52, 74, 76] presented this parameter in its reciprocal form. Essentially, M ∗
represents the ratio of displaced fluid mass to the displaced solid mass during flutter [58].
For high rigidity materials, the bending rigidity D dominates, wherein flag elastic
properties govern the restoration force. This gives a measure of the balance of fluid pressure
force and elastic restoring force of the flag [58]. The relation of bending rigidity with respect
to the flow properties is denoted by a second non-dimensional term, reduced velocity U ∗
[26, 39, 41, 44–46, 51]:

r
U ∗ = uL

ρs h
D

(2.6)

Instead of the reduced velocity, the bending rigidity is non-dimensionalised by some
researchers [50, 52, 74, 76]. Since the flag is considered as a thin plate, D is usually defined
as [41]:

D=

Eh3
12(1 − νs2 )

(2.7)

Other definitions of D may be found in other works [44–46, 50–53, 74, 86]. The
differences in definition depended on how the researchers configured their experiments and
their proposed theories about flag flutter. It should be noted, however, that these differences
should not affect the qualitative flutter behaviour of the flag.
2.1.3.2

Flag mass effects

Figure 2.4 shows a compilation of experimental results [38, 41, 61, 85, 95, 97], and
numerical and theoretical predictions [37, 40, 41, 61, 63, 95, 97, 98] of the critical velocity Uc
as a function of M ∗ , as compiled by Tang and Paidoussis [41]. The solid lines are the predicted
flutter boundaries by various theories, while the scattered points represent experimental
measurements.
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that

non-zero mass is an essential condition
for the flag to sustain flapping in a
convectively unstable wake. However,
such condition is not necessary for
absolutely unstable wake, i.e., unsteady
flapping can be achieved with zero
mass. In general, denser flags (low M ∗ )
exhibit higher critical velocities. This
is intuitive, as a heavier flag requires a
higher flow velocity to initiate flutter.
experimental and theoretical
Zhao et al. [47] also confirmed this Figure∗ 2.4: Flutter boundaries:
∗

when they observed that brass and

Uc /M (ordinate) vs. M (abscissa). Reprinted from [41] with
the permission of Elsevier.

aluminium flags exhibited higher Uc
than their plastic counterparts. The flag length plays a more dominant role. Increasing the
flag length (higher M ∗ ) destabilises the flag more, causing the flag to exhibit lower Uc values
[41, 47, 52]. However, the differences in Uc values for high M ∗ may be insignificant, but the
opposite is true for low M ∗ [41, 47]. Longer flags also exhibit sagging (see Section 2.1.3.4),
which requires a lower flow velocity to initiate flutter. Figure 2.4 shows significant differences
between experimental results and theoretical predictions (relatively high scatter of data points).
As of this date, and to the author’s knowledge, a more comprehensive theory is yet to better
explain the flutter behaviour with respect to the mass ratio.
It seems that the amplitude and frequency responses, versus M ∗ vary, depending on the
range of M ∗ examined. The oscillation frequency of the flag assumes the same behaviour as that
of the critical velocity i.e., low M ∗ flags exhibit higher frequencies [41, 47]. Increasing the mass
ratio also increases the oscillation amplitude of the flag [50]. However, for a different range of
M ∗ , some theories predict otherwise. Simulations done by Alben [76] noted that a decrease in
M ∗ increases the amplitude and it was attributed to the momentum made by the flag: low M ∗
(heavy) flags have high momentum making them flutter farther and longer before switching
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directions. Virot et al. [58] also reported that the amplitude essentially remains unchanged
within the range of M ∗ at a certain flutter mode, and increases only (as M ∗ is increased) when
the flutter switches to other modes. Furthermore, unsteady drag forces on the flag and unsteady
moments on the flagpoles were observed to decrease with increasing M ∗ .
Theoretical [44, 46, 51, 85] and experimental [38, 41, 44, 61, 85, 95, 97] analyses reveal
the presence of peaks in the values of Uc as M ∗ was varied. This behaviour is attributed to the
switch in oscillation modes during flapping [58].
2.1.3.3

Effects of flow velocity and bending rigidity

The effect of U ∗ on flag dynamics is best manifested by the rigidity of the flag and
the flow velocity. In general, rigid flags are more stable, i.e. they have high Uc values [52].
Rigid flags resist fluid forces more than flexible flags. The flag is observed to be stable
until the critical velocity is reached. At (or just above) the critical velocity, the flag exhibits
oscillations with dominant amplitude and frequency [41, 46]. As the flow velocity is further
increased, multi-amplitude, multi-frequency chaotic oscillations occur [41, 46]. Necking [39]
also manifests (see Figure 2.3), as the flag switches to higher oscillation modes. The flag drag
and moment at the flagpole were also noted to increase with increasing U ∗ [58].
2.1.3.4

Effects of flag shape and aspect ratio

Flag size is an important parameter in flag flutter studies, especially in experiments. Since
most flags used in studies are rectangular, the relative proportions of the flag dimensions were
conveniently expressed by the aspect ratio. Mathematically, it can be denoted by s∗ , i.e. s∗ = s/L
(refer to Figure 2.5).
Zhao et al. [47] experimented with four different materials of varying s∗ . They observed
that for s∗ < 0.8, critical velocity (Uc ) decreases with increasing s∗ . They attributed this
behaviour to the lift experienced by the flag. They theorised that if the flag is narrow, it
experiences lower lift, therefore, it requires a higher flow velocity to initiate flutter. Critical
velocity hysteresis was observed to be small or negligible for flags with low s∗ values. This
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was confirmed by the experiments and analyses done by Doare et al. [45], Watanabe et al. [38],
Zhang et al.[73], Pang et al. [49], Schouveiler and Eloy [39] and Abderrahmane et al. [53].
For s∗ > 0.8, Uc increased with increasing s∗ . Zhao et al. [47] observed further that for
wider flags, planeity defects or curvatures set in, rendering the flags stiffer, therefore, a higher
flow velocity is needed for flutter. These were also observed by Eloy et al. [44, 46] and noted
that the hysteresis loop is larger for wider flags. Morris-Thomas and Steen [64, 65] also reported
that flag drag increases with increasing s∗ due to the larger surface area exposed to the flow.
Abderrahmane et al. [53] observed that short flags (high s∗ ) exhibit oscillations with a
single dominant frequency and the onset of flapping is chaotic while sagging is experienced in
long flags, which complicates their flutter behaviour. Schouveiler and Eloy [39] further showed
that a single neck flutter mode is observed in short flags while longer flags exhibit two necks
during flutter.
The behaviour of non-rectangular (in particular, triangular and trapezoidal) flags was also
examined. Pang et al. [49] introduced the dimensionless second moment of area r̂ as a metric
to establish the effect of flag shape on the critical flutter velocity. In this particular analysis, it
served as an indicator of the relative proportions of the leading edge to the trailing edge of the
flag. As a reference, the r̂ for a rectangular flag is 1/3. Values greater than 1/3 denote shapes
with a shorter leading edge than their trailing edge. Assuming the same L, flags with trailing
edges longer than their leading edges are more unstable, exhibiting lower Uc values.

2.1.4

Dynamics of flags in confinements

The effects of confinement on flag flutter dynamics are best analysed by the effects of
channel geometry (see Figure 2.5) and dimensions, in particular, the effects of channel height
H, channel width B, and flag-channel wall clearance c. Conventionally, these dimensions are
non-dimensionalised with respect to the flag length L, i.e. h∗ = H/L, b∗ = B/L and c∗ = c/L.
Assuming other factors remain unchanged, the experiments conducted by Doare et al.
[45] and Zhang et al. [73] revealed that the presence of top and bottom walls (separated by
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Figure 2.5: Geometry and dimensions in a typical flag-channel system.

the distance H) destabilised the flag more. The clearance between the walls and the flag c∗
significantly affects the critical velocity Uc , i.e. a smaller clearance renders a flag more unstable,
thereby lowering the value of critical velocity. Doare et al. [45] observed that c∗ values of less
than 0.1 significantly lower the critical velocity. They noted that this clearance falls in the order
of the boundary layer thickness, and proposed a more detailed study of the boundary layer and
viscous drag effects. In a potential, inviscid flow perspective, Doare et al. [75, 100] attributed
the observed behaviour to blockage effects [45] and they noted that as long as the clearances
are wide, 2D-inviscid models correctly predict the critical velocity.
The effects of sidewall proximity (measured in terms of B) on flag dynamics were
investigated theoretically and numerically by Alben [76], Jaiman et al. [101] and recently by
Shoele and Mittal [102]. These researchers analysed a wide range of channel widths, from
b∗ = 0.0001 to b∗ = 10. Their analyses agreed with each other: a narrower channel destabilises
the flag more, leading to a lower value of the critical velocity. Jaiman et al. [101] attributed this
to the added mass effect, which was also observed by Shoele and Mittal [102], particularly for
heavy flags.
In a symmetric channel (i.e., the flag is located at 0.5B), Alben [76] noted that the
flapping amplitude was either nearly unchanged or increased when the walls were moved
closer to the flag. The flapping frequency increases as well, while the flag shape becomes
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“wavier”, indicating the shift to higher flapping modes. The same can be said when the flag
is positioned asymmetrically in a channel, although the notable difference is that the flapping is
now asymmetric. The simulations of Shoele and Mittal [102] confirmed these observations and
further suggested that confining walls may be used to alter the flutter dynamics of flags.

2.1.5

Flag array dynamics

Assuming other factors did not change, the dynamic behaviour of flags in arrays depended
on their arrangement and the relevant dimensions among and between them. Flag arrays may be
arranged in parallel (Figure 2.6a), tandem (Figure 2.6b) and their combinations (Figure 2.6c).
The relevant dimensions include their horizontal (dx) and vertical (dy) distances between each
other. For consistency, these dimensions are non-dimensionalised with respect to the flag length
L, i.e. dx∗ = dx/L and dy∗ = dy/L where dx∗ , and dy∗ , are the non-dimensional, horizontal and
vertical distances between flags, respectively.

Figure 2.6: Flags in arrays: (a) parallel, (b) tandem, and (c1-3) combination arrangements.

2.1.5.1

Parallel flags

Schouveiler and Eloy [66] experimented with parallel flags (Figure 2.6a) within the range
dy∗ = 0.137 to 0.685. Two coupled or locked modes were identified. Results, in general, show
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that a lower critical velocity is required when flags are closer to each other. As soon as the
critical velocity is reached, the two flags flutter symmetrically, from an initially stable, parallel
position. This creates a space-time history they termed as ‘varicose’ mode. As the velocity is
further increased, the coupled mode developed into the sinuous mode, wherein the flags flutter in
phase. For both modes, the flags have the same frequency, but higher frequencies were observed
for varicose mode than the sinuous mode. They also extended their experiments into three and
four parallel flags. More coupled flutter modes emerged as the number of flags was increased,
although not all model-predicted modes were observed. Higher reduced velocities U ∗ were
observed to produce in-phase flutter for all the arrangements.
In a similar experiment, Wang et al. [60] extended the results reported by Schouveiler
and Eloy by examining dy∗ values from 0.1 to 0.6. They showed four coupled modes for two
parallel flags. For all combinations of U ∗ and dy∗ : the flags start in a stable mode, followed by
an out-of-phase flapping mode, then by a transition mode, and lastly by an in-phase flapping
mode.
Alben [103], using an inviscid vortex sheet model, showed that the synchronised flapping
of two parallel flags is largely dependent on the separation distance dy∗ . At smaller dy∗ , erratic,
out-of-phase flapping is observed, which was attributed to the small perturbations created by the
end of each flag. In-phase flapping is observed at higher dy∗ values. The same effects are also
revealed through the modelling efforts of Michelin and Smith [104], Tang and Paidoussis [105],
Farnell et al. [70] and Jia et al. [106]. It was also a common finding that the in-phase mode
happens at higher critical velocities than the out-of-phase mode. However, the studies of Wang
and Yin [107], Zhang et al. [108] and Zhu and Peskin [109] revealed dissimilar effects. They
noted that in-phase oscillations are observed at very small dy∗ and out-of-phase flapping, or
even decoupling occurs at high dy∗ values. The differences in findings are not unexpected and
may be due to the different ranges of parameters used in each study, including viscous effects.
In fact, Tian et al. [110] identified more coupling modes with characteristics that are similar to
the findings of both conflicting groups of researchers.
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Tandem flags

The dynamic response of tandem flags (Figure 2.6b) was analysed by various researchers,
primarily using theoretical and numerical techniques. Alben [78, 103] reported that depending
on the separation distance between flags (dx∗ = 0.05 to 9), the follower flag may either
be synchronised with the leader flag (although out-of-phase) or exhibit erratic flapping.
Furthermore, the synchronised flags produced vortices that combined (constructive) at the
wake of the tandem. Combining vortices are not observed in the erratic flapping situation
(destructive). This was also observed by Zhu [111] who used a viscous analysis for the same
problem.
Alben [103] and Zhu [111] observed that the oscillation frequency and amplitude of the
follower are greater than the leader, which was attributed to the wake effects of the leader on the
follower. In most cases, the amplitudes and frequencies of both of the flags remained essentially
unchanged over the range of dx∗ used in the analyses.
Inverse drafting is a phenomenon observed in tandem flags and previously reported by
Ristroph and Zhang [67]. This is a situation wherein the follower flag experiences higher drag
than the leader flag [103, 112]. Tandem rigid bodies experience the opposite. Alben [103] noted
that asynchronous flapping of the flags produced inverse drafting. Kim et al. [113] and Han et al.
[114] reported, however, that the follower does not exhibit inverse drafting all the time. Instead,
the follower’s drag is dependent on the Re, dx∗ and the destructive and constructive vortex
formations, i.e. constructive formations increase follower drag while destructive formations
decrease it. This was confirmed by Zhu [111] (investigated dx∗ = 0 to 5.5) who noted that
at low Re, the leader flag experiences a higher drag than the follower. However, at higher Re,
which is sufficient to produce sustained oscillations, inverse drafting is experienced.
In all of the studies mentioned, the separation distance dx∗ was found to be a significant
factor in the drag experienced by both flags. The prevailing consensus is that dx∗ affects
the vortex formation behaviour of the tandem (either constructive or destructive), which
consequently dictates the tandem dynamics.
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2.1.5.3

Combination arrangements (triangular, diamond and conical arrays)

In a numerical study, Uddin et al. [115] examined the dynamic behaviour of flags
arranged in triangular, diamond and conical arrays (Figure 2.6c) in the context of fish schooling.
In particular, the effects of varying the dx∗ and dy∗ dimensions and bending rigidity on
drag coefficient were investigated. They noted that the follower flags’ dynamics are largely
influenced by the upstream flags.
Out-of-phase flapping was not observed for the triangular formation (Figure 2.6c1), at
least in the range of distances examined. For a fixed dy∗ , the leader flag’s drag was almost
independent to that of the followers’ except for very small dx∗ . As dx∗ was increased, the
drag of the followers decreased, even lower than the leader’s drag. The leader flaps in a single
dominant frequency, while the follower’s flapping frequency depended on dx∗ . For small dx∗ ,
a constructive mode [107, 113, 114] is experienced wherein the vortices shed by the leader
interact constructively with the followers’, increasing the drag on the follower flags. The
destructive mode [107, 113, 114] happens for larger dx∗ values, decreasing the drag in the
follower flags [115]. It was also observed that the constructive mode exhibits a single dominant
peak frequency while a double peak was observed during the destructive mode. Leader-follower
interaction decreases with increasing dy*. Focusing on the follower flags, in-phase flapping is
observed for very small dy∗ (similar to the findings of [107–109]). As dy∗ is increased, the drag
of the followers also decreased and converged to the drag of a single flag for sufficiently large
dy∗ .
The diamond formation (Figure 2.6c2) was an extension of the triangular array, with a
fourth flag positioned downstream of the two followers in the triangular array. This fourth flag
will now be the focus of discussion, assuming that the behaviour of the upstream flags is known
through the triangular array analysis. Uddin et al. [115] noted that the fourth flag experiences
low drag and exhibits relatively high flapping amplitude if its distance from the trailing edge
of the first two flags is small (dx∗ < 0.5). The drag then slowly increases beyond dx∗ = 0.5,
attributed to a more complicated (both constructive and destructive mode) vortex dynamics of
the flags.
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The conical array (Figure 2.6c3) is an extension of the diamond formation, with two flags
on both sides of the fourth flag. The dynamics of the last three flags, hereby referred to as rear
flags, will be discussed here. As the distance between the rear flags and the first two followers
is increased, the rear flags experience higher drag. In addition, the outer flags experience higher
drag than the middle flag, which is attributed to the former’s wider exposure to the free stream
of the flow. The in-phase flapping of the rear flags was observed for small gaps between them
(dy∗ < 0.5 [115]. In addition, the middle flag exhibits half the frequency of the outer flags.
These observations were also consistent with the findings of Tian et al. [110].

2.2

Flags as Vortex Generators for Heat Transfer
Enhancement
Although flag flutter dynamics has been widely investigated, its heat transfer enhancement

potential has only been explored more recently, especially in micro-thermal management [23–
25]. The complex nature of flag flutter (as presented in Section 2.1) governs its heat transfer
behaviour. This section presents a brief review of the recent developments in the use of the
fluttering flag to enhance heat transfer in various systems.

2.2.1

Experimental and computational studies

Although a good number of experimental studies using active and passive vortex
generators (VGs) for heat transfer augmentation abound, very few were devoted to examining
the heat transfer performance of flag VG. Indeed, most of them are numerical studies derived
from flag flutter dynamic studies.
One of the most recent and notable studies that used flag flutter for heat transfer
enhancement was reported by Hidalgo and Glezer [25]. They implemented their experiments in
millichannels with integrated temperature control and diagnostics [23]. A reed, or a flag, was
installed in between heated parallel plates where heat transfer characteristics were compared to
a channel without a reed (base case). Their initial findings revealed that improvement as high as
250% in local heat transfer (for the same heat flux and wall temperatures) could be achieved by
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the presence of the flag inside the channel. They attributed these to the vortices generated by the
fluttering reed. On the other hand, the presence of the reed increased the pressure drop along the
channel as the Re is increased. They attributed this to blockage effects due to the reed’s motion
inside the channel.
Most numerical studies [26, 27, 116–118] related to heat transfer enhancement using flag
flutter derived their simulations from a two-dimensional benchmark fluid-structure interaction
(FSI) problem proposed by Turek and Hron [119]. They extended the analysis by imposing
thermal boundary conditions in the analysis. Shoele and Mittal [26] and Soti et al. [27]
employed their in-house solvers to model the problem, while Khanafer et al. [116], Shi et al.
[117] and Mohammadshahi et al. [118] used commercial solvers.
Since the simulations were based on essentially the same benchmark problem, these
studies reported qualitatively similar results. They examined the effect of flow characteristics,
flag material properties, and different thermal boundary conditions. They attributed the observed
heat transfer enhancement to the interactions of the flutter vortices and channel walls i.e.,
boundary layer disruptions. The details of the findings of these studies are presented in the
following sections.

2.2.2

Thermal performance

The thermal performance of flags inside a channel (Figure 2.7) depends on a variety
of factors, just as its dynamic performance is, as previously discussed. Since its dynamic
performance significantly affects its thermal behaviour, the flag flutter system will be examined
in terms of thermal performance indicators against the effects of flow and flag material
properties and confinement.
2.2.2.1

Thermal performance indicators

The heat transfer performance of a flag in a confined two-dimensional channel is
characterised by using a number of proposed variables and indicators relating to flag flutter
dynamics and heat transfer. For flag dynamics inside the channel, the dimensionless variables
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Figure 2.7: A typical heat transfer problem involving a flag in between heated parallel walls.

introduced in Section 2.1 are used for consistency. They are accompanied by other indicators
relating to the thermal behaviour of the system.
A conventional heat transfer variable is the instantaneous local heat transfer coefficient hi ,
measured spatially and temporally at location i in the channel given as [120–122]:

hi (x,t) =

q”
Twi − Tre f

(2.8)

where q” is the convective heat flux coming from the heated channel walls and Tre f is a reference
temperature (usually taken as the inlet temperature Tin or the bulk temperature of the fluid Tb at
x). The instantaneous Nusselt number at i, Nui is given by:

Nui (x,t) =

hi dh
k

(2.9)

where k is the thermal conductivity of the fluid evaluated at the bulk temperature Tb and dh is
the hydraulic diameter of the channel. The instantaneous friction factor λ across the test section
(or arbitrary distance Lc ) is estimated as [120–122]:

λ (t) =

2dh ∆P
Lc ρ f U 2

(2.10)
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where ∆P is the pressure drop. It should be noted that the variables h, Nu and Tw vary spatially
along the channel. Thus, it is useful to average the variables along the streamwise direction x of
the channel. If R represents any of these thermal variables, the general streamwise average of R
at location x and at any time t, Ravg (x) is given by [27]:

Ravg (x) =

1
Lc

Z Lc

(2.11)

R(x)dx
0

Similarly, the transient behaviour of the thermal variable R at location x can be averaged
over a period of oscillation, τ. For a time-periodic flow [27],

Ravg (t) =

1
τ

Z t+τ

(2.12)

R(t)dt
t

For time-varying R variables, a Strouhal number St may also be derived, given the
dominant frequency of R ( fR ), u and a characteristic length. The heat transfer enhancement
inside the channel, due to the presence of the flag, should be compared to the bare channel heat
transfer at the same amount of friction loss or pumping power. For the same pumping power,
i.e, (U∆P) = (U∆P)0 , a thermal enhancement factor η is hereby defined as [25, 27, 120–122]:

η=

Nuavg (t)
Nu0

!

λavg (t)
λ0

!− 1
3

(2.13)

where subscript 0 is hereby introduced as a subscript exclusive for bare channel (without flag)
variables.
2.2.2.2

Effects of M ∗ and U ∗ on thermal performance

The turbulence created by the fluttering flag and the subsequent disruption of the boundary
layer at the channel walls contributes to the enhanced thermal performance of the flag-channel
system. Hidalgo and Glezer [25] reported that the local heat transfer in a flag-channel system
is almost three times that of a bare channel. Numerical simulations by Shoele and Mittal [26]
reinforce this observation, wherein as high as η = 1.16 was observed. Figure 2.8 are results
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from simulations done by Shoele and Mittal, which shows the additional turbulence and mixing
created as the flag is in its fluttering regime for various reduced velocities.

Figure 2.8: Thermal-fluid-structure interaction in a flag-channel system. Vorticity (line) and
temperature contours (in colour) of a flag with M ∗ = 1 and (a) U ∗ = 4, (b) U ∗ = 8, (c) U ∗ = 12 and (d)
U ∗ = 16. Reprinted from [26] with the permission of AIP Publishing.

Hidalgo and Glezer [25] reported the effects of flow velocity (U ∗ and Re, (Re = 2000 to
5200)) on the thermal performance of fluttering reeds. They noted that as the Re is increased,
the flutter frequency also increased, which translated to higher heat transfer coefficients and
lower channel wall temperatures. Numerical simulations of Soti et al. [27] also revealed this
observation, noting that higher Nu is observed at higher Re (Re = 100 to 500).
Bending rigidity also affects performance. Experiments conducted by Hidalgo and Glezer
[25] showed that thinner, flexible flags induced higher ∆P along the channel than their more
rigid counterparts. This was attributed to the possible frequent contact of flexible flags to the
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channel wall, causing blockage to the flow. This was also shown by the simulations made by
Soti et al. [27], which noted that a decrease in pressure drop is expected as the flag’s elastic
modulus is increased. The higher pressure values at high M ∗ and U ∗ levels translated to lower
η values in these regimes.
Simulations done by Shoele and Mittal [26] showed that for the range of U ∗ examined,
heavy (low M ∗ ) and light (high M ∗ ) flags have essentially the same heat removal capabilities
as long as they are within their flapping regimes. The difference lies in their Uc values, which
made the lighter flag to perform thermal enhancement at lower U ∗ . Recall that heavy flags (low
M ∗ ) have higher critical velocities and have low oscillation frequencies and amplitudes. This
made low M ∗ flags to require higher flow velocities to effect an increase in heat transfer. The
same can be said for the effects of M ∗ and U ∗ on pressure drop and thermal enhancement factor.
With regards to the pressure drop along the channel due to the inclusion of the flag, initial
experiments of Hidalgo and Glezer [25] revealed that ∆P increased with an increase in Re
(Re = 2000 to 5200). For Re of up to 500, simulations of Soti et al. [27] revealed the opposite,
i.e., the pressure drop, or the pumping power associated with it, decreases with an increase in
Re. They contend that lower pressure drop is needed in higher Re. Shoele and Mittal [26] further
showed that the energy change of the fluid decreases with increasing Re, which is attributed to
the decrease in heat diffusion on the walls which translated to a decrease in heat flux.
The same set of simulations done by Shoele and Mittal [26] revealed that the energy lost
due to pressure drop increased as U ∗ is further increased beyond the flapping regime. An abrupt
increase is observed as the flag flutters in higher modes (chaotic regimes). This observation
points to the need to explore an extended range of U ∗ or Re, channel sizes and flag properties.
The Indeed, further studies are required to extend and unify these initial experimental and
numerical results.
2.2.2.3

Effects of confinement and channel dimensions

The author is unaware of any experimental studies that focused on determining the effects
of confinement and channel dimensions on the thermal performance of flag flutter. Insights can
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be gained from numerical simulations, however. Initial simulations of Soti et al. [27] and Shoele
and Mittal [26] revealed that increasing the channel length, relative to the flag length, decreases
the mean Nu in the channel and increases pressure drop. The decrease in Nu is attributed to the
weakening effects of decaying vortices as they are convected downstream of the channel. On
the other hand, wider channels (b∗ > 1.5) exhibit lower pressure drop. Shoele and Mittal [26]
attributed the lower pressure drop to more coherent vortical structures brought about by larger
oscillation amplitudes of the flag. It follows that narrow channels have low η due to increased
pressure drop and low flutter amplitudes of the flag.
Figure 2.9 shows the streamwise behaviour of Nu and normalised channel temperature
derived from the simulations of [26]. Nu is high near the flag, which is attributed to enhanced
turbulence created during flapping. The thermal behaviour of the flag-channel system slowly
converged to bare channel behaviour (black lines) as the streamwise distance increased (beyond
x/L = 12).

Figure 2.9: Behaviour of Nu (a) and channel temperature (b) along the channel. Reprinted from [26]
with the permission of AIP Publishing.

2.2.2.4

Thermal performance comparison with other passive vortex generators

It is also worthwhile to compare the heat transfer characteristics of a flag VG to some
passive vortex generators. Figure 2.10 shows one of the representative isotherms obtained for
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different channel configurations which arose from the simulations of Soti et al. [27]. They
compared the heat transfer characteristics of four channel configurations: a bare channel (a),
a channel with a stationary circular cylinder (b), a channel with a rigid plate attached to a
stationary cylinder (c) and a channel with a thin flexible structure attached to a stationary
cylinder (d). The flag VG (d) consistently outperformed the other configurations in terms of
the average channel Nu, which was attributed to the enhanced vorticity created by the structural
oscillations. Even though the oscillations created higher average channel ∆P, the overall η was
still highest for the channel with the flag VG. Indeed, the heat transfer performance of flag VG
(specifically η) is comparable to other passive vortex generators (like twisted tapes, inserts, ribs,
corrugations, etc.) reported and compiled in various reviews [6–12].

Figure 2.10: Isotherms comparison of four different channel configurations (Re = 100 and Pr = 1).
Reprinted from [27] with the permission of Elsevier.

2.3

Gaps and Challenges
The use of flags for channel heat transfer enhancement offers huge potential in

various applications. However, it seems that this system is relatively unexplored compared to
conventional VG. The rich literature on flag dynamics was unmatched by literature concerning
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flag vortex generators. Thus, there is a need to provide insights on the existing gaps, challenges,
and constraints regarding flag vortex generators for thermal enhancement. The following is a
non-exhaustive list of potential areas of further research:

1. Flag dynamics govern the thermal behaviour of a flag vortex generator. Although
the dynamics of flag flutter has been widely investigated experimentally, theoretically
and numerically, experimental observations still deviate significantly from theoretical
predictions. In particular, models still struggle to correctly describe the nature of the
critical flutter velocity and its observed hysteresis. Indeed, existing models need to be
refined further to accommodate different initial and boundary conditions.
2. As presented, very few experimental studies have explored the effects of different flow
and flag material parameters on thermal enhancement capabilities of flags. Experiments
should cover a wider range of flow velocities and channel sizes and should extend to the
turbulent regime. Experimental results are needed to validate numerical results, which are
the dominant source of insights on this matter to-date.
3. The studies presented dealing with flag VG reported results for single flag systems.
Studies should also be done using flag arrays (tandem, parallel, etc.) to determine
their performance as vortex generators for heat transfer enhancement. The thermal
performance of single flags decays with streamwise distance. Tandem flags should be
explored to extend the streamwise thermal enhancement capabilities of single flags.
Likewise, parallel flags may be used to widen the turbulent wake which can cover wide
surfaces and heat sinks.
4. Even the number of numerical studies for flag VG pale in comparison to numerical
studies which involved conventional VG. This is partly attributed to the numerical
nature of the problem: an FSI simulation, specifically a coupled fluid-structural-thermal
problem is computationally expensive. However, advances in commercial and in-house
solvers should be able to overcome this challenge and should invite further numerical
explorations in this research area.
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5. For practical considerations, there is a need to explore suitable materials to be used as flag
VG. Given the nature of the application, efforts should be geared towards the development
or use of thermally stable materials.
6. The sound generated by a thin, fluttering, elastic structure is of recent interest to
researchers like Manela et al. [123–125] and Purohit et al. [126]. For flag VG to be a
desirable thermal enhancement technique, the sound coming from flag flutter should be
modulated. Further research should be devoted to optimising flag VG performance and
minimising undesirable sound and vibration from this system.

2.4

Chapter Conclusion
The use of flexible plates or “flags” as vortex generators inside a channel is one way

to increase the channel’s heat transfer performance. This approach initially demonstrated
promising thermal performance. However, it seems that this approach is relatively unexplored
compared to conventional vortex generators. This thermal-fluid-structure problem invites more
investigations to establish its characteristics further. This chapter presented a brief review of the
literature on flag vortex generators for thermal enhancement and enumerated further potential
research areas in this problem.
This chapter revealed that the abundance of investigations concerning the dynamics of
flags was not complemented by the existing reports on the thermal characteristics of flag vortex
generators. Specifically, experimental studies on flag dynamics in confinements are not widely
reported. The majority of studies are numerical in nature, prompting the need to conduct
experimental validations. The same can be said for the thermal performance of flag vortex
generators. There are only a few investigations found on the thermal characteristics of flag
vortex generators. Emphasis should be given to studies which are experimental in nature, as
most existing studies are numerical and theoretical. The list of existing gaps, challenges and
potential research areas in using flags as vortex generators for thermal enhancement aims to
guide future research directions in this thermal-fluid-structure problem.

Chapter 3
General Methodology

This chapter presents the materials and methods needed to satisfy the objectives of this
study. It should be pointed out that the sections under this chapter deal mainly with the materials
and methods deemed common to all aspects of this research project. A detailed presentation
of the methodology for each sub-study, in conjunction with the methods discussed herein, is
presented in each chapter.
The bulk of the work involved in this research project is experimental in nature.
The experimental work involves determining the ranges of operating conditions during the
experiments and using these ranges to design a test rig. Consequently, the test rig was designed
so that all possible combinations of parameters within those ranges were accommodated.
Approaches to measurement and instrumentation were also considered in the overall aspect
of the design.

3.1

Considerations for Experimental Rig Design
The design of the experiments and the test rig needed to perform these experiments was

iterative in nature. Initial calculations and assumptions were made as a start. The process,
guided by literature, involves setting and estimating the following: flag material and dimensions;
channel geometry and construction; and flow dynamics and thermal conditions.
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Flag material and dimensions significantly govern flag flapping dynamics and

consequently affect the thermal behaviour of the flag-channel system. Flag material selection
was dictated by the nature of the experiments to be conducted. As an initial requirement, a low
flag stiffness was desirable to allow low flutter velocities to be used in the experiments. This
reduced the size of the blower needed to produce the required airflow. Flag thermal properties
also came into play. The flag was positioned between two heated plates, thus, flexible materials
with high melting points were preferred. This minimised the possibility of flag tip melting or
wrinkling when it came in contact with the plates, especially in narrow channel widths. The
criteria mentioned prompted the use of Polytetrafluoroethylene (PTFE) or Teflon® coated fabric.
This material was deemed satisfactory for the experiments in this study. The Teflon fabrics used
have the nominal properties [127] summarised in Appendix Table B.1.
The flag mast was made of a circular brass rod with a diameter set to 2 mm. This size was
a compromise among different factors such as its fabrication and the subsequent flag mounting.
This size also aimed to avoid substantial blockage effects, especially in very narrow channel
widths. For the range of channel dimensions used, the blockage ratio dm /B, due to the mast,
ranged from 0.04 to 0.2, where dm is the mast diameter and B is the channel width.
The experiments were conducted in rectangular channels. In the context of heat transfer
applications in channels, the proximity of the flag to the fins, or enclosure walls, determines the
flag-channel system performance. Five sets of channel dimensions were used to investigate the
system’s performance. The height of the channel H was maintained at 50 mm while the width
B was varied from 10mm to 50mm.
Air flow velocity is one of the major factors that dictate flag flutter dynamics and is
manifested on the effects of reduced velocity U ∗ (see Section 4.3.1) and channel Redh . Given
a channel size, the flow should be able to initiate and maintain flag flutter, at least for the first
flutter mode. The design range of channel dimensions and flow velocities yielded Redh values
in the range of 2,000 to 70,000. The largest channel cross-section provided an estimate of the
maximum flow rate that the blower should provide. On the other hand, the smallest channel
section was used to establish the highest velocity and pressure drop for the experiments. The
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largest flow rate and highest pressure drop were used to estimate the size of the blower needed
for the experiments.

3.2

Experimental Rig Construction
In anticipation for varying the channel cross-section, the rig was designed using a modular

approach in which components were assembled according to the needed channel configuration.
Different variants of each component were fabricated so that all possible channel configurations
could be implemented. The channel walls were made of acrylic plates which were suitable for
the expected conditions and were especially useful for visualising the flag dynamics inside the
channel. It is also amenable to different manufacturing processes that are currently available in
the engineering workshop.
Essentially, the test rig is a small open-loop wind tunnel. The flow source is a side channel
blower, which is capable of operating under suction and blowing conditions. The flow rate was
controlled by a gate valve installed between the blower and the test rig. The size of the blower
was based on the expected flow rate and pressure requirements of the test rig. Some selected
specifications of the blowers used are listed in Appendix Table B.4.
The set-up is composed of three major sections: the test, flow development and entrance
sections (see Figure 3.1). The test section is the main component of the experimental set-up.
Except for the flag, the pole, the heat plates and the insulation, the other components of the test
section are made of a 6-mm thick, clear acrylic plate. Visualisation considerations prompted the
use of this material. Furthermore, acrylic has a relatively smooth surface and a melting point
(130-140 ◦ C, [128]) above the operating conditions inside the channel.
Two sets of test sections were fabricated: (1) one set for flag dynamics and flag wake
studies; and (2) one set for heat transfer experiments. The first set of channels were made
entirely of transparent acrylic plates, which made visualisation and construction easier. The
second set was made so that insulation and heat plates were installed as part of the channel
walls. The construction details of each channel variant are presented in detailed methodology
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Figure 3.1: Main components of the test set-up.

sections in subsequent chapters. All relevant technical drawings are compiled in Appendix C.
The flow entering the test section comes from a longer upstream channel to ensure that
the flow is developed. This flow development section has the same cross-sectional dimensions
as that of the test section. All components of the flow development section are made of a
6-mm thick, transparent acrylic plate. The length of the flow development channel was based
on considerations of entrance length Le observed in a viscous developing flow. To arrive at
a conservative estimate of the entrance length, the hydraulic diameter dh was computed from
the largest possible channel cross-section of 50 mm x 50 mm. This is a conservative approach
since a gradual contraction (and not a sharp entrance) is located upstream of the channels. The
hydraulic diameter is computed as:

dh =

4ac
pc

(3.1)
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where ac is the cross-sectional area of the channel and pc is the wetted perimeter [129]. The
entrance length depends largely on the Reynolds number and dh . Estimates of entrance length
for laminar and turbulent flows are given by Equations 3.2 and 3.3, respectively [129].

Le
≈ 0.06Redh
dh

(3.2)

Le
1/4
≈ 1.6Redh
dh

(3.3)

The expected flow conditions in the experiments, within the flapping regime of the flag,
have Redh in the range of 2,000 to 70,000. This range is comparable to the ranges reported by
studies involving vortex generators [120, 122, 130]. Le was estimated to be in the range of 1 to
1.3 m. The total length of the flow development channel was set to 2.4 m. This automatically
satisfies the range required with a very conservative additional length.
Upstream of the flow development is a flow settling chamber and the entrance section
with a cross-section larger than the largest cross-sections of the test flow development sections.
Flow straighteners were installed at the entrance section to reduce inflow turbulence, albeit
Abderrahmane et al. [53] initially reported that turbulence has an insignificant effect on the onset
of flutter. A contraction was constructed to connect the channel to the flow development section.
The contraction was made of thick cardboard, which allowed easy construction, considering that
the flow development channel varies in its width during the experiments. The contraction ratio
rc is an important parameter in the design of contraction and is calculated by

rc =

ae
afd

(3.4)

where ae and a f d are the cross-sectional areas of the entrance and flow development sections,
respectively [131, 132]. For all experiments, the contraction ratio ranged from 2.24 to 11.2. The
length of the contraction is suggested [131, 132] to be at least equal to the hydraulic diameter at
the inlet of the contraction. Thus, the contraction length was set to 120 mm for all contraction
ratios, a conservative estimate to minimise flow separation and adverse pressure gradients.
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The test rig was installed on a flat and stable surface. The blower was mounted in a

different location to that of the rest of the test rig. This aimed to eliminate unnecessary vibrations
which could affect the flag dynamics. The whole set-up was installed inside a room with
good ambient temperature and humidity control. All joining surfaces were sealed with silicone
adhesive sealant to ensure a leak-proof channel.

3.3

Measurement and Instrumentation
Figure 3.2 is a schematic diagram of the test and measurement system, showing the set of

instruments used in this research work. The flow is generated by a blower and was controlled
by a valve installed in between the blower and test set-up. The test rig was designed so that
it operated under blowing and suction conditions, i.e., the blower was installed upstream or
downstream of the test section. Experiments for flag dynamics and flag wake were done under
blowing conditions, while heat transfer measurements were done under suction conditions.
A laminar flow element [133] was used to measure flow rates, augmented by two cobra
probes [134], which were used to measure point velocities. Pressure taps were connected to
digital manometers [135] for display and data logging. Flag oscillation frequency was measured
through pressure signals measured by a calibrated pressure transducer, which was connected
to wall pressure taps (see Section 3.4 for details). For heat transfer measurements, the channel
walls were heated by a direct current power supply, monitored by a set of voltage and ammeters.
Thermocouples were used to measure the temperature in the channel and ambient conditions.
The details of thermal measurements are presented in Chapter 6.
For flag visualisation experiments, the camera used for this study is an Olympus® i-speed
2 [136] with a maximum recording speed of 33000 frames per second (fps) and has a sensor
resolution of 800 x 600 at 1000 fps. These capabilities are enough to capture the expected flutter
frequencies of up to 100 Hz [38, 58, 61].

3.3. Measurement and Instrumentation

Figure 3.2: Schematic diagram of the test set-up and measurement system.
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In general, measurements were done after a steady state was reached. All instrument

readings were logged and processed by a desktop computer. The actual set-up during the
experiments (during thermal measurements) is shown in Figure 3.3.

Figure 3.3: Actual experimental set-up for thermal measurements.

3.4

Flag Oscillation Frequency Measurements
Most experiments on flag flutter dynamics used the tracking method of determining the

flag oscillation frequency fosc . High-speed cameras [44, 49, 62] and displacement sensors
[45, 61, 73] were used to track the flag tip (or any point in the flag) during oscillation and the
signals were processed (usually using Fourier Transform (FFT) analysis) to deduce fosc . These
methods, however, presented some challenges for the current work. Camera tracking requires
good camera resolution and high frame speeds at high fosc to overcome image processing
challenges. Common challenges like image blur and transverse flag deflections (3D effects)
may lead to inaccurate tracking of the flag’s motion. Mounting of displacement sensors in small
channels is equally challenging.
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Previous experiments [44, 45, 49, 61, 62, 73] were conducted in wide wind tunnels so
that mounting and tracking challenges were minimised. An alternative method of measuring
fosc is used in this study. The present experiments were conducted in highly-confined scenarios
and require a different approach. The method used relies on the interaction of the flow around
the flag and the confining walls during oscillation. In particular, the frequency was indirectly
measured by processing the signals measured through the pressure taps mounted on the side
channel walls. As the flag moves inside the channel during flapping, wall pressure signals
exhibit periodic behaviour. The signals can be further processed through Fourier transform
analysis, revealing a dominant frequency which corresponds to fosc . The connecting tubes
between the taps and the transducers were shortened (< 2cm) so that signal distortion was
minimised. This method is analogous to the procedure followed by Huang [95], who mounted
microphones in wind tunnel walls to measure flag oscillation frequency.
Preliminary experiments were done to verify if indeed processing the pressure signals
provide a good estimate of fosc . A simple flag flapping test was conducted and the frequency
measurements from high-speed camera tracking and pressure signal were compared. The flag
was inserted in the channel and the flow was adjusted to reasonable levels so that transverse
deflection of the flag tip was minimised. During oscillation, the motion of the flag was captured
by using an Olympus i-speed 2 [136] high-speed video camera which has tracking capabilities.
Sufficient lighting was provided for easier image processing. Wall pressure signals were also
recorded. The captured images were processed using the tracking feature of the camera,
extracting the time history of the flag tip. This time history was then processed using Fourier
analysis to find fosc . A similar analysis was done for the wall pressure signals. The results of
the analysis are presented in Figure 3.4 for different channel widths.
Good agreement between the camera tracking method and the pressure signal method
is observed. The difference between the two methods was at most 2.2% across all channel
widths. It should be pointed out that camera tracking is difficult for high-velocity conditions
where transverse flag deflection sets in, which makes tracking the flag tip challenging. Good
lighting is also required, which may not always be attainable. The proposed method eliminated
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Figure 3.4: Time history (left plots) and FFT amplitude (right plots) of displacement (black lines) and
pressure (blue lines) signals for different channel widths B. Note: The first harmonic frequency in the
FFT plots corresponds to fosc .

the additional step of tracking the flag tip before processing the displacement signals to extract
fosc . The pressure signal method has proven to be robust for the present experimental work.

3.5

Determination of Flag Bending Rigidity
Figure 3.5 shows samples of the flag materials used in this research project. Two thickness

variants were used in the experiments: h = 0.07mm and h = 0.12mm. The fibreglass fabrics are
coated with Teflon [127], which suits the heat transfer requirements of this project.
Equation 2.6 used for determining U ∗ requires that the flag’s bending rigidity is
determined. In most studies [35, 39, 41, 44–46, 51], the flag is treated as a thin plate and
Equation 2.7 is used. The elastic modulus E comes from a simple tensile test of the material.
However, Virot et al. [58] argued that Equation 2.7 underestimates the rigidity of the flag and
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Figure 3.5: Actual flags in masts and flag material samples. At the top of the platform, the left flag
has a nominal thickness of h = 0.07mm while the right flag has a thickness of h = 0.12mm. Inserted
just below the flags are corresponding flag material samples showing their relative stiffness.

proposed using the effective bending rigidity instead. In this study, the cantilever test proposed
by Peirce [137] was used to determine the flexural rigidity of the Teflon fabrics.

Figure 3.6: Measurement of the bending length of the flag [138].

The test rig (see Figure 3.6) and the procedure followed were based on ASTM D1388-14
[139] and BS 3356-1990 [140] standards. The fabrics were positioned in the horizontal
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platform, and then gradually slid over the edge until the free tip made contact with the
inclined surface. The bending length Lb (in mm) was then measured. The inclined surface was
deliberately angled at 41.5◦ with respect to the horizontal, so that the scaling factor described
by Peirce simplifies the effective bending rigidity (De ) formula into [138–141]:

De ' 9.806x10−12 ρa

Lb
2

!3
(3.5)

where ρa is the mass per unit area of the flag (g/m2 ) and De is in Nm. This formula is based on
Peirce’s formula [141] instead of the ASTM formulation, since Lammens [141] argued that the
latter overestimates the elastic modulus value that can be derived from the bending rigidity and
gives values with inconsistent units.
To determine ρa , flag samples were cut and then weighed to determine the sample mass
ms . The digital balance used has a resolution of 0.001 g. Three replicates were made for each
aspect ratio and ρa was computed according to Equation 3.6:

ρa =

ms
lw

(3.6)

where l and w are the sample length and width, respectively.
Depending on the cut, the more distinct fibres in the Teflon fabrics may be oriented
in two principal directions with respect to the flag length, hereby referred to as longitudinal
and transverse directions. Three 40 mm wide and 250 mm long strips were cut for each fibre
direction. This is to account for possible differences due to the principal fibre direction. The
material thickness was measured by using a micrometer with a resolution of 0.01 mm. Before
the measurements, the specimens were flattened (to iron out possible distortions) by placing
weights on top of them for more than 24 hours.
To measure Lb , the specimen was inserted in between a plate and the horizontal platform
as shown in Figure 3.6. One side (face 1) of the fabric faces the platform while a designated
end (end 1 in this case) was set as the free end. The fabric was gradually slid until the free end
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Table 3.1: Measured bending rigidity properties of flag materials.
Average
Value

Standard
Deviation

Unit

h = 0.07 mm, longitudinal fibers
Mass per unit area, ρa
Critical bending length, Lb
Effective bending rigidity, De

144.2
75.3
7.7 E-05

0.8
5.4
1.7 E-05

g/m2
mm
Nm

h = 0.07 mm, transverse fibers
Mass per unit area, ρa
Critical bending length, Lb
Effective bending rigidity, De

144.0
59.2
3.8 E-05

0.7
6.9
9.6 E-06

g/m2
mm
Nm

h = 0.12 mm, longitudinal fibers
Mass per unit area, ρa
Critical bending length, Lb
Effective bending rigidity, De

242.3
95.9
2.6 E-04

4.1
3.1
2.6 E-05

g/m2
mm
Nm

h = 0.12 mm, transverse fibers
Mass per unit area, ρa
Critical bending length, Lb
Effective bending rigidity, De

245.7
89.9
2.1 E-04

4.1
3.6
2.6 E-05

g/m2
mm
Nm

Property

started to touch the inclined surface. The bending length was then measured. This procedure was
repeated with face 2 facing the platform. The same set of steps was followed while designating
end 2 as the free end. The procedure was performed for ten trials, giving 120 measurements for
the three replicates. The results of the experiments are summarised in Table 3.1.
For the same thickness, the bending properties are practically the same between fibre
orientations, thus, only two of the four flag variants were used in succeeding experiments: h =
0.07 transverse fibres, and h = 0.12 longitudinal fibres.

3.6

Uncertainty Analysis
The process of estimating the uncertainty of different quantities was based on the

guidelines prescribed by the ISO-IEC Guide 98-3 2008 (Guide to the expression of uncertainty
in measurement) [142] and the ASME PTC 19.1-2005 (Test uncertainty) [143].
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Conventionally, the value M of a quantity may be reported in the following form:

M = m ± εm

(3.7)

where m is the estimate of M and εm is the absolute uncertainty of m. Accordingly, the relative
uncertainty is derived as εm /m.
In the context of the present experimental work, all uncertainty estimates were evaluated
at 95% confidence interval. Quantities are further grouped into (1) measured or basic quantities;
and (2) derived or computed quantities, with their estimates derived from the methods described
in Sections 3.6.1 and 3.6.2. A separate discussion of the uncertainty of turbulence parameters is
presented in Section 3.6.3.

3.6.1

Measured quantities

Measurements are liable to errors. The total uncertainty in a measurement is the
combination of uncertainty due to random error and the uncertainty due to systematic error.
Random errors arise, among others, from uncontrolled test conditions and non-repeatability in
the measurement process. In general, measurements are repeated for the same test conditions so
that a better estimate of the measurand is obtained. In this context, random error can be viewed
as the difference between a measured value xi and the mean value x of N measurements [143]
where

N

∑ xi

x=

i=1

N

(3.8)

In repeatability measurements, the sample standard deviation σx is also computed and is derived
as:

s
σx =

N

(xi − x)2
i=1 N − 1

∑

(3.9)

The random uncertainty of a measured quantity εr is related to σx through the equation
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σx
εr = √
N

(3.10)

Systematic error represents the deviation of the measured value from the true value of the
measurand. Systematic errors are deemed constant for the test and may come from different
elemental sources. In estimating the systematic error, the estimated variability of a measurand
may be derived from, among others, previous measurement data, manufacturer’s specifications
and calibration data [142]. From these, an estimate of the standard systematic uncertainty εs is
obtained. The combined standard uncertainty at 95% confidence level is, therefore, defined as:

q
εx = 1.96 εr2 + εs2

(3.11)

where the value 1.96 is the Student’s t value for 95% confidence and degrees of freedom of
≥ 30 [143].

3.6.2

Derived quantities and uncertainty propagation

Derived quantities are described by formulas or models which are functions of measured
and other input quantities – their uncertainty calculations are governed by the laws of
uncertainty propagation [142]. The uncertainty of a derived quantity Y which is computed using
k input quantities q1 , q2 , ...qk (measured or derived), i.e.,

Y = f (q1 , q2 , ...qk )

(3.12)

v
u k 
2
u
∂Y
t
εY = ∑
εq j
j=1 ∂ q j

(3.13)

is given by

where f is a function describing Y and εq j is the combined standard uncertainty of the input or
measured quantity q j and is computed using Equation 3.11.
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3.6.3

Uncertainty estimates of turbulence quantities

Turbulence analysis requires the determination of higher order statistical moments like
turbulence intensity and Reynolds stresses. Recall that in turbulent flow, the velocity component,
say u, may be decomposed into a mean component u and a fluctuating (time-varying) component
u0 [144], i.e.,

u = u + u0

(3.14)

In most cases, u0 is processed to extract higher-order turbulence parameters. Benedict
and Gould [145] suggested simplified equations for estimating the uncertainties of different
turbulence parameters. For a 95% confidence bound, the uncertainty ε of a turbulence statistic
sturb may be given by:

r
εsturb = 1.96

Λ
N

(3.15)

where N is the number of samples and Λ is the variance estimator multiplied by N. Table 3.2
lists the formulae of Λ used in estimating ε.

Table 3.2: Formulas for estimator variances multiplied by N. Adapted from [145].
Turbulence
Parameter/Statistic
Mean velocity
Turbulence intensity

Representative
Symbol
u
p
u02

Equation for Λ
u02
u04 −(u02 )2
4u02

Reynolds normal stress

u0 u0

u04 − (u02 )2

Reynolds shear stress

u0 v0

u02 v02 − (u0 v0 )2

The formulae for Λ in Table 3.2 are valid for any distribution so long as N is large
[145]. This is easily satisfied by taking a large number of samples, which is common for
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turbulence studies. The formulae are modified accordingly to compute for uncertainty estimates
of parameters derived from the other two spatial velocity components v and w.

Chapter 4
Flag Dynamics in Rectangular Channels

4.1

Introduction
The behaviour of flexible plates or ’flags’ immersed in a fluid is a complex fluid-structure

interaction problem. The dynamic response of the flag is termed as flapping or flutter. The
terms ’flapping’ and ’flutter’ will be used interchangeably in this chapter. Recent interest in this
phenomenon was prompted by its potential application in turbulence enhancement that leads
to improved heat and mass transfer [1, 23–25], energy harvesting [28, 31], and possible use in
flow instrumentation [34, 146].
Flag flapping dynamics is explored widely in open flow, i.e., with negligible confinement
effects. Various experiments have been conducted in the past, together with theoretical and
numerical efforts, to understand flag flapping behaviour. A recent review by Gallegos and
Sharma [1] provides a brief narrative of the findings in this area of study. Various aspects of
flag flapping like oscillation amplitude and frequency, oscillation modes, and the onset of flutter
have been widely reported and explored. It is important to note that ’open-flow’ studies greatly
outnumber their counterparts in high-confinement situations. The latter is, indeed, relatively
unexplored and needs further focus to understand this complex problem better.
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It can be argued that most experimental studies on flag flapping were conducted

in wall-bounded wind and water tunnels and confinement effects exist in the results of
open-flow studies. However, these effects were not systematically investigated. Indeed, very
few experimental studies focused on flag dynamics in a confined flow. The experimental studies
by Doare et al. [45] and Zhang et al. [73] focused on the effects of spanwise confinement. Both
groups of researchers observed that the critical velocity decreased as the gap between the flag
and the walls decreased. They attributed such behaviour to viscous and boundary layer effects.
Confining parallel walls destabilise the flag more than in open flow. This was the general
conclusion of theoretical and numerical studies conducted by Alben [76], Jaiman et al. [101]
and Shoele and Mittal [102]. Alben [76] noted that if the flag is positioned at the centre of the
channel, the flapping is symmetric. Consequently, non-symmetric flapping occurs when the flag
is placed at an offset relative to the channel’s centreline. Flapping amplitude is constrained by
the walls, and the flapping frequency increased as the walls moved towards the flag. Shoele and
Mittal [102] also observed similar behaviour and further suggested that confining walls can be
used to alter flag flapping behaviour to suit different applications. The existing models, however,
did not explore the contact observed between the channel walls and the flags [4, 146], which
is prevalent in highly confined scenarios. In addition, three-dimensional effects remained to be
explored further.
Still, the author is unaware of experimental studies which systematically investigate the
effects of confining parallel walls on flag flapping dynamics. This sub-study aims to explore the
flapping dynamics of flags in high-confinement situations, specifically in rectangular channels.
The insights gained in this study help to better understand the complex phenomenon of flag
flapping.

4.2. Detailed Methodology

4.2
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Detailed Methodology

4.2.1

Experimental set-up

Figure 4.1a is a schematic diagram of the test rig used in this study. This rig is a
reconfigured version of the system presented in 3.2. The rig is primarily composed of a
rectangular channel, a flow source and a set of measuring instruments. Transparent acrylic plates
were used to construct the channel walls, a suitable material to enable easier visualisation of flag
oscillation. Air was used as the working fluid, and a blower was used to drive the flow. The flow
control valve opening was varied to attain different flow rates during the experiments.
Five sets of channels were prepared for the experiments, corresponding to five different
channel aspect ratios and five flag confinement ratios. The downstream portion of the channel
was designated as the test section, where the flag was inserted and most of the measurements
and observations were made. The test section was preceded by a flow development section
which has a length of 45 to 135 channel hydraulic diameters, depending on the channel aspect
ratio.
To monitor channel centerline velocities and flag oscillation characteristics, two identical
four-hole pressure probes (cobra probes) were installed at the upstream and downstream regions
of the flag of length L. The upstream probe was used to monitor the relevant properties of the
incoming flow and was positioned sufficiently distant from the flag to minimise blockage effects
(about 20L upstream of the flag mast position). The second probe was used primarily to establish
the flag’s critical velocity and was positioned behind the flag, 0.5L away from the flag tip (see
Figure 4.1b). Both probes are Series 100 models, calibrated and distributed by Turbulent Flow
Instrumentation Pty Ltd [147].
An Olympus i-speed 2 [136] high-speed video camera was used to monitor the flag
oscillation characteristics inside the channel. The camera was mounted on top of the channel
and set to capture images perpendicular to the x − z plane. Sufficient lighting was provided to
obtain images suitable for further processing.
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The flag oscillation frequency was

measured by processing the pressure
signals obtained from wall pressure taps.
The taps were positioned 0.2L upstream
of the undeformed flag tip. The taps were
connected to a pre-calibrated pressure
transducer which was connected to a
desktop computer for display and further
analysis.
The relevant dimensional relations
and the coordinate system used in the
experiments are presented in Figure 4.1b.
The undeformed flag length L was kept
constant to 50 mm in all runs. The flag
aspect ratio s/L and flag-wall clearance
Figure 4.1: Schematic diagrams of the (a) experimental

ratio c/L were also maintained at 0.8 and set-up and (b) relevant dimensions used in the
0.1, respectively. The channel height H

experiments.

was made equal to the flag length, while
the channel width B was varied (B=10 mm, 20 mm, 30 mm, 40 mm, 50 mm) so that the channel
aspect ratio α = B/H ranged from 0.2 to 1.0 and the confinement ratio L/B ranged from 1.0 to
5.0.
The flag mast, made of 2-mm diameter (dm ) brass rod was positioned in the middle of the
channel (0.5B). A narrow slot was precision-machined along the mast axis where the flag was
inserted and glued. The flag was made of Teflon-coated fabric [127]. To determine the effects
of flag rigidity, two fabric thicknesses were used in the experiments: h = 0.07 mm and h = 0.12
mm.
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4.2.2
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Measurement process

This section details the measurement process made to quantify variables needed to
describe the flapping dynamics of the flag. An experimental case has two stages: (1) flag
start-up experiments; and (2) flag flapping dynamics experiments. In the start-up stage, the
flow is accelerated until the upper critical velocity Ui is reached and recorded. The flapping
dynamics stage follows. The flow is further increased to pre-determined settings, in which
needed measurements relating to flag oscillation dynamics (e.g. frequency, image capture) are
done. When a predetermined maximum velocity is reached, the reverse process starts. The flow
was then decremented to settings similar to the increasing regime. When all data points in the
decreasing regime are gathered (end of flapping stage), the flow is slowly decreased further
until the lower critical velocity Ud is reached, i.e. the flag stopped flapping. The details of this
process are further described in succeeding subsections. All experimental cases were repeated
five times. All relevant parameters were computed according to the equations enumerated in
Section 4.3.1. Measurement uncertainties are further discussed in Section 4.3.2.
4.2.2.1

Flag and channel dimensions and properties

Thickness and clearance dimensions were measured using a digital calliper with a
resolution of 0.01 mm. Longer distances were measured by rules with 0.5 mm resolution.
The bending rigidity D of the flag is a relevant parameter for flag flutter studies. The
composite nature of the material made it impractical to quantify D by using conventional
equations [41], which assume that the material is homogeneous and properties like elastic
modulus and Poisson’s ratio are readily available. To estimate D, this study followed the
procedure prescribed in BS 3356-1990 [140] and ASTM D1388-14 [139], standards for
determining the bending rigidity of fabrics. D was estimated to be about 3.8x10−5 Nm for
h = 0.07 mm and 2.6x10−4 for h = 0.12 mm.
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4.2.2.2

Flow properties

The upstream cobra probe served as a monitor for the flow rate levels inside the channel.
Before the actual experiments were conducted, the cobra probe readings at the channel’s
centreline were calibrated against different flow rates. The flow rates were measured using a
calibrated laminar flow element meter [133]. From the results of the calibration, the desired
flow rates were set by monitoring the cobra probe readings while controlling the valve opening.
This was done for all channel dimensions. The bulk velocity ub is found by dividing the flowrate
by the channel cross-sectional area. In each reading, a sampling rate of 2500 Hz and sampling
duration of 20 s was set for the cobra probes. The overall turbulence levels in the channel’s
centreline ranged from 3% (high velocities, α = 1) to 5% (low velocities, α = 0.2).
Preliminary runs were done to establish the flowrate levels used in the experiments. The
minimum velocities were beyond the lower critical velocity Ud of the flag in each channel
dimension. The maximum velocity levels were selected to make the experiments feasible.
Extremely high velocities made the flag flutter at high frequencies, causing frequent contact
with the channel walls, which damaged the flag’s rear tip. In addition, the extreme blockage
imposed by the flag-wall contact at high velocities rendered the probes to display unreliable
readings. The velocities in the actual experiments were capped so that Redh was limited to
43,745. All fluid properties were evaluated at the prevailing ambient temperature which ranged
from 18◦ C to 22◦ C during the experiments.

4.2.2.3

Pressure and frequency

The oscillation frequency fosc is an essential indicator of flag flapping behaviour. The
frequency was indirectly measured by processing the signals measured by the pressure taps
mounted on the side channel walls. As the flag moves inside the channel during flapping,
wall pressure signals exhibit periodic behaviour. The signals can be further processed through
Fourier transform analysis, revealing a dominant frequency which corresponds to fosc .
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The current method was inspired by the procedure followed by Huang [95] who mounted
microphones in wind tunnel walls to measure flag oscillation frequency. This technique is
particularly suited in high-confinement scenarios and is an alternative to using high-speed
cameras [44, 49, 62] and displacement sensors [45, 61, 73] for determining fosc . The high-speed
camera shown in the experimental set-up was only used to capture oscillation shapes, even
though it has built-in tracking capabilities. High-speed camera methods track a location in the
flag with respect to time, and the results can be further processed to extract fosc . Tracking
requires good camera resolution and high frame speeds at high fosc to overcome image
processing challenges. Common challenges like image blur and transverse flag deflections (3D
effects) lead to inaccurate tracking of the flag’s motion. The pressure tap method has proven to
be robust for the current experiments.
The pressure transducer used in this study was pre-calibrated for both negative and
positive pressures. Through a control software, the pressure transducer was set to have a
sampling rate of 2500 Hz and a resolution of 0.05 Hz. The pressure signals were processed
using a Fast Fourier Transform algorithm to extract the oscillation frequency. All spectral data
have undergone the Hanning window method.

4.2.2.4

Flag visualisation

The oscillation mode shapes of the flags is another indicator of flag flapping behaviour.
A high-speed camera was used to visualise the shapes the flag assumes during flapping. For
each measurement, the camera was set to capture 500 fps at a 800x600 resolution. With ample
lighting, these settings were sufficient to capture the motion of the flag inside the channel.
The captured images were further processed to create superimposed layers showing the
bending and twisting (if any) shapes of the flag during an oscillation cycle. This provides
additional insights into the flapping behaviour of the flag inside the channel (see Figures 4.5
and 4.6).
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4.2.2.5

Critical velocity Uc determination

The procedure for determining the
critical velocity is illustrated in Figure
4.2. This process requires the use of two
cobra probes which were synchronised
to take readings. To have an objective
way of determining the critical velocity,
the downstream cobra probe was used
as an indicator of flag oscillation while
the upstream probe monitors the incoming
flow. One of the major capabilities of
multi-hole pressure probes like the cobra
probe is to measure the three components
of velocity (u, v, w) simultaneously [147], Figure 4.2: Representative figure for the determination
which were taken advantage of in this
study.

of critical velocity. (a) Streamwise velocity (u) readings
of the upstream probe, (b) w readings in increasing flow
and (c) w readings in decreasing flow of the downstream
probe.

The flag is initially in the stable regime as the flow is gradually increased (red curve in
Figure 4.2a). Accordingly, the velocity component along the oscillation direction of the flag
(w) is increasing slightly with weak fluctuations (Figure 4.2b). Full oscillation is declared when
w surges from relatively low initial values to higher values and exhibits periodic behaviour.
Specifically, flapping onset is declared when the magnitude of the w signals is at least twice the
amplitude of the signals in the stable regime. This criterion was introduced since it is difficult
to distinguish the w signature between small vibrations due to the flutter phenomenon, and
vibrations due to the inherent offset of the flag tip relative to the channel’s centreline. The
time when this criterion was met is cross-referenced to the readings in the upstream probe to
determine Ui (Figure 4.2a). The same concept and procedure was applied to the decreasing flow
(Figure 4.2c) situation, except that the flow was gradually decreased until Ud was reached.
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During the start-up experiment stage, the probes were initially set to take readings at about
625 Hz (later set to 2500 Hz during the flag flapping experiments) so that the sampling time is
reasonable. No attempt was made to automate the flow acceleration and deceleration, i.e. the
valve was manually operated while monitoring cobra probe readings. However, cobra probe
readings at the channel’s centreline reveal that the flow acceleration ranged from 0.08 ms−2 to
0.11 ms−2 while deceleration values ranged from -0.06 ms−2 to -0.10 ms−2 .

4.3

Data Analysis

4.3.1

Data reduction

The independent parameters used in this study included flag and flow material properties
and flag and channel dimensions. These parameters were non-dimensionalised according to
existing conventions in flag dynamics studies and rectangular channel flows.
Two dimensionless parameters in flag flutter studies, M ∗ and U ∗ , were adopted and used
in this chapter. The mass ratio M ∗ is given by Equation 2.5 in Section 2.1.3.1. Equation 2.6 is
modified so that the bulk velocity ub and effective bending rigidity De are used:

U ∗ = ub L

r

ρs h
De

(4.1)

The flow conditions inside the channel can also be described by the Reynolds number,
i.e.,

Redh =

ρ f ub dh
µf

(4.2)

dh is the hydraulic diameter of the channel given by dh = 4ac /pc where ac is the channel
cross-sectional area and pc is the channel perimeter. Since the channel height was the same
for all runs, only the channel width was considered in examining the confinement effects.
Accordingly, confinement ratio is hereby defined as L/B.
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Dimensionless variables were also derived from the response parameters. The current

experiments were done in high-confinement conditions relative to previous studies. This limited
the flag oscillation amplitude to the channel width. Therefore, amplitude A was normalised with
respect to the flag length instead of the channel width and Equation 2.3 applies.
The oscillation frequency of the flag fosc was non-dimensionalised through the Strouhal
number with characteristic lengths based on flag length L and channel width B, and
characteristic velocity ub . Equations 2.1 and 2.2 are modified accordingly into:

4.3.2

StL =

fosc L
ub

(4.3)

StB =

fosc B
ub

(4.4)

Uncertainty analysis

The process of estimating the uncertainties of the different quantities was based on the
guidelines prescribed by [142] and [143]. A detailed discussion on uncertainty estimation
is presented in Section 3.6. Due to the wide range and fluctuating nature of the quantities
of interest, the uncertainties were expressed as absolute standard uncertainties. The range of
relative uncertainties in percent accompanies their absolute values.
The quantities or parameters considered for analysis can be grouped into measured and
derived quantities. Measured quantities include length, velocity and pressure measurements
which are liable to random and systematic errors. Uncertainties due to random errors in
measurements (repeatability) and instrument specifications published by manufacturers were
estimated to calculate the combined standard uncertainty[142] of each quantity.
Length (including thickness) and flow rate measurements have standard uncertainties of at
most ±2.5x10−4 m (<0.5%) and ±4.2x10−5 m3 s−1 (<0.72%), respectively. The cobra probes
were pre-calibrated by the manufacturer, and the readings have nominal uncertainties of ±0.3
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ms−1 (1.5% to 5%) [147]. Pressure readings which were derived from calibration curves of
voltage readings against pressure have uncertainties of at most ±1.5 Pa (<0.5%).
Derived quantities are the results of performing one or more mathematical operations on
the measured quantities – their uncertainty calculations are governed by the laws of uncertainty
propagation [142]. In this analysis, derived quantities are further categorised into intermediate
and final groups. Intermediate derived quantities use measured quantities as inputs and are
later used for final derived quantities (mostly dimensionless variables). The bulk velocity ub
is found by dividing the flow rate by the channel’s cross-sectional area and has uncertainties of
at most ±0.08 ms−1 (0.5% to 8%). Flag bending rigidity D values have uncertainties of at most
±3.5x10−6 Nm (1% to 3%).
The oscillation frequency was derived by subjecting the wall pressure signals to a
Fast Fourier Transform (FFT) algorithm. The uncertainty associated with conventional FFT
algorithms [148] is expected to be orders of magnitude lower than uncertainties derived from
repeatability measurements and is therefore neglected in the present analysis. The frequency
uncertainty estimate of ±1.2 Hz (2% to 8%) comes from repeatability measurements. Final
derived quantities were mostly dimensionless variables. Reduced velocity U ∗ and Strouhal
number St have uncertainties of at most ±0.8 (<6%) and ±0.06 (<10%), respectively.

4.4

Results and Discussion

4.4.1

Flag critical velocity and start-up characteristics

Figure 4.3 presents the average flag flapping frequency readings at different confinement
ratios while increasing (inc) and decreasing (dec) the flow. Flag flapping or flutter is
a self-excited phenomenon, a complex fluid-structure interaction problem. More complex
behaviour is exhibited by the system in the presence of sidewalls. Alben [76], Jaiman et al.
[101] and Shoele and Mittal [102] independently proposed models to determine the effects of
sidewall proximity on the onset of flapping and flag oscillation dynamics. Their analyses led to
the same conclusion that the sidewalls enhance flag instability.
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The qualitative behaviour of the

flag is essentially the same with respect
to both U ∗ and Redh . Thus, in most
parts of the ensuing discussions, the
former parameter will represent the
latter in showing their relations with
other variables.
The predictions of previously
mentioned theoretical and numerical
studies

are

qualitatively

validated

by the present experiments. The
presence of side walls destabilises
the flag. For nominally the same
U ∗ , the flapping frequency is higher
in narrower channels than in wider
channels. Generally, flags in narrow
channels have lower Uc , and in the
context of rectangular channel flows,
this shows that flags exhibited flutter at
lower Redh .
For all confinement ratios and
assuming
the

nominally

oscillation

similar

frequency

Figure 4.3: Hysteresis in flag critical velocity: Flag flapping

U ∗ , frequency ( f ) at various confinement (L/B) and mass (M ∗ )
osc

ratios for increasing and decreasing channel velocities. Error

readings bars are included for U ∗ and f values.
osc

in increasing and decreasing flow
conditions were practically the same,
differing only by at most 8% (experienced in low U and high B/L) in all trials. Across all
confinement ratios, Uc∗ is higher for more rigid, thicker (M ∗ = 0.25) flags than their thinner
counterparts. This is intuitive: thicker, heavier flags (i.e. have higher inertia) need higher flow
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velocity before exhibiting flutter. Thinner, lighter flags are easily destabilised by lower flow
velocity.
The blockage imposed by the flag on the flow was initially observed when the flow
was gradually increased. In examining Figure 4.2(a), the inlet probe senses a sudden flow
deceleration when Ui is reached, indicating that the flow is partially blocked due to flutter. This
effect is accompanied by a surge in static pressure inside the channel and was more pronounced
in high confinement ratios. The reverse effect was rarely observed, however, in the decreasing
flow regime. This blockage effect was also observed by Tang et al. [61] in their experiments.

4.4.2

Hysteresis of critical velocity

The hysteretic nature of critical velocity is one of the least understood aspects of flag
flutter. Critical velocity is the velocity where flutter starts (in an increasing flow) or stops (in
a decreasing flow) and its value is primarily affected by initial boundary conditions. Previous
experiments [38, 45, 46, 58, 61, 63, 73, 149] reported that when the flow is increased, a critical
value Ui is reached where the flag shifts from a stable, flow-aligned mode to an oscillating
mode. At this critical velocity, the mode shift is abrupt, and the ensuing oscillation results in
high-amplitude flapping with a defined frequency. However, when the flow is reduced, the flag,
from an initial oscillating mode, returns to the stable mode at a critical value Ud lower than Ui ,
hence the hysteresis.
Hysteresis on the critical velocity values was also observed in the present experiments.
The hysteresis loop, hereby defined as (Ui∗ − Ud∗ )/Ui∗ , for thinner flags (M ∗ = 0.42) ranged
from 15% to 48% while the more rigid flags (M ∗ = 0.25) have it in the range of 11% to 22%.
Although not readily noticed in Figure 4.3, the data scatter of Ui∗ is higher than Ud∗ . Indeed, Ui∗
is highly dependent on initial conditions and is very difficult to replicate in experiments. This is
one of the reasons why flag flutter models use Ud∗ as an input to verify their predictions.
Researchers in unconfined and low-confinement-ratio flag flutter studies attempted to
explain the origin of the observed hysteresis in critical velocity values. A hypothesis suggested
by Eloy et al. [44, 46] attributed this hysteretic behaviour to the inherent ’planeity defects’ or
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undesired two-dimensional deflections of the flag. They argued that these defects, which are in
the order of the flag thickness, make the flag initially stiff, requiring higher velocity to initiate
flutter. After the defects are ironed out during flutter, the flag returns to a stable state at a lower
velocity. The proponents, however, admitted that this hypothesis needs to be validated.
Blockage and confinements may also contribute to the observed hysteresis; a hypothesis
put forward by Tang and Paidoussis [41]. They initially attributed the hysteresis to the possible
effects of the interaction of vortices and tunnel walls. However, this idea has not been fully
explored.
The present experiments are not exhaustive enough to validate the above hypotheses.
However, a complementary explanation may be drawn from the current experiments, taking
into account the presence of confining walls. It should be noted that the current experiments
were done in high-confinement situations and may not be comparable to the experiments and
modelling studies done in open flow. In fact, previous experiments [45, 46, 58, 61–63, 73, 85,
95, 97, 108] have confinement ratios L/B that ranged from 0.04 to 1.01, comparably lower to
the ratios used in this study (1 to 5).
It has been mentioned that the critical velocity is very sensitive to initial conditions and
the flag-wall interaction may have contributed to the observed hysteresis. It is evident that the
flow field around the flag and its state (position, shape, etc.) during an increasing flow condition
are very different from their counterparts in a decreasing flow regime. In an increasing flow,
the flag is initially stable, more ’streamlined’, and the flow is relatively unobstructed so that
higher velocities and pressure conditions are reached before flutter is initiated. The forces due
to the pressure difference between the two sides of the flag are balanced by the flag’s inertial
and elastic forces until the fluid forces dominate, which leads to flutter.
In the decreasing flow regime, the flag is fluttering, its shape is usually deformed, and
its position is at an offset relative to the channel’s centreline. The periodic shape and position
changes of the flag inside the channel cause periodic obstruction to the flow, which in turn
leads to the alternating pressure difference on either side of the flag. This alternating pressure
difference persists even as the flow velocity is reduced below Ui (hereby termed as residual
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pressure difference). This mechanism was categorically observed in the side wall pressure
readings during the experiments, a feature which was not, or was rarely reported in previous
flag flutter studies. However, the possibility exists that this effect may have also occurred in
earlier studies since most experiments used flag dimensions that were in the order of wind
tunnel dimensions, similar to the present experiments.
The residual, alternating pressure difference is what is partially sustaining the oscillation
even as the flow velocity is reduced past below Ui during a decreasing flow situation. It is only
when the magnitude of the flag’s inertial and elastic restoring forces is higher than the forces
due to this pressure difference that flapping ceases, and Ud is reached. Aside from the effects
of other initial conditions, this explanation may partially account for the observed hysteresis
of Uc and further analysis should be done to explore its implications. It should be reiterated
that this interpretation arose from what was observed in high confinement conditions. Indeed,
if the walls were removed, hysteresis was still observed [38, 149]. This phenomenon is indeed
complex, and the effects of other factors should be incorporated to have a better understanding
of this problem.

4.4.3

Flag oscillation characteristics

4.4.3.1

Effect of U ∗ and Redh

The behaviour of dimensionless frequency StL at various U ∗ , L/B, and M ∗ is shown in
Figure 4.4. The frequency is also non-dimensionalised in terms of the flutter amplitude or
channel width StB . The data points included in this figure are derived from decreasing flow
readings in the experiments. The Redh ranged from 5,548 to 43,745.
For M ∗ = 0.42, StL exhibited an initial decrease at low U ∗ and remained unchanged at
about 0.25 at higher U ∗ . StL essentially remains constant in wider channels (L/B = 1 and 2.5)
after an initial decrease. On the other hand, narrow channels (L/B = 1.67 to 5) exhibited a longer
decreasing trend before converging to about StL = 0.2 to 0.22. This behaviour is attributed to
the flapping modes of the flags (see Figure 4.5). It has been initially reported by experimental

70

Chapter 4. Flag Dynamics in Rectangular Channels

studies [4, 58, 63, 97, 150] and predicted by models [26, 41, 76] that St is constant of U ∗ , as
long as the flag flapping mode is unchanged.
In wider channels, the modes
were essentially the same at a wider
range of U ∗ values (mostly in higher
U ∗ levels); hence StL was constant in
those U ∗ levels (Figure 4.5(o-p,r-t)).
The more pronounced confining effect
of the narrow channels (L/B = 1.67
to 5) prompted the flag to shift modes
(albeit 2D) even at lower velocities
(Figure 4.5(a-f)) as manifested in the
initial downwards trend StL at low
velocities.
In

all

runs,

the

oscillation

amplitude of the flag was limited to
the channel width, i.e., A∗ ranged from
0.2 to 1.0. The contact area between
the flag and the walls increased with
increasing U ∗ and L/B. The contact
length for the highest U ∗ at L/B = 5
was about 0.4L. For high confinement
ratios (L/B = 1.67 to 5), the flag shifted
to a bell-shape mode and the degree
of contact depended on U ∗ . For low
confinement ratios and low U ∗ , the flag Figure 4.4: Behaviour of Strouhal number (StL and StB ) at
tip touched the walls but the contact
was brief and very limited. In addition,

various confinement (L/B) and mass (M ∗ ) ratios.
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Figure 4.5: Superimposed images of the flag (M ∗ = 0.42) taken at different times during an oscillation
cycle. Representative figures are shown for different U ∗ , Redh and confinement ratios L/B. Note:
Subfigures for L/B = 5.00: (a-d), L/B = 2.50: (e-h), L/B = 1.67: (i-l), L/B = 1.25: (m-p) and L/B =
1.00: (q-t). The flow comes from the right.

the shapes resembled the single and double-neck flutter mode observed by previous studies
[44, 47, 58, 59, 95, 150]. The modes observed at L/B=1 were essentially unchanged in the
range of U ∗ tested in the experiments.
4.4.3.2

Effect of flag thickness

The preceding discussion on oscillation characteristics focused on flags with M ∗ = 0.42.
The impact of flag rigidity by varying the flag thickness while maintaining the flag length is
examined further. A thicker (by about 71%) flag, with M ∗ = 0.25, was used for this purpose.
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The variation of StL and StB

at various U ∗ and L/B is shown in
Figure 4.4. During the experiments,
the M ∗ = 0.25 flag was tested under
the same ub conditions used in M ∗ =
0.42 flags. In all confinement ratios,
the heavier, more rigid flags (M ∗ =
0.25) have lower St than their lighter,
more flexible counterparts (M ∗ = 0.42),
for the same U ∗ . This observation
was also reported by low-confinement
studies [41, 50] and even in some
flag-in-channel experiments [24].
In all U ∗ and L/B, a decrease
in St is initially observed, indicating a
constant change in the oscillation mode Figure 4.6: Oscillation mode shape comparison at different
of the flag as

U∗

was varied. Since

L/B (from top to bottom: 5 to 1) and nominally similar Redh
for M ∗ = 0.42 (subfigures a to e) and M ∗ = 0.25 (subfigures f
to j). The flow comes from the right.

the same ub levels were used for both
M ∗ conditions, the conditions where St
converged to constant values were not reached. However, early signs of constancy of StL were
observed in L/B = 1.25 and 1.00.
Representative oscillation mode behaviours of the two flags for nominally the same ub
and Redh are presented in Figure 4.6. The contact between the flag and the walls decreased with
a decrease in M ∗ . The stiffer flag assumed simpler (2D) mode shapes, which led to negligible
flag-wall contact. The same behaviour was observed in all flow and confinement conditions
used in the present experiments.
In the context of energetics of the system, the shape of the flag during oscillation has
indirect effects on the pressure drop in the channel. Although not systematically examined in the
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present experiments, the flag-wall contact offers resistance to the flow. The use of more suitable
flag material to alter the flow and flag dynamics is an option to reduce unwanted effects like
the increase in pressure drop due to flag-wall contact. Flag rigidity is one of the flag properties
which may be exploited for such purposes.

4.4.4

Flag-channel wall interaction

The walls have profound effects on the oscillation behaviour of the flag. The confining
walls forced the flag to adopt a flutter mode that gives a balance between fluid forces and the
flag’s elastic restoring forces. Three-dimensional effects also set in, especially in wider channels
and higher flow velocities. Aside from the usual bending deformation, flag twisting was more
prevalent in wider channels. It seems that the flow field in wider channels (Figure 4.5m-t)
prompted the flag to twist before it approached the walls. In narrow channels, the oscillation was
mostly limited to bending along the channel width (2D). The observed 3D effects in M ∗ = 0.42
were less-pronounced in M ∗ = 0.25 conditions.
It has been discussed in Section 4.4.2 that the alternating pressure difference between the
two sides of the flag during oscillation partially sustained flapping. The confining walls together
with the flag shape and position determine the prevailing flow field around the flag during
oscillation. The procedure for determining the flag oscillation frequency through side-wall
pressure readings may be extended to gain insights into the pressure behaviour around the
flag during oscillation. Figure 4.7 shows representative dimensionless time histories (tub /L)
of channel wall pressure readings (nondimensionalised by Pd = 0.5ρ f u2b ) for high, intermediate
and low U ∗ . The spectral characteristics of the wall pressure readings were also examined. The
fundamental frequency (first harmonic) corresponds to the oscillation frequency of the flag.
Periodic wall pressure readings were observed which were caused by the flapping motion
of the flag. As the flag approached one channel wall, the pressure surged on that side of the
channel, accompanied by a flow blockage (low velocity). The pressure peak is reached when
the flag comes in contact with the wall, temporarily blocking the pressure ports. The other side
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of the flag experiences the reverse conditions where the flow is accelerated and the pressure
drops.
At high (>15) and intermediate
(10 to 15) U ∗ levels, alternating positive
and negative pressure surges were
observed. As the flag moves away
from the wall, pressure drops abruptly.
The pressure then changes to suction,
indicating that the flag partially creates
a vacuum near the walls. This has
the potential to significantly thin the
boundary layer in and near the contact
region. Pressure readings in low (<10)
U ∗ levels reveal a slightly different
behaviour.

Only

positive

pressure

surges were observed, with negligible
suction pressure readings in between.
This confirms the above observation
that the suction pressure readings were
primarily due to the removal of contact
between the flag and the wall as the
former moves away from the latter.
It has been previously mentioned that Figure 4.7: Representative (high, intermediate and low
velocities) dimensionless time history tu /L of oscillation

b
flag-wall contact was very limited and pressure signals P /P (left) and their
corresponding
osc d

weak in low U ∗ .

spectral characteristics (right).

As the flag moves towards one wall, the region at the other side of the flag experiences
local flow acceleration due to reduced blockage. This further contributes to the possible
turbulence enhancement at that side of the flag. This mechanism of alternating wall suction
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and local flow acceleration governs the local turbulence enhancement capabilities of the flag,
which are beneficial for local heat and mass transfer enhancement.

4.5

Chapter Summary
This chapter presented some aspects of the flapping dynamics of small flags in rectangular

channels of various aspect and confinement ratios. It demonstrated the use of four-hole pressure
(cobra) probe readings as indicators of flag start-up characteristics. It also introduced a novel
method involving the use of wall pressure measurements to determine the oscillation frequency
of the flag inside the channel. These methods are a deviation to and may serve as alternatives to
existing approaches of studying flag dynamics especially in the high-confinement scenarios.
Results revealed that flag start-up characteristics are highly dependent on initial
conditions. The hysteresis loop of the critical velocity went as high as 48% in the present
experiments. The hysteresis is attributed to the presence (or lack thereof) of a residual
alternating pressure difference between the two sides of the flag during oscillation.
The flag flapping dynamics is largely affected by the confining walls. The oscillation
frequency of the flag varies linearly with the bulk channel velocity. However, an initial decrease
of StL with respect to U ∗ (and Redh ) is observed, slowly converging to constant values as the
oscillation modes were unchanged. The flapping amplitude was constrained to the channel
width. Oscillation modes shifted from simple, 2D shapes in low velocity, high confinement
ratios to complex, 3D shapes in high velocity, low confinement ratios.
Further analysis of wall pressure fluctuations showed alternating positive and negative
pressures at the regions between the flag and the walls during oscillation. This was found to
be dominant at high and intermediate U ∗ levels, but weak at low U ∗ , suggesting that the flag
imposes periodic blockage in the channel. This mechanism causes periodic flow acceleration
and suction in the regions between the flag and the walls, which can lead to substantial local
turbulence enhancement.
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The results contributed to a better understanding of the flapping behaviour of flags in
high-confinement scenarios. The insights derived from the measurements can serve as guides
to the use of flags as turbulence enhancers in various applications like heat and mass transfer
enhancement.

Chapter 5
Flag Wake Characteristics

5.1

Introduction
Chapter 4 presented experimental findings on the flapping dynamics of small flags

in rectangular channels. The results showed the dependence of flag oscillation frequency,
amplitude and mode shapes on various independent parameters like flow velocity, flag mass
and rigidity and confinement. This chapter extends the results of its predecessor, focusing on
the flow properties in the wake of the flag.
The turbulence enhancement capabilities of a flapping flag have been demonstrated to
enhance heat transfer [1, 23–27], and this prompted recent research efforts to delve into the
nature of this complex fluid-structure interaction problem. One aspect of this problem is the
characterisation of properties of the flow in the wake of the flag.
Turbulence measurements have been performed in the wake of bluff bodies [151–154],
foils [155–157], grids and porous fences [158–160], turbomachinery [161–163] and vortex
generators [164, 165]. However, the wake and turbulence properties of a flapping flag are
not widely reported in comparison to other wake research. Indeed, very few experimental
[68, 108, 153] and numerical [50, 51] research have examined the wake structure of flapping
flags. These studies showed, in general, that the vortex structures in the flag wake were
largely dependent on flag flapping dynamics. However, no consistent information on these wake
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structures and their turbulence properties are available. In addition, most of these studies were
performed in open flow, usually neglecting confinement effects.
The potential applications of flag turbulence in channels require the inclusion of
confinement effects in the analysis. Numerical efforts [26, 76] have shown that the vortex
structures created by the flag’s oscillation are largely dependent on flag-wall interactions. In
addition, the wake is also affected by channel symmetry, i.e. wake asymmetry is predicted for
one-sided channels.
Very few experimental studies explored the nature of turbulence in the wake of a flapping
flag in confinement. A recent study by Gallegos and Sharma [4] reports some measurements
of flow and turbulence quantities in the wake of a small flapping flag. Measured values of flow
quantities and Reynolds stresses indicate enhanced turbulence levels in the flag’s near wake.
However, the said study was conducted using only a single channel size, thus, confinement
effects were not revealed.
Taking into account the effects of confinement, flag material and inflow conditions, this
chapter discusses the experimental measurements of turbulence quantities in the wake of a
flapping flag inserted to a rectangular channel.

5.2

Detailed Methodology

5.2.1

Experimental set-up

The experimental set-up used in this sub-study is a modified version of the test set-up
used in Chapter 4. The present set of experiments used the set-up shown in Figure 5.1a. The
primary components of the rig remained the same: a rectangular channel, a flow source and a set
of measuring instruments. A blower was used to drive the flow which was controlled by varying
the valve opening to attain different flow rates during the experiments. All acquired data were
logged and processed using a desktop computer.
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The channel is composed of a flow
development section and a test section.
The flow development section has a length
of 24 to 72 channel hydraulic diameters,
depending on the channel size. The test
section is located at the downstream
portion of the channel, where the flag was
inserted at pre-defined locations. The test
section has a length of at least 30L where
L is the undeformed flag length.
The dimensions of the test set-up
and the coordinate system used are
presented in Figure 5.1b. The streamwise Figure 5.1: Schematic diagrams of the (a) experimental
set-up and (b) relevant dimensions used in the

(longitudinal) axis of the channel was experiments.
adopted as the x-direction. In all channel
sizes, the channel’s centreline was set as

the origin, while displacement towards the top and right channel walls were considered as
positive y and z displacements, respectively. Three channel sizes, corresponding to three channel
aspect ratios (α = B/H) and three confinement ratios (L/B) were used in the present study. In
all cases, the undeformed flag length L was kept constant at 50 mm. The channel height H was
made equal to L, while the channel width B was varied (B=10 mm, 30 mm, 50 mm) so that the
channel aspect ratio α = B/H ranged from 0.2 to 1.0 and the confinement ratio L/B ranged from
1.0 to 5.0. The flag aspect ratio s/L and flag-wall clearance ratio c/L were maintained at 0.8
and 0.1, respectively. The streamwise location of the flag relative to the point of measurement
was varied by systematically varying the distance e. In all test runs, the flag was positioned in
15 locations so that e/L ranged from 1 to 30.
The flag was made of Teflon-coated fabric [127], and two thicknesses were used in the
experiments (h = 0.07 mm and h = 0.12 mm) to determine the effects of flag rigidity. The flag
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is attached to a 2-mm diameter brass mast which was positioned in the middle of the channel
(0.5B). A narrow slot was precision-machined along the mast axis where the flag was inserted
and glued. Thickness and clearance dimensions were measured using a digital calliper with a
resolution of 0.01 mm. Longer distances were measured by rules with 0.5 mm resolution.
The flag oscillation frequency fosc is an essential indicator of flag flapping behaviour.
The frequency was indirectly measured by processing the signals measured by the pressure taps
mounted on the side channel walls. The taps were positioned 0.2L upstream of the undeformed
flag tip. Wall pressure readings were processed through Fourier analysis to deduce the dominant
frequency that corresponds to fosc . The detailed procedure for fosc measurement is outlined in
Section 4.2.2.3.

5.2.2

Flow measurement and profiling

The general procedure in each experimental run is outlined in this section. Preliminary
experiments were done to establish the flow levels used in this study. In particular, the minimum
flow levels were set to be beyond the higher critical velocity of the flag (a detailed discussion of
flag critical velocity is presented in Sections 2.1.1.1 and 4.4.1). Before any measurement was
made, the flow was increased to a level higher than the maximum pre-determined level. The
flow was then decreased to pre-determined levels, and relevant measurements were taken.
The present investigation focused on the measurement of flow properties in the wake of
the flapping flag. Two cobra probes were employed for this purpose. Both probes were set to
measure at a sampling rate of 2500 Hz for 20 seconds. The first, or upstream cobra probe served
as an indicator of the flow rate levels inside the channel. Before the actual experiments were
conducted, the upstream cobra probe readings at the channel’s centreline were calibrated against
different flow rates. The flow rates were measured using a calibrated laminar flow element meter
[133]. From the results of the calibration, the desired flow rates were set by monitoring the
upstream cobra probe readings while controlling the valve opening. The channel bulk velocity
ub is then computed by dividing the flow rate by the channel cross-sectional area.

5.3. Data Analysis
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The downstream or wake cobra probe was used to measure the flow properties in the wake
of the flag. It is mounted in a manually operated traverse mechanism which has a resolution of
0.5 mm for both y and z directions. Two sets of measurements were done at the wake. The first
set is the channel’s centreline measurements where the probe is positioned to take readings at
the origin for different streamwise locations. The second set of measurements were made for
purposes of generating profiles at pre-determined streamwise locations. Profile measurements
were done at the following streamwise locations: e/L = 1, 5, 10 and 30.
The pertinent provisions of ISO 3966:2008 [166] served as guides when the profile
readings were done. Specifically, the spacing between measurement points (∆y and ∆z) was
maintained at 0.05H near the walls to 0.1H in locations near the channel’s centreline.
After all the measurements in each streamwise location were made, the flag was moved
to the next location and the process was repeated for all streamwise locations. The preceding
procedure was done for both flag thicknesses, all channel aspect ratios and all flow levels. Aside
from cases where the channel is equipped with the flag, a similar set of measurements were done
for bare channels (channels without flag) for purposes of comparison. All experimental cases
were repeated three times.
All fluid properties were evaluated at the prevailing ambient temperature which ranged
from 20◦ C to 24◦ C during the experiments. Relevant parameters were computed according
to the equations enumerated in Section 5.3.1 while measurement uncertainties are further
discussed in Section 5.3.2.

5.3

Data Analysis

5.3.1

Data reduction

Flag, flow and channel properties give rise to the independent parameters used in this
study. These parameters were presented in their dimensionless forms in accordance with
existing conventions in studies involving flag dynamics, turbulence and rectangular channel
flows.
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The variables and equations mentioned in Section 4.3.1 are adopted in the present chapter.

Additionally, the size and configuration of the channel is conveniently defined through the
aspect ratio α which is formally defined as α = B/H. The streamwise location of the flag
relative to the cobra probe tip is non-dimensionalised as e/L and is used in all ensuing
discussions.
The turbulence properties of the flow were derived by evaluating Equations 5.1 to 5.4 as
provided by [134]. The cobra probes can simultaneously measure the three velocity components
u, v and w along the x, y and z directions, respectively (see the coordinate system in Figure 5.1).
The time-averaged (with overbars) and time-varying (with primes) velocity components are
hereby defined as:

u = u + u0
v = v + v0

(5.1)

w = w + w0
and their instantaneous vector sum is given by:

vel =

p
u2 + v2 + w2

(5.2)

The local turbulence intensity components Iu , Iv and Iw and their resultant Iuvw are given
by:
p
u02
Iu =
vel
p
Iv =

v02
vel
p

w02
Iw =
rvel

1
02
02
02
3 u +v +w
Iuvw =
vel

(5.3)
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The Reynolds normal and shear stresses can be derived using:


u0 u0

u0 v0

u0 w0







0 u0 v0 v0 v0 w0 
R=
v




0
0
0
0
0
0
wu wv ww

5.3.2

(5.4)

Uncertainty analysis

The process of estimating the uncertainties of the different quantities was based on the
guidelines prescribed by [142, 143] and [145]. Uncertainty estimates were expressed as absolute
standard uncertainties and they were evaluated at a 95% confidence interval.
Measured quantities which include length and flowrates are liable to random and
systematic errors. Uncertainties due to random errors in measurements (repeatability) and
instrument specifications published by manufacturers were estimated to calculate the combined
standard uncertainty [142] of each quantity. Length (including thickness) and flow rate
measurements have standard uncertainties of at most ±2.5 × 10−4 m (<0.5%) and ±4.2x10−5
m3 s−1 (<0.72%), respectively.
The laws of uncertainty propagation [142] apply when measured quantities are used to
compute for other parameters. The bulk velocity ub is found by dividing the flow rate by the
channel cross-sectional area and has uncertainties of at most ±0.08 ms−1 (0.5% to 8%). The
uncertainty estimates for flag oscillation frequency were at most ±1.2 Hz (2% to 8%) while
Strouhal number StL has uncertainties of at most ±0.06 (<10%).
Uncertainties of flow and turbulence quantities were computed using the method
suggested by Benedict and Gould [145]. In the flag near wake, mean velocities u, v and w
have uncertainties of at most ±0.02 ms−1 (0.2%), ±0.02 ms−1 (80%) and ±0.03 ms−1 (70%),
respectively. Turbulence intensity components have comparable uncertainty levels of at most
±0.04 (<1%). The Reynold stresses have uncertainties of at most ±1 m2 s−2 (up to 1000%),
which was observed for u0 w0 and v0 w0 .
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The apparent high relative uncertainties for transverse velocity components v and w

and the Reynolds stresses deserve further explanation. The values previously enumerated are
values in the near wake, where the flag oscillation heavily influences the flow. The transverse
velocity components fluctuate from negative to positive during oscillation, which leads to very
low values when averaged. The fluctuations of this velocity components are high due to the
flag oscillation influence, thus the resulting relative uncertainty values appear high. The same
argument can be made for the Reynolds stresses since they are derived from the transverse
velocity components. Accordingly, the uncertainties of these quantities are lower in the far
wake. For example, at e/L = 30, the uncertainties of v and w are at most ±0.003 ms−1 (<10%)
while the Reynolds stress uncertainties are at most ±0.001 m2 s−2 (<75%).

5.4

Results and Discussion

5.4.1

Flag flapping frequency

The dynamic response of the flag
during the experiments was quantified
by measuring its oscillation frequency.
The results in Section 4.4.3.1 have
shown that the oscillation frequency is
directly proportional to Redh . Lighter,
more flexible flags like M ∗ = 0.42 have
higher fosc than their heavier, rigid
counterparts (like M ∗ = 0.25). Similar

Figure 5.2: Behaviour of StB at various Redh and M ∗ .

observations are reported here.
The oscillation frequency fosc is non-dimensionalised using the Strouhal number StB .
Figure 5.2 shows the StB behaviour at different Redh for the two flag mass ratios. The decreasing
trend of StB with increasing Redh indicates that the oscillation mode shape of the flag varied
for every Redh level in this study. However, these variations in StB were not significant and the
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corresponding variations in modes did not significantly affect the overall behaviour of the wake,
which will be shown in subsequent sections.

5.4.2

Velocity profiles for M*=0.42

Figure 5.3 shows a representative contour comparison between a bare channel and at
location e/L = 1 (near-wake) for a channel with flag in terms of time-averaged velocity
components taken at three channel aspect ratios. The velocity values were normalised against
the average incoming flow velocity.

Figure 5.3: Contour comparison of time-averaged velocity components taken at various channel
aspect ratios between a bare channel and at location e/L = 1 for a channel with flag. This set of
contours is for the flag of M ∗ = 0.42. The velocity components u, v and w were normalised by the bulk
velocity ub . The Redh for α = 0.2, α = 0.6, and α = 1.0 are, respectively, 17 242, 27 472 and 36 116.
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The bare channel u profiles show the typical, symmetric distribution for rectangular

channels. The v and w profiles transitioned between positive and negative values, reaching their
respective maxima near the walls, an indication that the air flow towards the walls in these
regions. The bare channel profiles for α = 1 were qualitatively similar to the DNS simulation
results reported by Pirozzoli et al. [167].
With the flag, the channel profiles changed dramatically, especially in the near-wake.
Maximum u is still found at the channel’s centreline for all Redh and aspect ratios. At e/L=1,
two prominent low u regions (troughs) were observed and are located at the upper and lower
halves of the cross-section. These low-velocity regions correspond to the vortex cores created
by the flag’s trailing corners as the flag oscillates (explained further through Figures 5.5 and
5.6).
A more complete presentation of all the cases is shown in Figure 5.4. The magnitude
(depth) of u in these low-velocity regions varies directly with Redh , i.e., the trough is deeper
at higher Redh . These troughs start to disappear even before reaching e/L= 5 and u profiles
converged to bare channel values at e/L=30.
The v (and w) profiles reinforce the observed u profile behaviour. When reckoned from
the horizontal axis, the v component has two distinct regions (upper and lower) of opposing
signs, showing that the flow travels towards the channel’s centreline. At the corners, the flow
moves towards the wall. This behaviour, however, is less prominent for α=0.2 where the top and
bottom regions of the channel have a net flow towards the walls. Also, the profiles are similar
for all Redh in each channel aspect ratio.
The direction of w coincides with the dominant direction of flag oscillation. In all Redh , the
flag influenced the w signals even beyond e/L=10 for α=1 and 0.6. For α=0.2 (narrow channel)
the w profile started to converge to bare channel behaviour at about e/L=5. The w profile is
characterised by alternating regions of positive and negative values in the near wake (e/L=1 and
5). These regions are created as the flow moves towards the sidewalls due to counter-rotating
vortices created during oscillation. In each aspect ratio, the non-constancy of StB in Figure 5.2
points to possible flag mode shape differences as Redh was increased and may have contributed
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Figure 5.4: Contours of time-averaged velocity components at various incoming flow Redh , channel
aspect ratios (α) and streamwise location (e/L). This set of contours is for the flag of M ∗ = 0.42. The
velocity components u, v and w were normalised by the bulk velocity ub .

to the observed profiles. However, it seems that the modes had little effect on the overall profile
behaviour, as they exhibited distinct similarities throughout the Redh examined. Nonetheless,
the methods employed in the present study were not enough to ascertain the effects of flag
oscillation shape on the overall wake profile and this should motivate further studies to examine
such effects.
Figure 5.5 is composed of representative vector plots of v and w at different streamwise
locations in the channel. These vector plots in e/L = 1 reveal the formation of counter-rotating
vortices in different quadrants of the channel’s cross-section. In the flag’s near wake (e/L=1 and
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5), wide channels offered less confinement to flag oscillation and four counter-rotating vortices
were observed. These vortices neatly occupied each of the four quadrants of the cross-section.
Narrow channels constrained the flag’s motion so that only two vortex core regions developed
at the top and bottom halves of the channel.
A proposed mechanism of vortex
formation is further explained in
Section 5.4.3. In all aspect ratios,
these coherent structures eventually
break down, as observed at e/L=10 and
30. The decay, however, is faster in
narrower channels, even occurring as
early as e/L=5.

5.4.3

Vortex formation

The

possible

mechanism

of

vortex formation due to flag flapping
inside the channel is illustrated in
Figure 5.6. This mechanism is proposed
in accordance with what was observed
in Figure 5.5.
A vortex emanates from each of
the sharp corners of the flag’s trailing Figure 5.5: Representative vector plots of time-averaged
edge. Vortex formation at the corners of

transverse velocity components (v and w) taken at different
streamwise locations (e/L) and channel aspect ratios (α).

the flag was also observed by Agarwal
et al. [168] using PIV measurements in the wake of a piezoelectric fan. As the flag flaps
inside the channel, this vortex pair shifts along the z-axis, creating low-velocity cores. The
core locations depend on the channel width which constrained the flag flapping amplitude. In
a wide channel (Figure 5.6a) like that of α=1.0, the flag is less restricted and four vortex cores
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may develop and can occupy the four quadrants of the channel (Figure 5.6c). Although the
flag continuously shifted positions along the z-axis, the time-averaged location of the vortex
cores remained the same. This somehow suggests that the core locations depended on the
time-averaged location of the flag tip.

Figure 5.6: Proposed mechanism of vortex core formation in the near wake of the flag for (a) wide
and (b) narrow channels and actual vector plots (sub-figures c and d for wide and narrow channels,
respectively) of transverse velocity components observed at e/L = 1.

For narrower channels (Figure 5.6b), the walls constrained the flag movement in such a
way that the vortices created during an oscillation cycle seemed to coincide in just two locations
when viewed perpendicular to the flow. This produced only two prominent vortex core regions,
one each at the top and bottom halves of the channel (Figure 5.6d). The size of the channel,
therefore, determines the overall sizes of the vortex cores produced during oscillation.
The observed flow fields demonstrate the rich behaviour of the flag wake which was rarely
reported in previous flag flutter experiments. The profiles of the three velocity components

90

Chapter 5. Flag Wake Characteristics

at various aspect ratios and Redh indicate a substantial flow redistribution at the flag wake,
indicating enhanced flow mixing and turbulence. This enhanced turbulence is further described
in subsequent sections.

5.4.4

Channel centreline velocity defect

The extent of the flag wake is further investigated by estimating the velocity defect at the
channel’s centreline. The channel’s centreline velocity defect ude f is hereby defined as

ude f =

uc,in − uc
ub

(5.5)

where uc,in is the incoming u velocity at the channel’s centreline and uc is the channel’s
centreline u velocity in the flag’s wake.
The streamwise decay of the channel’s centreline u velocity defect is shown in Figure
5.7a. In general, the defect initially increased until about e/L = 4 to 6 and decayed steadily
as one went downstream of the channel. The defect increased with confinement (L/B) or it
decreased with aspect ratio. The defect may be viewed as an indicator of blockage due to the
presence of the flag and that blockage increased with confinement. Wider channels exhibited
lower values due to less flow blockage during oscillation. The occurrence of a peak at e/L = 4
to 6 (particularly for α = 0.6 and 1.0) is attributed to enhanced momentum transfer in the
transverse directions as the vortices produced by the flag interacted with each other and the
walls in these regions.
The streamwise plot of v/ub and w/ub (Figures 5.7b and c, respectively) reinforced this
observation. The y-velocity component v, in particular, increased in magnitude in the same
regions where ude f peaked. Beyond this peak, the defect decayed and the velocity components
slowly recovered. The peak of the velocity defect was also observed by Gallegos and Sharma
[4] in their experiments for a channel of α = 0.33. This observation was also revealed by the
model of Alben [76] which showed that the wake significantly interacts with the walls beyond
e/L = 3.

5.4. Results and Discussion

91

Figure 5.7: Streamwise behaviour of u defect (ude f ), v/ub and w/ub at the channel’s centreline for
different channel aspect ratios (α) and flag mass ratios (M ∗ ).

For α = 0.2, the confining walls seemed to provide a more extended interaction region
for the eddies. Instead of a peak, a ’plateau’ of ude f was initially observed and the decay started
at around e/L = 12.5 to 15. The velocity components have not ‘fully recovered’ in the range of
e/L included in this study.
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5.4.5

Turbulence intensity and Reynolds shear stresses

First and second order moments, turbulence intensities and Reynold shear stresses, in
particular, will be discussed in the context of enhanced flow mixing and momentum transport
and are presented jointly in this section.
5.4.5.1

Turbulence intensity profiles

Taken at three channel aspect ratios, Figure 5.8 shows a representative contour comparison
of turbulence intensity between a bare channel and at location e/L = 1 (near-wake) for a channel
with flag. The values were computed using Equation 5.3 and normalised against I values of the
incoming flow at the channel’s centreline (Iin ).
In bare channels, I was minimum at the channel’s centreline and increased as one
approached the walls. At the centreline, bare channels have Iuvw values from 0.03 to 0.05.
The turbulence levels decreased with increasing aspect ratio, i.e., higher I were measured in
narrower channels due to the closer channel walls relative to the channel’s centreline.
The profiles reveal a consistent story: the flag is effective in enhancing the turbulence
levels inside the channel. This is particularly evident in regions near the flag. The turbulence
levels at e/L=1 can go as high as 11.6 times centreline bare channel values. Overall, the top and
bottom parts of the channel gained higher enhancement than the centreline. This is attributed to
the nature of vortex formation previously discussed, in which the vortex cores formed during
oscillation occupy the top and bottom parts of the channel.
Figure 5.9 shows the complete set of I contours at different locations, Redh and channel
aspect ratio. Between e/L=5 and e/L=30, the average enhancement ranged from 2 to 7. The
turbulence levels steadily decayed to bare channel values beyond e/L=30 (shown further in
Figure 5.10). Among the I components, Iv gained the highest enhancement of at least 14.5 times
I0 at e/L=1. However, this apparent higher Iv enhancement than Iu and Iw can be explained by
the inherent lower Iv levels in bare channels (∼2.5% compared to ∼4% for Iu and Iw ), leading to
higher enhancement values when Iv is normalised. Indeed, Iuvw , therefore, is a better indicator of
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Figure 5.8: Contour comparison of turbulence intensity taken at various channel aspect ratios
between a bare channel and at location e/L = 1 for a channel with flag. This set of contours is for
the flag of M ∗ = 0.42. The I components were normalised by their incoming flow counterparts at the
channel’s centreline I0,c .The Redh for α = 0.2, α = 0.6, and α = 1.0 are, respectively, 17 242, 27 472
and 36 116.

the overall turbulence levels inside the channel. In the range of Redh investigated, the differences
in turbulence levels between Redh were insignificant.
The channel aspect ratio as an indicator of channel size also affects the turbulence levels.
In general, narrower, bare channels have higher I levels than wider channels, due to closer walls
in the former. But with the flag, the latter have higher turbulence levels since larger eddies were
produced due to less flag confinement, which maximised the oscillation amplitude. In addition,
the walls prompted the early decay of eddies produced by the flag, leading to lower overall I
levels in narrow channels. Measurements of centreline I values reinforce this claim.
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Figure 5.9: Contours of time-averaged turbulence intensity (I) at various incoming flow Redh , channel
aspect ratios (α) and streamwise location (e/L). This set of contours is for the flag of M ∗ = 0.42. The
I components were normalised by their incoming flow counterparts at the channel’s centreline I0,c .

5.4.5.2

Turbulence intensity decay

Figure 5.10 shows the streamwise behaviour of centreline turbulence intensities at various
aspect ratios, Redh and flag mass ratio. At e/L=1, Iuvw in α=1.0 channel went as high as 23%,
∼18% for α=0.6 and ∼8% for α=0.2. Among the independent parameters included in this
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Figure 5.10: Representative curves for streamwise variation of channel centreline turbulence
intensities (Ic ) at various incoming flow Redh , channel aspect ratios (α) and flag mass ratios (M ∗ ).

study, confinement, represented by α, had the most profound effect on the level of turbulence
and its eventual decay. The turbulence levels in low aspect ratio channels decay faster than
those of high-aspect ratio channels. For α=0.2, I reached bare channel values between e/L=8
and e/L=10 while it needed up to e/L=12.5 in α=0.6 to reach the same. In the widest channel
(α=1.0), I began to converge to bare channel values beyond e/L=17.5.
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The streamwise decay of I is useful for mass and heat transfer enhancement applications.

The decay of turbulence intensities shown in Figure 5.10 can be adequately described by the
following general empirical relation:

I = β1 +

β3 + β4

γ
β2 Le 1


e γ2 L γ3
L

B

(M ∗ )γ4

(5.6)

where I is the relevant turbulence intensity component and L/B is the confinement ratio. The
empirical constants β ’s and γ’s are summarised in Table 5.1 and they are valid for Redh =
12, 800 to 40,000.
Table 5.1: Empirical constants for Equation 5.6.
Constant

Iuvw

Iu

Iv

Iw

β1
β2
β3
β4
γ1
γ2
γ3
γ4

0.030
2.129
0.031
14.814
-3.316
-3.120
0.739
0.241

0.044
1.003
0.010
7.535
-3.709
-3.635
0.562
0.080

0.022
2.856
0.025
21.800
-3.392
-3.205
0.865
0.130

0.044
2.880
0.029
21.638
-3.710
-3.635
0.562
0.080

The effect of Redh on I levels merits further explanation. Redh effects may be attributed
to the effects of ub and dh . The hydraulic diameter dh is a function of the channel height and
width, and since the height was the same for all cases, dh effects are reflected on the effects
of confinement ratio L/B. The decision to exclude ub or Redh in Equation 5.6 was prompted
by an initial observation during the analysis where the differences in turbulence levels between
successive ub values for the same α are comparable to the uncertainty values of I. Perhaps the ub
levels included in this study were too close to each other so that ub effects are not prominently
revealed through Equation 5.6. However, if I levels in the lowest and highest ub for the same
channel size were compared, it is observed that higher ub or Redh resulted in higher turbulence
levels due to the higher flag flapping frequency associated with higher ub .
On average, using Equation 5.6 in conjunction with the constants in Table 5.1 yields I
estimates which are accurate to within 10% of measured values. Maximum residuals of around
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30% of measured values were observed in the near wake. The usefulness of Equation 5.6
primarily lies in its overall form and the parameters that were included in it. Even though
the range of conditions included in this study may be limited, the general form of Equation
5.6 is instructive as it attempts to simplify the relations among the parameters in this complex
problem.
5.4.5.3

Re shear stresses

The Reynolds stresses are good indicators of momentum transport in the spatial
directions. In particular, the Reynolds shear stresses play a more dominant role in momentum
transport than the normal stresses [144]. A representative profile comparison of Reynolds shear
stresses between a bare channel and at location e/L = 1 (near-wake) for a channel with flag is
presented in Figure 5.11.

Figure 5.11: Contour comparison of Reynolds shear stresses taken at various channel aspect ratios
between a bare channel and at location e/L = 1 for a channel with flag. This set of contours is for the
flag of M ∗ = 0.42. The stresses were normalised by u2b .
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Significant deviations from bare channel profiles were observed. In bare channels, the

channel is divided into halves, corresponding to the shift of these second-order moments
from positive to negative. The net direction for all stresses was towards the walls. This neat
divide vanished when the flag was installed. The flag’s oscillation encouraged mixing, creating
regions of opposite signs which were scattered throughout the cross-section (u0 v0 and v0 w0 ),
with no preferred direction. In a wider channel (α=1), the positive and negative regions even
interchanged for u0 w0 in the near wake, an indicator that the net direction of this stress was
towards the centre of the channel. The complete set of Re shear stress profiles are presented in
Figure 5.12.

Figure 5.12: Contours of Reynolds shear stress components at various incoming flow Redh , channel
aspect ratios (α) and streamwise location (e/L). This set of contours is for the flag of M ∗ = 0.42. The
stresses were normalised by u2b .
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A glimpse of the momentum transport in the near wake of the flag was partially discussed
in Section 5.4.4. The Re shear stress profiles provide another perspective on this transport
mechanism. In the near wake regions (e/L <5), Re shear stress profile deviation from bare
channel behaviour were prominent, particularly with u0 w0 and v0 w0 and this is primarily
attributed to the flag’s oscillation. It is worth mentioning that w is the velocity component of the
dominant flag’s oscillation direction.
As the turbulence decayed, the stresses converged to bare channel profiles. The two w
stresses, u0 w0 and v0 w0 , decayed slower than u0 v0 . Early signs of decay in u0 v0 were observed as
early as e/L = 5 compared to e/L >10 for the w stresses. This suggests that energy is transferred
from u0 v0 to the other components as the turbulence decayed. The early decay of u0 v0 partially
sustained u0 w0 and v0 w0 so that these latter stresses decayed slower.

5.4.6

Flow spectral properties

The flag oscillation influence in its wake is examined further by analysing the spectral
characteristics of the flow signals at different streamwise locations. Figure 5.13 shows the
representative power spectral densities of u and w at the channel’s centreline at different
streamwise locations for the flag with M ∗ = 0.42. Also included are the spectral characteristics
of bare channel signals and the flag oscillation signals taken from wall pressure readings.
A comparison between the flag oscillation signals and the flow signals reveals the strong
coupling between the flag and its wake. In particular, the flag’s oscillation produces coherent
structures at a frequency approximately equal to the flag’s oscillation frequency. Across all Redh
and aspect ratios, the dominant frequency (first harmonic) of the flow signals is within 10% of
fosc .
The flag-flow coupling decreases in strength farther downstream of the channel, an
indication of the eventual breakdown and decay of coherent structures. In particular, the spectral
peaks in u vanish earlier than the peaks in w. The detection of coherent structures at a specific
location, therefore, should be based on both streamwise (u) and transverse (w) velocity spectra.
The primary direction of flag oscillation coincides with the direction of the w signals, which
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Figure 5.13: Spectra of channel’s centreline u and w at different streamwise locations (e/L) and
channel aspect ratios for a flag with M ∗ = 0.42. In each channel, red and black lines represent
the lowest and highest Redh , respectively. Spectra of flag oscillation signals (bottom lines) and bare
channel signals (top lines) are also included for comparison.
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seemed to influence the spectral peaks heavily. In fact, a similar observation by Jung and Park
[169] indicates that the vortex shedding frequency of a flapping airfoil can be discerned using
the transverse velocity spectra at the near wake region of the foil.
The influence of Redh is examined further. It was mentioned in Section 5.4.1 that the
flag’s oscillation frequency is directly proportional to Redh . The spectra of representative high
(black lines) and low (red lines) Redh signals in Figure 5.13 affirm such observation. In general,
higher Redh translates to stronger spectral signals, especially in the near wake. Furthermore, the
coherent structures are convected farther downstream in higher Redh before breaking down, as
evidenced by the occurrence of peaks even at e/L = 30.
Consistent with previous discussions in this chapter, the effect of confinement or walls
also manifested in the spectral signals. The periodic coherent structures decayed earlier for
α = 0.2, showing bare channel behaviour as early as e/L = 15. Wider channels α = 0.6 and 1.0,
on the other hand, still showed peaks at e/L = 30, indicating that periodic coherent structures
were still sensed in this location.
Examining the flow spectra reveals information not captured in the time-averaged
parameters previously presented. For example, some time-averaged contours of velocity
components, turbulence intensity and Re stresses have shown convergence to bare channel
profiles at e/L = 30, but the spectral properties reveal otherwise. The results of the spectral
analysis, therefore, complements the observations in the previous discussions and gives valuable
insights on the extent of the flag’s influence on its wake.

5.4.7

Effect of flag thickness

The previous sections focused on the wake characteristics of a flag with M ∗ = 0.42. To
examine the possible effects of flag thickness on wake characteristics, a second flag with M ∗ =
0.25 was tested for comparison purposes. A sample comparison for u, w and u0 w0 is shown in
Figure 5.14.
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Figure 5.14: Sample profile comparison of u, w and u0 w0 between M ∗ = 0.42 (left plots) and M ∗ = 0.25
(right plots) flags at e/L = 1 for three channel aspect ratios. Redh = 17 242, 27 472 and 36 116 for α =
0.2, 0.6 and 1.0, respectively.

The qualitative features of the different profiles were practically the same for both M ∗ ,
showing the same flow features at different streamwise distances. Figure 5.15 shows a more
comprehensive contour comparison of velocity components and Re shear stresses between
M ∗ = 0.42 and M ∗ = 0.25 flags for nominally the same Redh and channel aspect ratios. Further
analysis revealed that the profile average values for v, w and the three Re shear stresses do
not differ significantly (less than 1%). However, it was observed that u values are slightly
higher on the average (albeit less than 3%) in the M ∗ = 0.25 flag wake. This is attributed to
possible blockage effects: higher u is observed in the M ∗ = 0.25 wake because the flag is stiffer
and heavier, which minimised the contact (blockage) between the walls and the flag during
oscillation.
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Figure 5.15: Contour comparison of velocity components and Reynolds shear stress profiles between
M ∗ = 0.42 and M ∗ = 0.25 for nominally the same incoming flow Redh , channel aspect ratios (α) and
streamwise location (e/L). Redh = 17242, 27472 and 36116 for α = 0.2, 0.6 and 1.0, respectively.

Similarly, differences in turbulence intensity values were not significant (see Figure 5.10).
Indeed, if Equation 5.6 is examined, the low value of γ4 (relative to other parameters) indicates
a weak dependence of I on M ∗ , although the M ∗ range included in this study is, admittedly,
not wide enough to draw generalisations. Figure 5.16 shows the representative power spectral
densities of u and w at the channel’s centreline at different streamwise locations for the flag with
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M ∗ = 0.25. Similar to Figure 5.13, the spectral behaviour of the flow signals closely follows that
of the flag oscillation spectra.
The difference in flag thickness (by about 71%) may not be significant to show the effects
of M ∗ on the wake characteristics. Therefore, a more systematic study with a wider range of M ∗
and bending rigidity should be carried out to fully establish the effects of these parameters on
the flow characteristics behind a flapping flag.

5.5

Chapter Summary
This chapter presented the turbulence characteristics in the wake of a flapping flag

located between confining walls of a rectangular channel. Using multi-hole pressure probes,
measurements of three velocity components were performed in three channel aspect ratios α,
two flag mass ratios M ∗ , 15 streamwise locations e/L and at least three levels of channel Redh .
Turbulence quantities like turbulence intensities, Reynolds stresses and spectral characteristics
were then derived from the measurements.
The flag’s oscillation frequency increased with Redh , while its dimensionless form StB
slightly decreased with Redh , which indicates slight oscillation mode shape variations between
Redh levels. However, these variations did not significantly affect the overall behaviour of the
wake, at least in the range of conditions examined in this study.
The results lead towards a consistent story: a flapping flag enhances the turbulence levels
inside the channel. A proposed mechanism of vortex formation explains the behaviour of the
near wake of the flag. Vortices are shed from the flag corners, interact with each other and the
walls, and eventually decay downstream of the channel.
The profiles of velocity components, turbulence intensities and Re shear stresses revealed
enhanced mixing inside the channel, especially in the near wake (e/L < 5). Significant
deviations from bare channel profiles were observed, showing vortex core regions throughout
the channel’s cross-section. The flags inclusion was accompanied by transient blockage which
manifested in the velocity defect seen in all the cases studied.
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Figure 5.16: Spectra of channel’s centreline u and w at different streamwise locations (e/L) and
channel aspect ratios for a flag with M ∗ = 0.25. In each channel, red and black lines represent
the lowest and highest Redh , respectively. Spectra of flag oscillation signals (bottom lines) and bare
channel signals (top lines) are also included for comparison.
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The spectral characteristics of the flow were largely dependent on flag oscillation.

Specifically, the dominant frequency of the flow signals in the immediate wake of the flag
approximates that of the flag’s oscillation frequency, suggesting a strong coupling between the
flag and the flow. The results further revealed that the wake measurements were less sensitive
to flag thickness and rigidity (at least in the range of M ∗ being compared), as shown by
insignificant differences between parameters when the effects of M ∗ were examined.
Confinement has profound effects not only on flag dynamics but also on wake
characteristics. The size of the channel (represented through α and L/B) dictated the sizes
of the vortices shed during oscillation, the size and location of vortex cores in the near wake
and their eventual decay. The turbulence levels and velocity defects were also significantly
affected by the channel size. In general, a wider channel offers less constraint to the flag,
maximising the flapping amplitude which results in the shedding of larger vortices. This leads
to higher turbulence levels inside the channel and delayed the decay of the shed vortices farther
downstream. On the other hand, narrow channels restrict flag oscillation amplitude and force
the shed vortices to decay earlier, leading to lower overall turbulence enhancement. Depending
on the channel size, the overall turbulence intensity in the near wake (e/L < 5) ranged from 6%
to 20% at the channel’s centreline. The turbulence levels decay gradually and converge to bare
channel levels starting at e/L = 8 for α = 0.2 to e/L = 15 for α = 1. The strong dependence
of I on confinement was also revealed through a proposed empirical equation describing the
streamwise decay of channel centreline turbulence intensity.
The results demonstrated the turbulence enhancement capabilities of flapping flags
in rectangular channels. The results can be extended by using visualisation techniques
to adequately describe the wake behaviour of the flapping flag. Furthermore, a thorough
examination of flag mass ratio effects should be done, including the effects of other flag
properties like oscillation mode shapes.
The turbulence behaviour of the channel with flag VG dictates the overall thermal
performance of the system. Although the experiments described in this chapter were conducted
without channel heating, it is expected that the wake dynamics in a non-heated channel is
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practically the same to that of a heated one. The flag produces large coherent structures, so that
additional turbulence due to heating is considered insignificant. Still, the formation mechanism
of vortices and their eventual decay, together with their interaction with the channel walls,
govern the overall flow behaviour inside the channel that consequently manifests on the heat
transfer characteristics. This flow-thermal interaction is explored in the next chapter, which
deals with the heat transfer characteristics of a channel equipped with flag VG.

Chapter 6
Flag VG Heat Transfer Performance in
Rectangular Channels1

6.1

Introduction
Enhancing heat transfer in channels and ducts is still one of the primary topics in heat

transfer research. With the demanding nature of electronics and large thermal systems, optimum
heat transfer has always been essential for these systems to function effectively. In recent years,
various techniques have been introduced and explored to enhance heat transfer in channels and
heat sinks. Modifying channel surfaces and employing inserts are common techniques. The
performance of these methods are comprehensively reported in reviews [6–12, 170]. Magnetic
fans [21, 22] and piezofans [14–20] have also been explored for this purpose. Essentially, all of
these techniques create additional flow turbulence which leads to enhanced heat transfer.
The use of flags as vortex generators has been proposed for heat transfer enhancement.
This method involves inserting a flexible plate or ’flag’ inside the channel and the resulting
fluid-structure interaction (usually termed flapping or flutter) creates and sustains additional
turbulence inside the channel. However, most of the research efforts on this technique were
proofs of concept and are numerical in nature. Shoele and Mittal [26] demonstrated the use
1 This

chapter is published in [2].
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of this technique by using immersed boundary method simulations. Their simulations revealed
that the additional turbulence created by the flag enhanced the heat transfer. Their simulations
predicted further that thermal performance is maximised when the flag’s motion is modulated,
so the vortices created are of optimum size and strength. The improved thermal performance,
however, was accompanied by an increase in pressure drop across the channel due to the
blockage imposed by the flag. Similarly, Soti et al. [27] explored the heat transfer characteristics
of a parallel plate channel with a flapping flexible structure (essentially a flag) behind a circular
cylinder. In all the cases that they examined, the use of flags consistently outperformed other
channel configurations, owing to the observation that the flow-induced deformation of the
flag created vortices that enhanced the turbulence of the channel. Both studies implemented
two-dimensional analysis, neglecting three-dimensional effects in flag and flow dynamics. In
addition, the flow regime was confined to laminar conditions.
Initial experimental investigations were also reported. Notably, Hidalgo and Glezer [25]
reported the thermal performance of a single channel and a heat sink equipped with oscillating
reeds or flags. Their experiments showed that the small flags embedded in between heat fins
significantly reduced the fin temperature and improved the overall heat transfer coefficient.
However, the pressure drop also increased to almost three times, which was attributed to the
frequent contact between the flag and the channel walls.
Although parametric, numerical studies examined the effects of a wide range of factors on
the system’s thermal performance, their results still need to be complemented by experimental
observations. Furthermore, the experiments by Hidalgo and Glezer [25] were conducted in a
narrow range of Reynolds number and channel sizes. Indeed, the performance of flag vortex
generators in turbulent channel conditions still has to be established. Compared to other vortex
generators in channels like twisted tapes, protrusions, dimples, corrugations, etc., the pressure
drop or frictional effects of flag VG inside the channel are relatively unexplored.
The present chapter discusses the results of experiments performed to establish the heat
transfer characteristics of rectangular channels with a flag as a vortex generator in the turbulent
regime. This sub-study aims to determine the effects of channel geometry, flag material
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properties, and flow conditions on the system’s characteristics. The results of this study aim
to provide better insights and help guide the design of better cooling systems that utilise flags
as vortex generators.

6.2

Detailed Methodology

6.2.1

Experimental set-up

The schematic diagram of the experimental rig used in this sub-study is shown in Figure
6.1. The rig is primarily composed of a set of rectangular channels, a set of measuring
instruments and a flow source. Operating under suction conditions, a blower connected at the
downstream portion of the channel drives the flow. Air is admitted through the flow settling
section and a valve was used to regulate the flow, providing different flowrate levels during the
experiments. All acquired data were logged and processed using a desktop computer.

Figure 6.1: Schematic diagram of the experimental set-up.

To investigate the effect of channel size and flowrate levels, three channel sizes,
corresponding to three channel aspect ratios (α = B/H) were used in the present sub-study.
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The channel height H was maintained at 50 mm, while the channel width B was varied (B=10
mm, 30 mm, 50 mm), so that the channel aspect ratio α = B/H ranged from 0.2 to 1.0 (see
Figure 6.2b for the relevant dimensions). The test channel is divided into a flow development
section and a test section. Depending on the aspect ratio, the flow development section has a
length of 48 to 144 channel hydraulic diameters. The development section is constructed from
6-mm thick transparent acrylic plates. The details of the test section are discussed in the next
section.

6.2.2

Test section

The test section has a total length
of 1.15 m, one meter of which is
heated. The cross-section of the heated
section and the thermal components are
schematically shown in Figure 6.2a.
The two sidewalls of the test section
were made of 2 mm aluminium plates
which are heated by thin-foil heating
elements [171] (see Appendix Table
B.2 for details) powered by a direct
current power supply. The heating
elements were mounted at the back
of the plates using thermal adhesive.
A primary insulation layer, which was
made of compressed wool fibres with
refractory fillers and binders [172] (see
also Appendix Table B.3), was used to

Figure 6.2: Schematic diagrams of the (a) channel cross
section and (b) relevant dimensions used in the experiments.

cover the heaters on the opposite side.
The plates, the heaters and the primary insulation were enclosed in a PVC housing, forming
a heater assembly which can be connected to the bottom and top walls of the channel. The
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top and bottom walls were made of 10 mm acrylic plates. Polystyrene blocks were used as a
secondary layer of insulation, extending 300 mm upstream and downstream of the test section.
All connections were sealed to ensure a leak-proof channel.
The flag is mounted at the centre of the channel using a 2 mm diameter brass mast. The
relevant dimensions are in Figure 6.2b. In all experimental cases, the undeformed flag length L
was kept constant at 50 mm. The flag aspect ratio s/L and flag-wall clearance ratio c/L were
maintained at 0.8 and 0.1, respectively. The flag was made of Teflon-coated fabric [127], and
two thicknesses were used in the experiments (h = 0.07 mm and h = 0.12 mm) to determine
the effects of flag rigidity on the thermal performance of the system.
To measure the temperature at the walls, T-type thermocouples were embedded as part
of the heat plates. The assembly was constructed so that the inner wall (wall in contact with
the fluid) temperature was measured. In each wall, fifteen thermocouples were installed along
the plate. Closer thermocouple spacing was implemented near the channel entrance to capture
the development of the thermal boundary layer. Another set of T-type thermocouples was
used to measure the inlet and outlet flow temperature. All thermocouples were connected
to a multi-channel data logger which was connected to a computer for data processing and
monitoring.
The pressure drop across the test section was measured by connecting a digital
micromanometer [135] to pressure taps at the entrance and exit of the test channel. Cobra probes
were used to monitor inflow and outflow velocities at the channel’s centreline. The flow rate was
quantified by connecting the test section to a laminar flow element flow meter [133].

6.2.3

Measurements

6.2.3.1

Thermocouple calibration

Thermocouples for measuring inlet flow, outlet flow, ambient and insulation surface
temperatures were calibrated using the water bath method. The thermocouples were immersed
in water (including an ice bath) maintained at different temperatures from zero to 95 ◦ C.
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Readings were then recorded and calibrated against a standard thermometer.
Since the wall thermocouples were installed as part of the heat plates, it was impractical
to perform a water bath calibration on them. Instead, they were indirectly calibrated by using
ten reference thermocouples. These reference thermocouples were connected to the same data
logger where the wall thermocouples were connected. They were calibrated using the water
bath method for a range of temperatures expected during the experiments.
During the wall thermocouple
calibration,

the

reference

thermocouples were pasted (using a
thermal adhesive paste) at the locations
of the wall thermocouples. Electrical
power was then applied to the heaters
so that different wall temperatures
were attained. Once the temperature
stabilised in each power setting, wall
and reference thermocouple readings
were taken which were subsequently
processed to extract the calibration
curves.
Figure 6.3 shows the calibrated
wall temperature readings along the

Figure 6.3: Channel wall temperature distribution at
different measuring stations.

channel for both walls. The data points
were obtained by heating the walls at different power settings while the plates were exposed
to ambient conditions (without airflow). This process was done to check for temperature
uniformity at various heat settings. Using station 8 (middle station) as a reference, the
temperature variation was at most 3.5% in the first station (relative to the reference) and less
than 0.7% in other stations. The temperature difference between the two walls was at most 1%
across all power settings. A substantial temperature drop, which is attributed to axial conduction
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(end effects), was observed at the first two and last stations, particularly in higher heat settings.
The readings of these stations were excluded in subsequent analysis. In addition, the wall
temperature for all tests was below 80 ◦ C during the actual experiments.
6.2.3.2

Thermal measurements

The procedures followed during the experiments were the same for all cases investigated
in this study. Electrical power is supplied to the heaters until a predetermined current and voltage
level is reached and this setting was maintained throughout the test. To ensure that the flag is
within its flapping regime, the procedure described in Section 5.2.2 was followed. The flow
was first increased to a level higher than the maximum pre-determined level, surpassing the
upper critical velocity of flutter. The flow was then decreased and the desired flowrate was then
set and maintained until a steady-state for all readings is reached as displayed in the monitors.
The path followed, therefore, was the decreasing flow regime, previously described in Section
4.4.1. It should be emphasised that this procedure was followed to cover a wider range of
parameters, including the lower Re region where hysteresis was observed (see Section 4.4.2).
If the increasing flow regime was followed instead, the lower Re regions (hysteretic regions)
would have been excluded since the flag is not flapping in those regions, giving a different set
of results for the flag VG.
Data logging followed, where the required variables are recorded for further processing.
After all parameters are logged and recorded, the valve opening is adjusted so that the next
flow rate level is set. The steps are repeated for at least ten predetermined levels of flow rates.
The flow rate levels were selected in such a way that they covered a wide range of operating
conditions but, they were capped to ensure that the flapping frequency of the flag was below 60
Hz. This was done to prevent substantial blockage inside the channel and to avoid the possible
damage to the flag tip as the flag touched the walls. All experiments were repeated at least three
times.
The total heat loss in the system was quantified by measuring the total electrical power and
the thermal power absorbed by the air as it flowed inside the channel. The heat loss manifests
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through axial conduction in the channel, conduction through the heater wires, and conduction
through the channel insulation. The electrical power was computed using Equation 6.1 while the
thermal power was quantified using Equation 6.2. The total heat loss, which varied throughout
the experiments, was computed by subtracting the thermal power from the electrical power.
Figure 6.4 shows the ratio of the thermal power to electrical power at different Redh levels
during the experiments. The ratio ranged from 0.7 to 0.97, translating to around 3% to 30% heat
loss depending on the Redh . In each channel size, high heat loss was observed for low Redh due
to the higher thermal resistance between the walls and the fluid. The opposite is true for higher
Redh .

Figure 6.4: Ratio of thermal to electrical power at various Redh .

6.2.3.3

Flag flapping frequency measurement

The oscillation frequency fosc is one of the indicators of oscillation characteristics of
the flag inside the channel. The original method for determining the flapping frequency of the
flag, as discussed in Section 3.4, was not implemented in this sub-study. This method required
pressure taps to be installed at the sidewalls near the flag tip location. In the present set-up, the
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sidewalls were made of aluminium where flexible heaters were attached. Drilling pressure ports
in the plates and the heaters were deemed adverse to the current set-up. First, drilling holes may
damage the thin foil heaters. Second, the pressure taps could contribute to additional heat loss in
the system, since it would have been in direct contact with the plates and the heaters. Lastly, the
presence of insulation would make the pressure lines longer which would have caused signal
deterioration.
A variant of the original method was used to indirectly measure the flapping frequency.
A static tube (1 mm inside diameter and fashioned in an L-shape similar to conventional Pitot
tubes) shown in Figure 6.2b served as the port for extracting pressure signals. The tube was
mounted on the top wall where the insulation was thinner and where it could be easily installed.
The tube tip was positioned 0.2L away from the flag tip. Similar to the readings in the original
method, the pressure signals derived from this port exhibited periodic behaviour as the flag
flapped.
An experiment was performed to compare the readings obtained using the original method
and its variant. The flag was installed in a test rig configuration similar to the set-up used
in Chapter 4. Wall pressure taps and static tubes were installed in their respective positions
and simultaneous readings of the two methods were obtained and processed. Figure 6.5 shows
representative plots of the data obtained during this experiment. The results show that the
frequency estimates of both methods were the same, which support the use of this alternative
method in measuring the flapping frequency of the flag.
In the present experiments, the static tube was connected to a pressure transducer with
logging capability which was set to take readings at 1000 Hz. This was sufficient to extract a
dominant frequency in the pressure signals which corresponded to the oscillation frequency of
the flag.

6.2.4

Test cases

Four cases of thermal measurements were performed in the present study. The first (1)
is designated as a reference case in which heat transfer experiments were conducted for bare
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Figure 6.5: (a) Time history and (b) FFT amplitude of top (black lines) and side wall (blue lines)
pressure signals for flag flapping frequency determination. Note: The first harmonic frequency in the
FFT plot corresponds to the flag flapping frequency fosc .

channels. i.e., channels without the flag. The second case (2) involved inserting a flag of M ∗ =
0.42 (h = 0.07mm) at the entrance of the test section. In the third case (3), a flag of M ∗ = 0.42
was inserted about 6.5L from the channel entrance to explore the thermal behaviour of the
system in the early developed region. The fourth case (4) is variant of the third: a thicker flag
was used, i.e., M ∗ = 0.25 (h = 0.12mm) to explore the effects of flag bending rigidity on the
thermal performance of flag VG. In all cases, the Nusselt number and the friction factor were
determined as primary thermal parameters. Thermal enhancement was quantified by comparing
the behaviour of the channel with flag VG to that of a bare channel.

6.3

Data Analysis

6.3.1

Data reduction

The experiments were conducted under uniform heat flux conditions. The total electrical
power Qe supplied to the heaters can be quantified as:
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Qe = V I

(6.1)

where V is the voltage and I is the current. The heat absorbed by the fluid manifested as sensible
heat Qs , and is shown by the increase of the fluid temperature from Tin at the inlet to Tout at the
outlet of the test section. Qs is given by

Qs = ρ f V– c p (Tout − Tin )

(6.2)

where ρ f , V– , and c p are the density, volumetric flowrate, and specific heat of the working fluid,
respectively. Tout is the average air temperature derived from nine (9) thermocouple locations
at the outlet of the test section, while Tin is the average of three (3) temperature readings at the
inlet. All fluid properties were evaluated at Tb (see formulas in Appendix A), the average fluid
temperature derived from inlet and outlet temperatures, i.e., Tb = 0.5(Tin + Tout ).
If a plates is the area of the heat plates, the heat flux can be derived as:

q” =

Qs
a plates

(6.3)

and the heat loss may be estimated as Qloss = Qe − Qs . In computing for heat transfer coefficient
h and Nusselt number Nu, a reference temperature Tre f is needed. For bare channel experiments
(reference case), two equations for Tre f were used in this study. Equation 6.4 was adopted
to compare the results of bare channel experiments to existing studies that used the bulk
temperature at location x as Tre f ,x . This equation was derived from energy conservation analysis,
which predicts a linear variation of the bulk temperature from the inlet to an arbitrary location
x along the channel, assuming a uniform heat flux condition [5]. Tre f in this context may be
written as

Tre f ,x = Tin +

(Tout − Tin )x
L plates

(6.4)
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where L plates is the length of the heated section. The linearity of the bulk temperature along
the channel when flag VG operates could no longer be verified in the present study, since no
actual streamwise temperature measurements were done behind the flag, except at the outlet.
Thus, it was deemed prudent to use the inlet temperature Tin as the reference temperature for
subsequent analysis. Accordingly, Equation 6.5 was used when comparing bare and flag VG
thermal variables.

Tre f ,x = Tin

(6.5)

The use of Tin as the reference temperature was also done by numerical studies [26, 27,
116, 117] on flag VG heat transfer enhancement. The local heat transfer coefficient at wall j
(where j = 1, 2) is given by

hx, j =

q”
Tw,x − Tre f ,x

(6.6)

where Tw,x is the temperature of wall j at x. The local Nusselt number, therefore, can be derived
as

Nux, j =

hx, j dh
k

(6.7)

where k is the thermal conductivity of the fluid. The average h and Nu at location x is the
arithmetic average of the local h and Nu for the two walls ( j = 1, 2) of the test section, i.e.
hx = 0.5(hx,1 + hx,2 ) and Nux = 0.5(Nux,1 + Nux,2 ).
The time-averaged pressure drop ∆P across the test section is non-dimensionalised
through the friction factor λ :

λ=

2dh ∆P
Lt ρ f u2b

(6.8)

where dh is the channel hydraulic diameter (see also Equation 3.1), Lt is the test section length
and ub is the bulk velocity obtained by dividing V– by the channel’s cross-sectional area.
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The overall thermal enhancement benefit of flag VG can be quantified by determining
the enhancement in the Nusselt number, while taking into account the friction characteristics
of the channel. A thermal enhancement factor η is hereby defined as (see also Equation 2.13)
[25, 27, 120–122]:

η=

Nu
Nu0

!

λ
λ0

!− 1
3

(6.9)

where subscript 0 is hereby introduced as a subscript exclusive for bare channel (without flag)
variables. The oscillation frequency of the flag fosc is non-dimensionalised using the Strouhal
number based on the channel width B. Equation 4.4 is hereby restated as:

StB =

6.3.2

fosc B
ub

(6.10)

Uncertainty analysis

In estimating the uncertainty of the different parameters, the procedure described in
Section 3.6 was followed. All uncertainty estimates were evaluated at 95% confidence interval.
The uncertainty of a measured quantity (e.g. temperature and pressure) is restated here from
Equation 3.11:

q
εx = 1.96 εr2 + εs2

(6.11)

The parameters in this sub-study were computed from the equations enumerated in
Section 6.3.1 and their uncertainty estimates are liable to uncertainty propagation. In general, a
derived variable, say Nu, is a computed using k input quantities q through the function Y , i.e.

Y = Y (q1 , q2 , ...qk )
Thus, the uncertainty of Y εY is given by

(6.12)
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v
u k 
2
u
∂Y
t
εY = ∑
εq j
j=1 ∂ q j

(6.13)

Accordingly, the relative uncertainty is computed as εY /Y . The preceding discussion is
illustrated by estimating the uncertainty of Nu as given by Equation 6.7. εNu may be estimated
as:
s
εNu =

∂ Nu
εh
∂h

2



∂ Nu
εd
+
∂ dh h

2



∂ Nu
εk
+
∂k

2
(6.14)

The uncertainties of all derived quantities were computed in a similar manner. This
procedure is widely used in studies involving heat transfer in channels [120, 173, 174]. For this
sub-study, Redh and Pr have relative uncertainties of at most 6.6% and 0.05%, respectively. On
the other hand, Nu and λ have relative uncertainties of at most 10.5% and 11.2%, respectively.
All other variables have relative uncertainties below 9%.

6.4

Results and Discussion
This section is divided into four subsections, each describing the thermal and friction

characteristics of the four cases enumerated in Section 6.2.4.

6.4.1

Thermal characteristics of bare rectangular channels

Before exploring the thermal performance of flag VG, the thermal behaviour of the three
sets of bare channels was first established. Experiments were conducted to determine the Nu
behaviour of the channels, including their friction characteristics. The values obtained served
as reference values for comparing the performance of channels with flag VG to that of bare
channels.
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Nu behaviour

Figure 6.6 shows the streamwise behaviour of Nu at different channel aspect ratios α and
Redh . The plots reveal the thermal behaviour of the channels at the entry (developing) region
and a region where the thermal boundary layer approached developed conditions.

Figure 6.6: Streamwise behaviour of bare channel Nu at various channel aspect ratios α and Redh .
The curves and data points are plotted according to Redh as indicated by the downward arrows.
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The results obtained are consistent with the observed Nu behaviour in circular tubes. As

the thermal boundary layer develops, Nu decays from high values near the entrance to developed
values as x increases. In addition, and as expected, Nu increased as Redh increased. Thermal
development is also a function of Redh , both in terms of fluid velocity and channel size, as
indicated by α and dh . As the channel size increased relative to the streamwise distance, thermal
development was delayed. Similarly, for the same channel size, thermal development is also
delayed as velocity increased. For α = 0.2, Nu was observed to be constant at around x/dh >
20 for all Redh . For the lower Redh range in α = 0.6, Nu was practically unchanged beyond
x/dh = 15. However, the total length of the test section was not enough to establish developed
conditions in α = 1.0.

Figure 6.7: Behaviour of Nu against Redh in bare rectangular channels. The data points included were
readings from Stations 9 to 14 and known correlations from literature.

The Nu values in the last five stations in Figure 6.6 were isolated and are also plotted (see
Figure 6.7) against known Nu correlations, which are summarised in Table 6.1. Although the
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problem at hand deals with rectangular channels, the findings of similar studies in rectangular
channels like that of [175–177] were found to agree well with fully developed circular tube
correlations [5, 178–180], particularly Equation 6.15.

Table 6.1: Nu correlations for turbulent heat transfer in ducts.
Correlation

Gnielinski

Equation

Nu =

(λGnielinski /8)(Redh − 1000)Pr
1 + 12.7(λGnielinski /8)(1/2 (Pr2/3 − 1)

Reference

(6.15)

[179]

where λGnielinski is given by Equation 6.22

Dittus-Boelter

0.4
Nu = 0.023Re0.8
dh Pr

(6.16)

[179]

Colburn

0.33
Nu = 0.023Re0.8
dh Pr

(6.17)

[179]

Jo et al.

Nu = 0.0058Re0.9383
Pr0.4
dh

(6.18)

[181]

for a rectangular duct of α = 0.043

In the present experiments, the Nu values for α = 0.2 agree reasonably well with the
predictions of the correlations for circular tubes under fully developed conditions, particularly
the well-known Dittus-Boelter correlation (within 2% for Redh > 8, 000, within 8% for Redh <
8, 000). The values are at most 9.8% higher than the predictions of Gnielinski (Equation 6.15),
however. For α = 0.6 and 1.0, the experimental values agree well with the Dittus-Boelter and
Colburn predictions to within 10% for Redh > 20, 000. However, the experimental values are,
on average, 17% higher (at most 35% higher in Redh = 5, 000, α = 0.6) than the predictions
of Gnielinski which is preferred in terms of accuracy by Cengel et al. [179]. The higher values
measured compared to the predictions of empirical correlations point to the observation that the
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stations included in the plots may still be within the thermally developing region. It should be
pointed out that these empirical correlations aim to describe fully developed conditions. The
differences in boundary conditions, particularly the channel cross-sectional shape (circular vs.
rectangular), may also contribute to the observed differences. Indeed, the correlation proposed
by Jo et al. [181], for a rectangular channel of α = 0.043, predicts values which deviate
significantly from the other correlations. The observed differences of measured values to the
circular tube correlations are comparable to the differences observed by previous investigators
[175–177] who focused on rectangular channel heat transfer with the same boundary conditions
to the present experiments.
The experimental values of Nux derived from this sub-study, as represented by the plots
in Figure 6.6, can be adequately described by the proposed correlation:

0.71

Nux = 0.0657(Redh − 370.21)

α

−0.06



x
dh

−0.12
(6.19)

which is valid for Pr ≈ 0.7,
0.2 ≤ α ≤ 1, 4x103 < Redh <
50x103 and covers the thermal
entrance

region.

Except

for

Redh < 5, 000 and x/dh < 5
in α = 0.2, the predictions of
Equation 6.19 are within 20%
of experimental measurements
as seen in Figure 6.8. In fact,
the correlation predicts values
to within 12% of experimental
results for Redh > 15, 000 across Figure 6.8: Comparison between experimental Nu and predicted
x
all aspect ratios.

Nux using Equation 6.19.
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Friction factor

The pressure drop along the test section was non-dimensionalised through the friction
factor λ (see Equation 6.8). Figure 6.9 shows the variation of λ with respect to Redh at
different channel aspect ratios. The plot also includes well-known λ correlations for circular
and rectangular ducts (see Table 6.2) from literature, including analytical predictions for the
laminar regime.

Figure 6.9: Behaviour of λ against Redh in bare rectangular channels.

For all α, the measured friction factors fall within 10% of the circular tube correlations
(Equations 6.20 to 6.22 ) for Redh beyond 10,000. In fact, the friction factors of higher aspect
ratio channels like that of α = 0.6 and 1.0 are within 5% of these correlations beyond Redh =
20, 000. However, the low aspect-ratio channels (α = 0.2 and 0.6) have friction factors higher
(at most 25% for α = 0.2 at Redh = 4, 200) than the predictions of these correlations below
Redh = 10, 000. Bhatti and Shah [178], by considering experimental results from rectangular
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Table 6.2: Darcy friction factor (λ ) correlations for turbulent flow in ducts.
Correlation

Equation

λBlasius = 0.316Re−0.25
dh

Blasius

Techo et al.

Reference


λTecho = 4 1.7372ln

Redh
1.964ln(Redh ) − 3.8215

(6.20)

[173]

(6.21)

[178]

−2

Gnielinski

λGnielinski = (1.8log(Redh ) − 1.5)−2

(6.22)

[182]

Bhatti and Shah

λShah = (1.0875 − 0.1125α)λTecho

(6.23)

[178]

for rectangular ducts of α = 0 to 1.0

duct studies, modified Equation 6.21 (a circular duct correlation) to incorporate the channel
geometrical property α and proposed Equation 6.23 for rectangular ducts. The present results
deviate from the Bhatti and Shah correlation by at most 20% and 10% for Redh < 10, 000 and
Redh > 10, 000, respectively. In general, the measured λ values are higher than the predictions
of the correlations listed in Table 6.2.
The differences in channel geometry may explain the observed deviation of measured
rectangular channel values to those predicted by circular tube correlations. In particular, Bhatti
and Shah [178] attributed this difference to the presence of secondary flow in rectangular
channels, which was observed to distort the axial velocity profiles and increased λ by about
10%. Direct numerical simulations (DNS) performed by Modesti et al. [183] further revealed
that secondary flows contributes about 6% to the total friction in a square duct.
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The measured λ values for bare
rectangular channels can be described by
the following empirical relation:

λ = 0.94(Redh − 1311.95α)−0.36 (6.24)
which is valid for Pr ≈ 0.7, 0.2 ≤
α ≤ 1 and 4x103 < Redh < 50x103 . The
predictions of Equation 6.24 are within 9%
of experimental measurements (see Figure
Figure 6.10: Comparison between experimental λ and
predicted λ using Equation 6.24.

6.10).

6.4.2

Thermal performance of flag VG in the entry region

One of the objectives of this sub-study is to examine the thermal behaviour of flag VG with
respect to its position relative to the channel entrance (cases 2 and 3 in Section 6.2.4). Based on
the streamwise behaviour of Nu in Figure 6.6, the test section can be divided into two regions:
(1) where the Nu drastically decays with x, hereby termed as entry region; and (2) where Nu
gradually decays with x, hereby termed as early developed region. To perform Case 2 and Case
3 experiments, the flag was positioned in these regions so that the enhancement benefits of flag
VG were established. The results of these sub-studies are presented in the following sections.
The thermal performance of flag VG as affected by its position with respect to the channel
entrance was investigated. Presented in this section are the results of experiments when the flag
was positioned at the entrance of the heated channel (Case 2).
6.4.2.1

Streamwise Nu behaviour

Figure 6.11 shows the streamwise variation of Nu at different Redh and channel aspect
ratio α when the flag was positioned at the entrance of the channel. The results reveal that
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as long as the channel’s velocity is maintained above the critical velocity of flutter, significant
thermal enhancement is attained.

Figure 6.11: Representative plots of streamwise Nu behaviour (blue lines and symbols) with flag at the
entry region, taken at various channel aspect ratios α and Redh . Red lines are plots for bare channel
Nu for nominally the same Redh conditions. The location of the flag tip is indicated by vertical broken
lines.

The Nu at any location varies directly with Redh for both bare channels and channels with
flag VG. With the flag, Nu increased at the immediate vicinity of the flag and it approached
bare channel conditions as the streamwise distance increased. In particular, the Nu increased by
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around 1.37 to 1.53 times bare channel values at the location of the flag tip. This is evident for
all channel aspect ratios and Redh .
The decay of Nu also depended on channel size and Redh . In general, higher α and Redh
led to slower Nu decay with respect to streamwise distance. Notably, however, if the streamwise
distance was non-dimensionalised against dh , as shown in Figure 6.11, Nu started to converge
to bare channel values at 15 ≤ x/dh ≤ 20 for all α and Redh . This observation is useful in
determining the extent of influence of the flag VG to Nu when the flag is positioned at the
channel entrance.
The observed streamwise behaviour of Nu is attributed to the observed streamwise
behaviour of turbulence levels inside the channel in the presence of the flag, as discussed
extensively in Section 5.4.5. Regardless of channel size and Redh , the highest turbulence was
observed at the near wake of the flag. Turbulence level gradually decays to bare channel values
at distances comparable to the decay distances of Nu observed in the present experiments. In
addition, the turbulence levels inside the channel are largely dependent on channel size, as the
channel size dictates the formation and decay of vortices inside the channel (see Section 5.4.3).
Narrow channels like α = 0.2 have lower absolute turbulence levels that decayed faster, while
wider, larger channels like α = 1.0 have high absolute turbulence levels that decayed slower
with streamwise distance.
6.4.2.2

Average streamwise Nu behaviour

The thermal enhancement benefit of flag VG is examined further by estimating the average
Nu along the test section. The overall average Nu plotted against Redh is shown in Figure 6.12.
The average streamwise Nu is given by:

1
Nu =
Lp

Z x+L p
x

Nux dx

(6.25)

where Nux is given by Equation 6.7 and L p is the relevant streamwise distance which is a
segment of L plates . In the present experiments, L p covers the distance of all stations plotted in
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Figure 6.11.
As shown in Figure 6.12,
Nu values with flag VG are
higher than their bare channel
counterparts, as long as the flag
is within the flapping regime.
Across the Redh range included
in this study and depending on
Redh , the flag VG Nu is higher
by 13.1% to 13.6% compared to
bare channel values for α = 0.6,
while 24% to 31% higher values
Figure 6.12: Behaviour of Nu against Redh with flag at the entry

for α = 1.0 were observed. On region. Symbols in black represent bare channel values while those
in blue represent flag VG values.

the other hand, a 9.6% to 10.9%
improvement was observed for α = 0.2. It should be emphasised that the values in Figure 6.12
heavily depend on the choice of L p to be used in Equation 6.25.
6.4.2.3

Friction factor and StB

The flow resistance offered by the flag VG was measured through the pressure drop,
which was non-dimensionalised into the friction factor λ . The friction factor of bare channels
is primarily a function of Redh . In the present study, Redh determined the flapping behaviour of
the flag, specifically its flapping frequency and the degree of contact of the flag with the channel
walls, as discussed in Section 4.4.3. In particular, the flapping frequency of the flag determined
the overall blockage imposed by the flag on the flow, which determined the overall pressure
drop inside the channel. Thus, λ and StB are discussed jointly here and in subsequent sections.
The behaviour of λ and StB against Redh and α is presented in Figure 6.13.
The presence of the flag inside the channel increased the friction factor. In contrast with
the stark decreasing trend of λ against Redh in bare channels, the λ values for flag VG slightly
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Figure 6.13: Behaviour of λ (top plot) and StB (bottom plot) against Redh and α with flag at the entry
region. Symbols in black represent bare channel values while those in blue represents flag VG values.

decreased or remained essentially constant (especially in high Redh ) for a particular channel size
throughout the flapping regime of the flag. It is evident that the friction factor is not primarily
determined by Redh alone but also by the consequent blockage imposed by the flapping flag. For
nominally the same Redh , λ increased by 2.78 to 3.56 times bare channel values for channel of
α = 1.0. On the other hand, an increase of 1.57 to 2.23 times bare channel values was observed
for α = 0.2 and 0.6.

134

Chapter 6. Flag VG Heat Transfer Performance in Rectangular Channels
StB is the dimensionless form of the flapping frequency and is a good indicator of the

changes in oscillation modes of the flag during flapping. It has been established in previous
chapters that StB is a constant of Redh , as long as the oscillation mode is unchanged. In the
present experiments, StB in α = 0.6 and 1.0 initially decreased in the lower Redh range and
reached constancy in higher Redh levels (around 0.17 and 0.26 for α = 0.6 and 1.0, respectively).
StB in α = 0.2 remained essentially constant at around 0.035 throughout the Redh range included
in this study. It is interesting to note that the StB trends closely track those of λ , which points to
the strong influence of flag oscillation characteristics on the pressure drop in the channel.

6.4.2.4

Thermal enhancement

The effectiveness of flag VG for thermal enhancement is measured by Nu enhancement
(Nu/Nu0 ) and the thermal enhancement factor η. Figure 6.14 shows the streamwise variation
of Nu/Nu0 and η at different channel aspect ratios.
With the flag VG, the Nu at the location of the flag tip was enhanced by 1.37 to 1.53 times
bare channel values. The Nu enhancement steadily converged to unity as streamwise distance
increased. The streamwise decay of Nu/Nu0 depended on channel size and it manifested earlier
in narrow channels. For α = 0.2, Nu/Nu0 begin to approach unity at around x/L = 6.4, while
the same was observed at x/L = 13.8 for α = 0.6. In the widest channel α = 1.0, Nu reached
bare channel values at around x/L = 15.8. The plots of Nu/Nu0 closely tracked the curves
of turbulence intensity at the wake of the flag, as shown in Figure 5.10. This demonstrates the
strong correlation between the turbulence generated by the flag and the resulting Nu levels when
flag VG is used. The streamwise extent of Nu enhancement speaks of the influence of flag VG
along the channel. This information is valuable in establishing the optimum distance between
flags if flags in series are installed inside the channel.
The additional energy required to drive the flow is manifested in the increase in pressure
drop along the channel when flag VG was used. The overall thermal benefit of flag VG can
be gauged by the thermal enhancement factor η which incorporates the increase in the friction
factor alongside Nu enhancement (see Equation 6.9). In the present experiments, η > 1 (up
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Figure 6.14: Streamwise behaviour of Nu/Nu0 (left plots) and η (right plots) with the flag at the entry
region. The streamwise distance x is non-dimensionalised by the flag length L. The flag tip location
coincides with the location of the first data point.

to 1.24) was observed only below x/L = 2.7. Beyond this distance, η slowly converged to
around 0.68 to 0.87, depending on Redh . In addition, higher η levels were observed for low
Redh which were attributed to the lower degree of blockage imposed by the flag at low Redh
levels. Comparable levels of η were also derived from the numerical simulations performed by
Shoele and Mittal [26].
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6.4.3

Thermal performance of flag VG in the early developed region

This section discusses the results of experiments when the flag was positioned at the early
developed region (Case 3). Specifically, a flag of M ∗ = 0.42 was inserted about 6.5L from the
channel’s entrance to explore the thermal behaviour of the system.
6.4.3.1

Streamwise Nu behaviour

Figure 6.15 shows the streamwise variation of Nu at different Redh and channel aspect
ratio α when the flag was positioned at the early developed region. Similar to Case 2
results, significant local thermal enhancement is attained provided that the channel velocity
is maintained above the critical velocity of flutter. The high Nu levels at the first five stations
included in Figure 6.15 are consistent to Nu behaviour for thermal entry regions in bare channels
– Nu decays with streamwise distance until the location of the flag. With flag VG, the Nu
initially increased in regions where the flag mast was inserted (at x = 6.5L from the channel
entrance) and reached peak values near the location of the flag tip (x = 7.5L to 9.8L from the
entrance). In particular, the Nu increased by around 1.39 to 1.54 times bare channel values at
the location of the flag tip. Beyond the flag tip location, Nu gradually converged to bare channel
conditions as the streamwise distance increased.
The decay of Nu also depended on channel size and Redh . In general, higher α and Redh
led to slower Nu decay with respect to streamwise distance. As can be seen in Figure 6.15, the
influence of the flag VG on Nu does not start from the flag tip. Instead, the flag’s influence on
Nu started upstream of the flag mast location and ended to the point where Nu converged to
bare channel values in the flag’s wake. This streamwise influence extends up to distances of
x/dh ≈ 15 for all α and Redh . This insight was not completely revealed by Case 2 experiments.
Consistent with the observations in Case 2 experiments, the streamwise behaviour of Nu
in the flag’s wake is heavily influenced by the turbulence levels inside the channel. Regardless
of channel size and Redh , the highest turbulence was observed at the near wake of the flag,
gradually decaying to bare channel values as streamwise distance increased. This turbulence
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Figure 6.15: Representative plots of streamwise Nu behaviour (blue lines and symbols) with flag at
the early developed region, taken at various channel aspect ratios α and Redh . Red lines are plots for
bare channel Nu for nominally the same Redh conditions. The location of the flag is indicated by the
vertical grey bands.

decay behaviour is highly correlated to the observed behaviour of Nu. Channel size, which
determines the formation and decay of vortices inside the channel, also influenced the decay of
Nu. Compared to narrow channels, streamwise Nu decay in wider channels (like that of α = 1.0)
was delayed farther downstream, since the elevated turbulence levels in wider channels persist
longer than those of narrower channels. The present findings qualitatively confirm the observed
Nu behaviour in the numerical simulations of Shoele and Mittal [26] (see also Figure 2.9).
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So far, the streamwise Nu behaviour at the flag’s wake was explained by the elevated

turbulence levels created during flapping. The Nu behaviour upstream of the flag and at the
flag’s location is examined further. The initial increase in Nu levels was observed to occur even
upstream of the flag mast, an observation that cannot be attributed to wake turbulence. Instead,
this local Nu enhancement is attributed to local, periodic, flow acceleration on both sides of the
flag during flapping. It has been explained in Section 4.4.4 that as the flag moves towards one
channel wall during flapping, the flow at the other side of the flag experiences local acceleration
due to reduced blockage. Also, the periodic flag-wall contact also destroys the thermal boundary
layer in this region. Both mechanisms contribute to the observed Nu enhancement in the flag’s
location.
6.4.3.2

Average streamwise Nu behaviour

By using Equation 6.25, the streamwise average of Nu was determined to explore the
thermal enhancement benefit of flag VG in the early developed section. The overall average Nu
plotted against Redh is shown in Figure 6.16.
As long as the flag is within
the flapping regime, Nu values
with flag VG are higher than
their bare channel counterparts. A
10.6% to 11.7% Nu improvement
was observed for α = 0.2 while
14.7% to 18.2% higher values for
α = 0.6 were observed. The flag
VG Nu is higher by 26.2% to
33.7% compared to bare channel
values for α = 1.0.
Figure 6.16: Behaviour of Nu against Redh with flag at the early

Compared to Case 2 results, developed region. Symbols in black represent bare channel values
while those in blue represent flag VG values.

flag VG Nu values in the present

6.4. Results and Discussion

139

case are slightly higher. In fact, Case 3 Nu values are 0.9%, 3.1% and 2.5% higher (on the
average) than their Case 2 counterparts for α = 0.2, 0.6 and 1.0, respectively. This, however,
is not unexpected. In the present case, the flag VG was positioned in a location where the Nu
is inherently low, thus the enhancement is more pronounced (although marginal), assuming the
same Redh . In Case 2, the flag was positioned in the entrance where the thermal boundary layer
was already thin, and therefore, the thermal benefits of flag VG are much lower. This suggests
that the positioning of the flag VG relative to the channel entrance matters. Therefore, when
used in a channel where thermally developing and developed regions are of equal importance,
the flag position should be optimised so that Nu is maximised.
6.4.3.3

Friction factor and StB

The behaviour of λ and StB against Redh and α is presented in Figure 6.17. Consistent
with the results of Case 2 experiments, the flag VG offered additional flow resistance inside the
channel. In particular, an increase of 1.58 to 2.43 times bare channel values was observed for
α = 0.2 and 1.81 to 2.77 times for α = 0.6. On the other hand, λ increased by 2.75 to 3.24 times
bare channel values for a channel of α = 1.0. In cases where the channel’s velocity is below
the flag’s critical velocity, like that of the low Redh data points in α = 0.6, the mere inclusion
of the flag without flapping increased the friction factor by about 14% with no apparent Nu
enhancement.
In the present experiments, StB in α = 1.0 initially decreased from 0.3 in the lower Redh
range and reached constancy at around 0.25 in higher Redh levels. StB in α = 0.2 and 0.6
remained essentially constant at around 0.037 and 0.17, respectively, throughout the Redh range
included in this study. As in Case 2, the StB trends closely track those of λ , suggesting a strong
correlation between flag oscillation characteristics and the pressure drop in the channel.
6.4.3.4

Thermal enhancement

Figure 6.18 shows the streamwise variation of Nu/Nu0 and η at different channel aspect
ratios when the flag was installed in the early developed region. As previously mentioned in
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Figure 6.17: Behaviour of λ (top plot) and StB (bottom plot) against Redh and α with flag at the early
developed region. Symbols in black represent bare channel values while those in blue represents flag
VG values.

Section 6.4.3.1, Nu enhancement starts at the upstream region of the flag, reaches a peak near
the flag tip, and gradually decays to bare channel values beyond the flag tip location. Across all
channel sizes, the enhancement starts at the same location – at around 1.5L upstream of the flag
mast. Near the flag tip location, Nu enhancement reaches a peak of around 1.39 (α = 0.2) to
1.54 (α = 1.0) times bare channel values.
Beyond the peak, the streamwise decay of Nu/Nu0 towards unity depended on channel
size, however. For α = 0.2, Nu/Nu0 begins to approach unity at around x/L = 13.8, or about
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Figure 6.18: Streamwise behaviour of Nu/Nu0 (left plots) and η (right plots) with the flag at the early
developed region. The streamwise distance x is non-dimensionalised by the flag length L. The location
of the flag is indicated by the vertical grey bands.

x/L = 6.3 from the flag tip (x/L = 7.5). The same streamwise influence was observed in Case
2 for α = 0.2. In α = 0.6, Nu/Nu0 reached unity at around x/L = 17.8, while full convergence
to unity was not observed for α = 1.0 (Nu/Nu0 is around 1.1 to 1.14 in the last station) in the
present experiments. In conjunction with the results in Case 2, a clearer insight into the overall
streamwise influence of flag VG on Nu/Nu0 emerges from the present results.
Through the use of the η, the thermal enhancement benefit of flag VG is explored further
by incorporating the increase in pressure drop due to the blockage imposed by the flag during
flapping. The present results show that η > 1 (up to 1.13) was observed only in the flag’s
location, around 6.4 ≤ x/L ≤ 8. Before and beyond this region, η ranged from 0.69 to 0.87, with
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the higher η levels associated with low Redh . This is attributed to a lower degree of blockage
imposed by the flag at low Redh levels, which resulted in a lower increase in λ .

6.4.4

Flag thickness effects on thermal performance

This section discusses the results of experiments under Case 4, which is a variant of Case
3. Specifically, a flag of M ∗ = 0.25 (thicker by about 71% than M ∗ = 0.42) was inserted about
6.5L from the channel entrance to explore the effects of flag thickness and rigidity on the thermal
behaviour of the system. Thus, the following discussions focus on the comparison of Case 4 and
Case 3 results.
6.4.4.1

Streamwise Nu behaviour

Figure 6.19 shows the streamwise variation of Nu at different Redh and channel aspect
ratio α when the flag of M ∗ = 0.25 was positioned at the early developed region. Case 3 and
bare channel results were also included for comparison. In the flapping regime of the flag, Nu
behaviour closely tracks the observed behaviour in Case 3. Nu initially increased before the flag
mast, reached a peak at near the location of the flag tip and decayed gradually to bare channel
values. In particular, the Nu increased by around 1.34 to 1.62 times bare channel values at the
location of the flag tip. These values are comparable (albeit slightly lower in α = 0.2) to the Nu
enhancement values observed in Case 3.
The comparable levels of Nu between Case 3 and Case 4 (particularly for α = 0.6 and 1.0)
are attributed to the comparable levels of turbulence generated by both flags inside the channel.
In fact, the results presented in Section 5.4.5.2 reveal that the overall turbulence intensities
between the two flag thicknesses are essentially similar, assuming the same channel size and
comparable Redh . The levels of turbulence inside the channel can also explain the lower peak
Nu values for M ∗ = 0.25 flag. It can be observed in Figure 5.10 that the turbulence levels in the
near wake of the flag are lower in M ∗ = 0.25 than in M ∗ = 0.42.
It should be clear that the comparison between Case 3 and Case 4 is dictated by the
critical velocity of flutter. Thus, the comparison applies primarily to the higher Redh levels
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Figure 6.19: Representative plots of streamwise Nu behaviour (black lines and symbols) with flag of
M ∗ = 0.25 at the early developed region, taken at various channel aspect ratios α and Redh . Red lines
are plots for bare channel Nu for nominally the same Redh conditions. Blue lines are Nu plots with flag
of M ∗ = 0.42 at the early developed region. The location of the flag is indicated by the vertical grey
bands.

where flapping occurred. When the flag is within its stable regime, i.e. not flapping, the Nu
behaviour and levels are comparable to their bare channel counterparts, assuming nominally the
same Redh .
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6.4.4.2

Average streamwise Nu behaviour

The comparison between
Case 3 and Case 4 is extended
to the behaviour of average Nu
against Redh (see Figure 6.20).
As long as the flag is within the
flapping regime, Nu values with
flag of M ∗ = 0.25 are higher than
their bare channel counterparts.
A 5% to 11.2% Nu improvement
was observed for α = 0.2, while
6.6% to 11.1% higher values
∗
for α = 0.6 were observed. The Figure 6.20: Behaviour of Nu against Redh with flag of M = 0.25

flag VG Nu is higher by 31.4%

(red symbols) at the early developed region. Symbols in black
represent bare channel values while those in blue represent flag VG
values of M ∗ = 0.42.

compared to bare channel values
for α = 1.0. These values are comparable to the results M ∗ = 0.42 flag experiments in Case 3,
assuming the same Redh .

6.4.4.3

Friction factor and StB

The effect of a thicker flag on flag VG thermal performance manifested prominently on λ
and StB . Figure 6.21 shows the behaviour of λ and StB against Redh and α for Case 4, alongside
the results for bare channels and Case 3.
For α = 0.6 and 1.0, the mere insertion of the flag in the channel without reaching the
flapping regime increased λ by at most 26%. This increase, however, was not accompanied by
an enhancement in Nu. In the flapping regime, λ increased by 3.1 to 3.33 times bare channel
values for a channel of α = 1.0. On the other hand, an increase of 1.39 to 2 times bare channel
values was observed for α = 0.2 and 1.98 to 2.35 times for α = 0.6. With the exception of λ
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Figure 6.21: Behaviour of λ (top plot) and StB (bottom plot) against Redh and α with flag of M ∗ = 0.25
(red symbols) at the early developed region. Symbols in black represent bare channel values while
those in blue represents flag VG values of M ∗ = 0.42.

values in α = 1.0, the λ values in α = 0.2 and 0.6 for the M ∗ = 0.25 flag were significantly
lower than their M ∗ = 0.42 counterparts. Indeed, an average of 27.4% and 16.7% reduction in
λ was observed for α = 0.2 and 0.6, respectively.
A notable decrease in StB levels was also observed. StB in α = 0.6 and 1.0 initially
decreased in the lower Redh range of the flapping regime and reached constancy in higher
Redh levels (around 0.13 and 0.2 for α = 0.6 and 1.0, respectively). StB in α = 0.2 remained

146

Chapter 6. Flag VG Heat Transfer Performance in Rectangular Channels

essentially constant at around 0.027. In Cases 2 and 3, the parallel behaviour of StB and λ has
been prominent. In fact, higher StB levels translate to higher λ . The same findings are observed
in the current case, except for α = 1.0 where a reduction in StB levels was not accompanied by
a significant reduction in λ .
The lower pressure drop brought about by the thicker flag VG is attributed to the degree
of contact (both frequency and area of contact) between the channel walls and the flag. The
thicker flag is stiffer, therefore, the contact area was smaller, leading to less blockage imposed
on the flow. The findings in Section 4.4.3.2 reinforce this assertion. In addition, the thicker flag
was observed to oscillate at a lower frequency compared to its thinner counterpart (assuming
the same Redh ). The frequency of contact is determined by the flapping frequency and when the
flapping frequency is high, the flow is given less time to pass through the flag, leading to higher
pressure drop. Similar findings were also reported by Hidalgo and Glezer [25].

6.4.4.4

Thermal enhancement

Figure 6.22 shows the streamwise variation of Nu/Nu0 and η at different channel aspect
ratios when flags of M ∗ = 0.25 and M ∗ = 0.42 were installed in the early developed region.
Similar to the observations in Section 6.4.4.1, Case 4 Nu enhancement values closely track
those of Case 3. Across all channel sizes, the enhancement starts at the same location – at
around 1.5L upstream of the flag mast. Near the flag tip location, Nu enhancement reaches a
peak of around 1.34 (α = 0.2) to 1.62 (α = 1.0) times bare channel values.
The results presented in the previous sections showed a substantial decrease in pressure
drop when M ∗ = 0.25 flag was used (particularly for α = 0.2 and 0.6), while the differences in
Nu were marginal. The overall enhancement benefit of the thicker flag is revealed through the
values of η. The locations of maximum η for Case 4 are similar to the locations mentioned in
Case 3. The present experiments yielded practically similar η maxima of up to 1.11. η values in
other locations ranged from 0.72 to 0.89, slightly higher than their Case 3 counterparts. Despite
the substantial decrease in λ when Case 4 was implemented, the η improvements are considered
marginal. This is a reasonable outcome since Equation 6.9 is more sensitive to Nu/Nu0 than the
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Figure 6.22: Streamwise behaviour of Nu/Nu0 (left plots) and η (right plots) with flag of M ∗ = 0.25 (in
red) at the early developed region. Symbols in black and blue represent values for flag of M ∗ = 0.42.
The streamwise distance x is non-dimensionalised by the flag length L. The location of the flag is
indicated by the vertical grey bands.

friction factor term λ /λ0 . Therefore, alongside possible techniques to reduce pressure drop, η
improvement efforts should focus more on improving Nu/Nu0 through optimisation of channel
dimensions and flow properties.

6.4.5

Additional remarks on friction factor and StB

The pressure drop in the channel is governed by the overall oscillation behaviour
(represented by mode and frequency) of the flag. The oscillation mode and frequency are related
to StB which partly explains the apparent correlation between StB and λ . Using Figures 6.13 and
6.21, the effects of flag dynamic behaviour on the friction factor λ are examined further.
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From those figures, it can be observed that depending on α and M ∗ , λ starts at high values

in low Redh , decreases and reaches a minimum at intermediate Redh levels, and then slightly
increased in high Redh levels. In the case of StB , the values follow a decreasing trend until
reaching constancy (also observed in Figure 4.4). The results show that there is a narrow Redh
range where λ is minimum. It is interesting to note that the Redh range where these λ minima
were observed seems to coincide to the Redh range where the StB began to exhibit constancy
(which is evident in high α channels). For M ∗ = 0.42, these minima (λ ≈ 0.062 and 0.073,
respectively) were observed in 18x103 < Redh < 20x103 for α = 0.6 and 24x103 < Redh <
26x103 for α = 1.0. The same behaviour is observed for M ∗ = 0.25, α = 0.2 at 11x103 <
Redh < 14x103 . For the other cases, λ slightly decreased with Redh (with no clear minima),
closely tracking the behaviour of StB (which did not exhibit constancy) especially in M ∗ = 0.25,
higher α channels.
The decreasing trend of StB in the lower Redh range before reaching constancy suggests
that the oscillation mode varied during flapping, as extensively discussed in Section 4.4.3.1. It
was also established that as long as the oscillation mode is the same, StB is a constant of Redh .
In the present analysis, the changes in oscillation modes, as shown by the decreasing StB , is
accompanied by a decreasing λ , suggesting that in this particular range of Redh , the blockage
(and therefore, the pressure drop) is largely dictated by the overall shape of the flag during
oscillation. As Redh is increased, the mode stabilises, StB begins to exhibit constancy and λ
reaches a minimum. Due to the channel walls, any further increase in Redh will not significantly
alter the oscillation mode (as shown by the Redh range of constant StB ) and will just increase the
oscillation frequency. This increases the time of contact between the flag and the channel walls,
resulting to an increase in friction factor. As observed in Figure 4.5, the oscillation modes in
higher Redh are still the same despite the increase in oscillation frequency as shown in Figure
4.3. This explains the slight increase of λ in higher Redh levels.
The occurrence of local minima in the Redh vs λ plots has significant practical
implications on the use of flag VG. Operating the flag VG in this range of Redh translates
to lower pumping power which is beneficial in thermal management systems. Indeed, further
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investigations in a wider range of operating conditions should be performed to fully understand
this observation.

6.4.6

Prediction of flag VG thermal performance

The interactions among thermal, flag and flow variables are rather complex. However,
empirical relations can be derived so that these complex interactions can be described
reasonably within the bounds of operating conditions performed in this study. In fact, the
streamwise (x-direction) behaviour of Nu/Nu0 presented in Figures 6.14 and 6.22 can be
approximated by the following general relation:



Nu
Nu0


= 1 + ζ1 exp[−exp(−ψ) − ψ + 1]

(6.26)

x

where ψ is given by

ψ=

x−x0 
− ζ2
L

(6.27)

ζ3

ζ1 , ζ2 and ζ3 are constants which are dependent on the confinement ratio L/B and flag
properties, while x0 is the streamwise location of the flag mast. The confinement ratio is included
as an indicator of channel size. The predictions of Equation 6.26 are accurate to within 11% of
experimental results provided that the ζ constants and equations given in Table 6.3 are used.

Table 6.3: Empirical formulas for ζ in Equations 6.26 and 6.27.
Constant

M ∗ = 0.42

M ∗ = 0.25

ζ1

0.535exp −0.081 BL



0.610exp −0.165 BL



ζ2

3.350exp −0.239 BL



4.031exp −0.266 BL



ζ3

3.139exp −0.144 BL



3.296exp −0.146 BL
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The choice of modelling Nu/Nu0 instead of just Nu deserves further explanation.

Equation 6.26 assumes that the Redh levels in bare and flag VG channels are comparable. Thus,
if the streamwise thermal behaviour of a bare rectangular channel at a particular Redh is known
and specified, the thermal performance of the same channel, if equipped with flag VG, can
easily be estimated. Since existing bare rectangular channels and parallel plates have long been
thermally characterised, the general form of this equation can now be used in conjunction with
existing correlations to predict the streamwise performance of flag VG. Since the included
parameters are non-dimensional, the correlation can be used, with prudence, for larger or
smaller scales. Furthermore, this equation could be of practical use in thermal management
systems since it could give a good estimate of the proper position of the flag relative to the
location of the hot spots.

6.5

Chapter Summary
This study investigated the heat transfer characteristics of rectangular channels equipped

with flag VG. Under uniform heat flux conditions, the effects of flow conditions (4 × 103 <
Redh < 50 × 103 ), channel size (0.2 ≤ α ≤ 1.0), flag streamwise position and flag properties
were established. The thermal performance of flag VG was evaluated through the Nusselt
number Nu, friction factor λ and thermal enhancement factor η.
The thermal behaviour of the flag VG-channel system is governed by flag-flow-channel
interactions and the resulting turbulence created by these interactions. As long as the flag is
within its flapping regime, Nu enhancement is attained. Thermal enhancement is primarily local,
initially increasing upstream of the flag, reaches a peak on or near the flag tip, and decays with
streamwise distance. Peak Nu enhancement ranged from 1.34 to 1.62, with low and high values
associated with low and high aspect ratio channels, respectively. The eventual decay of Nu to
bare channel values closely track the decay of turbulence created in the wake of the flag.
The friction factor increased from 1.39 to 3.56 times bare channel values as a result of the
flag’s insertion in the channels. Such increase is attributed to the blockage created by the flag
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during flapping. The blockage, in turn, is governed by the oscillation mode and frequency of the
flag. In fact, the friction factor λ exhibit minimum values in Redh levels where the oscillation
mode began to stabilise. These λ minima suggest the possible occurrence of optimum operating
conditions where the pumping power is minimised.
The increase in friction factor can be mitigated by the use of a flag which minimises
flag-channel contact during flapping. Using a stiffer, heavier flag of M ∗ = 0.25 reduced
the friction factor in narrow channels by at most 27.4%. However, the Nu enhancement
benefit of the thick flag is comparable to its thin counterpart, owing to the similar turbulence
characteristics they create.
The overall thermal performance of the flag VG is quantified by the thermal enhancement
factor η. η > 1 was only observed near the flag tip, where the turbulence is highest and the
Nu enhancement peaked. The overall Nu enhancement was not enough to offset the increase in
pressure drop in all other locations in the channel where η ranged from 0.68 to 89. The thermal
performance of channels with flag VG was further described by derived empirical equations
showing the relationships among variables. Also, the values of thermal parameters observed in
this study are comparable to their counterparts in various vortex generators [6, 170].
The results demonstrated the thermal enhancement capabilities of flag VG. The flag
is effective in local enhancement of heat transfer, which can be utilised to target hot spots
in channels and heat sinks. Although the experiments were conducted in closed, rectangular
channels, the results can still serve as reference for other channel configurations like those in
between fins. As in most thermal enhancement techniques, optimisation studies should be done
to enhance these capabilities. An investigation of thermal characteristics of tandem flags or
flags in series is a possible extension of this work. In addition, wider ranges of flag material
characteristics and confinements should be explored to optimise the performance of flag VG.

Chapter 7
Conclusions and Future Work

7.1

Summary and Conclusions
The present study experimentally investigated the flow and heat transfer characteristics of

rectangular channels equipped with a flapping flag as a vortex generator. Specifically, it aimed
to determine the influence of channel geometry, flag material properties and flow conditions
on the flapping dynamics of the flag, the turbulence characteristics inside the channel and
the resulting heat transfer characteristics of the system. Two thicknesses (0.07 mm and 0.12
mm) of Teflon-coated fibreglass fabrics were used as flags. The experiments were performed
in rectangular channels with aspect ratios which varied from 0.2 to 1 and in turbulent flow
conditions (4x103 < Redh < 50x103 ).
The present work introduced an innovative way of measuring the flag oscillation
frequency inside the channel. The oscillation frequency was indirectly measured by processing
pressure signals derived from channel wall pressure taps. Through Fourier analysis, the signals
reveal a dominant frequency which corresponds to the flapping frequency of the flag. This
method exploits the fact that as the flag flaps inside the channel, the wall pressure readings
exhibit periodic behaviour which can be processed to extract the oscillation frequency. This
technique is a robust way of measuring flapping frequency in highly confined channels.
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The inclusion of the flag inside the channel alters the overall nature of the flow, and

consequently, the heat transfer. As long as the channel velocity is above the critical velocity of
flutter, the flag flaps and turbulence is enhanced. Vortices shed from the flag interact with the
channel walls and among themselves, increasing the turbulence levels (as high as 20%) in the
near wake of the flag. This consequently enhanced the heat transfer in those locations. In fact,
the Nusselt number increased by as high as 1.34 to 1.62 times bare channel levels near the flag
tip. As the turbulence decays in the streamwise direction, so does the thermal enhancement.
The enhancement of turbulence and heat transfer inside the channel is accompanied by an
increase in pressure drop. The overall oscillation dynamics of the flag, as affected by channel
size, flag material and flow conditions, determine the magnitude of pressure drop across the
channel. The flag imposes periodic blockage during flapping. As the flow velocity is increased,
the flapping frequency and flag-wall contact also increased, leading to flow blockage. In fact, the
friction factor went as high as 1.39 to 3.56 times bare channel levels. The thermal enhancement
benefit of the flag vortex generator varies with streamwise distance: a thermal enhancement
factor as high as 1.14 was observed near the flag’s free end.
Flag rigidity, as affected by flag thickness and length, may be varied to minimise the
pressure drop. In the present experiments, a thicker flag caused lower friction factors compared
to its thinner counterpart, for the same channel size and flow conditions; this is despite the
similar levels of turbulence and thermal enhancement the thicker flag provided. A less flexible
flag causes less degree of blockage to the flow, owing to the lower frequency and degree of
flag-channel wall contact during flapping. For the same flow conditions and channel size, a
thicker flag assumed a simpler oscillation mode, which caused a lower degree of blockage.
The size of the channel relative to the flag has profound effects on flag dynamics,
turbulence levels and heat transfer. The size of the channel determines the oscillation mode
of the flag, its frequency and amplitude. Wider channels permit wider flapping amplitude and
more complex oscillation modes. Conversely, narrower channels restrict flag amplitude and
prompt the flag to assume simpler shapes during flapping. The influence of channel size extends
further to the formation and decay of vortices shed at the flag’s free end during flapping and
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consequently to the turbulence created in the flag’s wake. Wider channels offer less restriction
to oscillation, creating stronger vortices that decay slower inside the channel. Narrow channels
prompt vortices to interact with the walls leading to lower levels and early streamwise decay
of turbulence. The turbulence behaviour as affected by channel size, was manifested in the
thermal behaviour of the system. Due to stronger vortices and delayed turbulence decay, thermal
enhancement in wider channels are higher and sustained for longer distances, compared to the
enhancement observed in narrower channels.
The present study revealed the salient mechanisms which affect the performance of flags
as vortex generators for turbulence and heat transfer enhancement. The results of this study
contribute to the better understanding of this complex thermal-fluid-structure problem and may
serve as guides for the use of flag vortex generators in various applications.

7.2

Recommendations for Future Work
The results of the present work led further to a wide array of potential investigations and

applications. The following list enumerates the possible areas of future research efforts which
can extend and complement the results derived from the present study:

1. The present work employed parametric experiments on the different aspects of the flag
VG system. Optimisation studies should be done to fully exploit the capabilities of the
system for various applications.
2. Although the method employed in this study adequately captured the salient aspects
of the flow around the flag and its wake, visualisation techniques like Particle Image
Velocimetry (PIV) should be employed to fully characterise flag and flow dynamics. This
will provide a better understanding of this complex fluid-structure interaction problem.
3. The results of this study can serve to validate numerical simulations. Numerical studies
should be done, preferably three-dimensional simulations, to exhaustively explore the
effects of different parameters on the behaviour of the flag VG system. In addition, efforts
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should focus on modelling the contact between the flag and the channel walls during
flapping.

4. Different flag arrangement and configurations should be explored experimentally. In
particular, tandem flag performance should be investigated. Tandem flags can be exploited
to extend the limited enhancement distance of a single flag. However, optimisation of
relevant parameters should be done to minimise the pressure drop associated with the
presence of additional flags in the channel. Trapezoidal and triangular flags (or other flag
shapes) should also be considered. The behaviour and possible benefits of perforated flags
should also be established.
5. The use of flag VG for mass transfer applications should also be considered. The
turbulence enhancement capabilities of flag VG may be exploited to enhance mass
transfer in various applications.
6. A more systematic investigation of hysteresis on critical velocity should be performed.
Specifically, the possible influence of flow acceleration should be incorporated in
hysteresis analysis.
7. The present experiments were conducted in the turbulent flow regime. Experimental
investigations in the laminar and transitions regimes should extend the results of this
study. The empirical correlations proposed in this study can be improved by extending
the range of operating parameters involved.
8. For heat transfer applications, there is a need to explore thermally stable materials to be
used as flag VG.
9. Methods should be explored to modulate the sound coming from the flag during flapping,
especially at high flow velocities.

Appendices

Appendix A
Formulas

Temperature-dependent properties of air
The following formulas were used to estimate the thermal properties of air, which were
used in computing different parameters in this study:
Density

ρ = 0.00001T 2 − 0.0045T + 1.2917

(A.1)

c p = 1000(0.0000004T 2 + 0.00002T + 0.0056)

(A.2)

k = −0.00000005T 2 + 0.00008T + 0.0241

(A.3)

Specific heat

Thermal conductivity
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Dynamic viscosity

µ = 0.00001(−0.000004T 2 + 0.0049T + 1.7233)

(A.4)

where T is the air temperature in ◦ C. The preceding equations were obtained by curve-fitting
tabulated values compiled by Cengel et al. [179] and are valid for 0◦C ≤ T ≤ 100◦C.

Appendix B
Specifications of Materials and Test Rig
Components

Table B.1: Typical properties of Teflon-coated fabrics [127].
Properties

Value

Unit

CF203
Weight
Thickness
Tensile Strength
PTFE Content
Service Temperature

130
0.070
180 x 140
63
-150 to +260

g/m2
mm
N/cm
%
◦C

CF205
Weight
Thickness
Tensile Strength
PTFE Content
Service Temperature

250
0.120
290 x 260
58
-150 to +260

g/m2
mm
N/cm
%
◦C
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Table B.2: Heater properties and specifications [171].
Properties

Value

Unit

150
50
1.4

mm
mm
mm

19.2
7.5
30
120
-150 to +200

Ω
W
W
W
◦C

Heater Dimensions
Length
Width
Thickness
Electrical and Thermal Properties
Nominal Resistance
Nominal Power, 12 Vdc
Nominal Power, 24 Vdc
Nominal Power, 48 Vdc
Service Temperature
Construction
Type
Encapsulation
Fixing
Connections
Brand

Etched foil heating element
Glass fibre silicone rubber
Peel and place adhesive backing
2 x 500mm PTFE leads
RS

Table B.3: Primary insulation properties and specifications [172].
Properties

Value

Unit

Electrical and Thermal Properties
Density
Rupture Modulus
Thermal Conductivity (@ 200◦ C)
Thickness

350
1.2
0.05
10

kg/m3
MPa
W/mK
mm

Construction
Compressed wool fibres with
refractory fillers and binders
RS

Material
Brand

Table B.4: Blower specifications [184].
Properties
Brand
Model
Maximum flowrate (@ 2900 rpm)
Maximum differential pressure (@ 2900 rpm)
Installed Power
Noise Level

Value

Unit

FPZ
K04-MS
137
25
1.5
63

m3 /h
kPa
kW
dB(A)
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NOTE: Fabricate 5 variants of this part according to the dimensions and quantities
shown in the following table.
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ADDITIONAL NOTES:
1. H7a are M2x0.4 threaded holes, 4-mm deep, and drilled on both sides of the
plate (face 1 and face 2) as shown. Spacings shown are between hole centers.
2. Reckoned from the ORIGIN in sheet 2, H7a holes should center-align with H7
holes in sheet 2.
3. H6a holes are M2x0.4 threaded holes, 3-mm deep. H6a holes should
center-align with H6 holes in sheet 2.
4. H3 and H4 holes should center align with H3a and H4a holes (sheet 11),
respectively.
5. H8 holes are 2-mm dia through holes. They should center-align with H5
holes in Sheet 11.
ORIGIN IN SHEET 2
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ADDITIONAL NOTES:
1. H1a, H3a, and H4a holes are M2x0.4 threaded holes, 4-mm deep, and drilled on
both sides of the plate (face 1 and face 2) as shown.
2. Spacings shown are between hole centers.
3. Reckoned from the ORIGIN in sheet 2, H1a holes should center-align with H1
holes in sheet 2.
4. H3a and H4a holes should center align with H3 and H4 holes (sheet 12),
respectively.
5. H5 and H6 holes are 2-mm dia through holes. Distances given are between hole
centers.
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NOTE: Long Fin 1m - Left - A (Sheet 8) is a mirror part/image of Long Fin 1m - Right - A
(Sheet 5). All dimensions and features are the same,except that the grooves are positioned
at the top half of the plate instead of at the bottom half.
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Note: Fabricate 8 design variants of PRT09 according to the dimensions and quantities shown below:
Design Variant
PRT09-01
PRT09-02
PRT09-03
PRT09-04
PRT09-05
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