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Abstract

Accelerated �ows around circular cylinders are still poorly understood. Up until

now, the bulk of the research on accelerated �ows around circular cylinders has been

with �ow visualisation and at relatively low acceleration rates and Reynolds numbers.

Using hot-�lm sensors to measure wall shear-stress, this thesis experimentally studies

the spatial migration of the time-varying �ow separation points of a circular cylinder

at signi�cantly greater non-dimensional acceleration rates and Reynolds numbers

than those previously studied, in particular,7:06� 107 � � � 1:76� 108 and Re �

54; 000. The results showed that, as the cylinder accelerates, the �ow separation point

migrates quickly, symmetrically and linearly forward from a separation angle of160°

to 85° on both sides of the cylinder. After that, the separation point migrates back

and forth between75° and 85° on both sides of the cylinder for the remainder of the

acceleration phase. The wall shear-stress continues to develop symmetrically until

t � = 5, after which asymmetries develop that are likely a precursor to asymmetric

vortex shedding. This asymmetry has never been detected in accelerated cylinder

measurements before. In general, the angle where the asymmetry begins and the

general behaviour of the separation points are the same for both acceleration cases

examined when scaled using he non-dimensional time,t � .
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Chapter 1

Introduction

The �ow around a circular cylinder has been studied extensively [1�18,30,31]. While

the �ow regimes and characteristics of steady �ow around circular cylinders have

been well established [1, 2, 5�7], those for dynamic, or unsteady developing �ow

are still not fully understood [8�18]. Steady �ow refers to conditions where the

characteristics of the �ow around the blu� body do not change with time while

dynamic �ow refers to conditions where the �ow characteristics are time dependent.

For the purpose of this research, any reference to dynamic or unsteady �ow refers,

solely, to accelerated �ows produced from impulsive starts or in uniform acceleration

and not to the unsteady vortex-shedding process that occurs in a steady mean �ow

in the wake of the cylinder. These particular types of dynamic �ows are common in

many industrial settings; for example, understanding accelerated �ows is important

to many applications including aircraft, wind turbines and underwater vessels.

The vast amount of research on the steady �ow around a circular cylinder has

resulted in the classi�cation of various di�erent �ow regimes (these regimes will be

discussed in detail in Chapter 2) and are typically delineated by Reynolds number.

Reynolds number is a non-dimensional number given by,

Re =
U1 D

�
(1.1)
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where U1 is the free stream velocity,D is the diameter of the cylinder (or charac-

teristic length scale) and� is the kinematic viscosity of the �uid.

While being accelerated, the dynamic conditions of the �ow around a circular

cylinder can have many of the same characteristics as seen in steady �ow, but it

can exhibit additional �ow patterns that are unique to accelerated �ow. For ex-

ample, Figure 1.1 shows a fully developed, non-shedding, wake for both steady and

accelerated �ow conditions. Amongst other characteristics, accelerated �ow causes

stationary secondary vortices (circled in red) in front of the pair of vortices (boxed

in yellow) in the wake [10]. These second pair of stationary vortices do not normally

exist in steady �ow until after the main vortices in the wake destabilise and shed,

triggering the vortex-shedding process.

(a) Steady �ow, Re = 24:3 [5] (b) Accelerated �ow, Re = 5000 [10]

Figure 1.1: Comparison of steady and accelerated �ow around a circular cylinder.

Although the characteristics of the two wakes shown in Figure 1.1 are similar,

the Reynolds numbers are vastly di�erent. The Reynolds number of the steady case

is a mere 24.3 while the accelerated case is 5,000; in steady �ow, vortex-shedding

would certainly by present atRe = 5; 000. This is because accelerated �ow signif-

icantly delays the onset of instabilities that trigger vortex-shedding [11, 12]. These

di�erences in the evolution of �ow around an accelerated circular cylinder from a

circular cylinder in steady �ow was studied by Honji & Taneda [8], as well as Bouard

2



& Coutanceau [10], Lee & Budwig [12], and others [9, 11, 13]. Unfortunately all of

these studies only looked at the �ow qualitatively and they paid no attention to the

unsteady shear-stress on the wall of the cylinder. Moreover, they focused on cases

with very low Reynolds numbers and non-dimensional acceleration rates and, often,

short run times. Non-dimensional acceleration,� , and non-dimensional time,t � , are

de�ned as,

� =
aD3

� 2
(1.2)

and

t � =
tUmax

D
(1.3)

respectively, wherea is the acceleration andUmax is the maximum velocity obtained

by cylinder. Shear-stress is an important quantity to measure because it supplies a

more accurate and detailed account of the �ow separation points than �ow visuali-

sation and is directly related to drag on the body.

This thesis will study the e�ects of accelerated �ow on the spatial variation

of the time varying �ow separation around a circular cylinder using wall shear-

stress measurements. The measurements will be taken for multiple acceleration

cases (see Table 1.1) that are between 100 and 350 times larger than those previously

studied, with Reynolds numbers up to 6 times greater. This will provide a better

Table 1.1: All acceleration rates, Reynolds numbers and run times.

� Remax t �

Bouard & Countanceau [10] N/A 9,500 1.5
Honji & Taneda [8] 5:34� 105 3,300 12.4

Present Work
7:05� 107 40,000

14
1:06� 108 45,000
1:76� 108 54,000

understanding of �ow development on an accelerated cylinder and can ultimately

be used to improve future numerical simulations of similar conditions. The �ow

3



conditions studied in these experiments are considerably more practical to real life

situations and thus more industrially relevant than the previous research.

The wall shear-stress will be measured here using Constant Voltage Anemometry

(CVA) [19�29], and surface mounted hot-�lm sensors. Initially, a single hot-�lm

sensor will be utilised to validate the concept of tracking �ow separation with wall

shear-stress measurements. After which, a large scale, simultaneous, multi-sensor

measurements will be completed using a sheet of hot-�lm sensors.

This thesis consists of the following: Chapter 2, a literature review of steady and

accelerated �ow around circular cylinders, wall shear-stress and thermal anemometry,

Chapter 3, an overview of the of the experimental set-up and methodology for both

the single and multi-sensor phases, Chapter 4, a summary of the experimental results

using a single sensor, Chapter 5, a detailed overview of the multi-sensor experimental

results, and Chapter 6, conclusions and recommendations for future work.
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Chapter 2

Literature Review

The following section reviews the current literature on the �ow around circular

cylinders, covering both steady and unsteady �ows, that have been studied both

experimentally and numerically. It will also examine methods of performing wall

shear-stress measurements in detail.

2.1 Steady Flow around a Circular Cylinder

Steady �ow around circular cylinders has been studied for more than a hundred years,

becoming one of the canonical �ows in �uid dynamics. As a result, the behaviour

of the �ow around the cylinder and its wake has been thoroughly documented by

many researchers. For an extensive overview of the �ow around circular cylinders

see the books by Zdravkovich [1, 2]. The steady �ow around a circular cylinder is

classi�ed into various �ow regimes. Each regime has its own set of �ow patterns and

approximate Reynolds number range, as shown in Table 2.1 [1].

The �rst regime, creeping �ow, shown in Figure 2.1, is purely laminar. In this

case, the �ow does not detach from the surface of the cylinder and has no visible

wake. This only occurs at extremely small Reynolds numbers,Re < 5.

5



Table 2.1: Flow regimes for steady �ow around a circular cylinder [1].

Flow Regimes Approximate Re Range
Creeping 0 < Re < 5

Steady Separation 5 < Re < 40
Periodic Laminar 40 < Re < 200

Transition in Wake 200< Re < 400
Transition in Shear-Layer 400< Re < 100; 000

Transition in Boundary-Layer Re > 100; 000

Figure 2.1: Flow visualisation of creeping �ow atRe = 1 [1].

The second regime, Steady Separation, occurs for Reynolds numbers from 5 to

40. Flow visualisation from this regime is shown in Figure 2.2. Also referred to as

the closed, near-wake regime, this regime is delineated by two recirculation zones

that form in the near wake behind the cylinder, which is closed with creeping �ow

persisting behind it.

The length of the closed wake behind the cylinder increases linearly in the Creep-

ing regime as the Reynolds number is increased to about 40. At higher Reynolds

numbers the shear-layer detaches and becomes unsteady, creating a periodic oscil-

lation in the wake that eventually becomes vortex-shedding [1]. Flow visualisation

showing the progression to vortex-shedding from the Steady Separation regime is

6



Figure 2.2: The near wake behind a uniformly translated circular cylinder in steady
separated �ow [5].

shown in Figure 2.3 [30]. This is known as the Periodic Laminar regime, which is

the third regime, and persists from40 < Re < 200.

The Reynolds number at which the instabilities in the laminar �ow begin to

persist is known as the critical Reynolds number,Rec. Once the vortex-shedding

has ensued, the non-dimensional frequency of this shedding is described using the

Strouhal number,

St =
fD
U1

(2.1)

wheref is the frequency of the shedding vortices,D is the diameter of the cylinder

(or characteristic length scale) andU1 is the free-stream velocity. As can be observed

from Figure 2.4, the Strouhal number of a single cylinder in a steady �ow is widely

accepted to be aboutSt = 0:21 but does show some Reynolds number dependence

at very low and very high Reynolds numbers [1].

The fourth regime, Transition in Wake, occurs at Reynolds numbers from about

200 to 400. In this regime, an example of which is shown in Figure 2.5(a), the

vortices start to destabilise downstream of the wake, resulting in turbulent �ow.

As the Reynolds number increases, the point at which the wake becomes turbulent

moves closer to the cylinder until aboutRe = 400. After this, the transition to
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(a) Steady wake: Re = 32

(b) Oscillating wake: Re = 54

(c) Oscillating wake: Re = 65

(d) Vortex-shedding wake: Re = 102

Figure 2.3: Progression of low Reynolds number �ow over a single cylinder [30].

Figure 2.4: Variation of St in terms of Re for a single circular cylinder [3].
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turbulent �ow moves into the free shear-layer directly behind the cylinder, seen in

Figure 2.5(b). This �fth regime is known as Transition in Shear-Layer and persists

until Re = 100; 000. Any �ow at Reynolds numbers greater than this is categorised

in the sixth and �nal regime, Transition in Boundary-Layer, shown in Figure 2.5(c).

Here, transition occurs in the boundary layer near the surface of the cylinder. The

�ow in the wake behind a cylinder in the Transition in Boundary-Layer regime is

visually similar to that from that of the �ow in the previous regime, but the most

notable di�erences between the two are that transition to turbulence in the boundary-

layer can drastically reduce the width of the wake and change the mean separation

point of the �ow.

One of the features of the �ow this work will focus on is tracking the separation

points. Zdravokovich [1] compiled the variation in separation with Reynolds number

and the results are shown in Figure 2.6. As previously mentioned in the Creeping

regime, forRe < 5 the �ow is still fully attached, meaning there is no separation from

the surface of the cylinder. Throughout the Steady Separation regime, the separation

angle decreases rapidly from180° to about 125° with only the small increase in

Reynolds number from 5 to 40 [5], as shown in Figure 2.6(a). Through both the

Periodic Laminar and Transition in Wake regimes (see Figure 2.6(a)), as the Reynolds

number increases from 100 to 400, the separation angle moves from120° to about

100° [1]. For the Transition in Shear-Layer regime (see Figure 2.6(b)), the change

is much less drastic, seeing only a25° change (100° to 75°), over the 100,000 unit

change in Reynolds number [1]. Finally, in the Transition in Boundary-Layer regime,

also seen in Figure 2.6(b), often the turbulence in the boundary-layer reverts the

migration of the separation point or will cause reattachment after initial separation,

which increases the separation angle, and does not have a consistent trend throughout

the regime [1].
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(a) Re = 190

(b) Re = 1 ; 083

(c) Re = 374; 000

Figure 2.5: Laminar �ow over a circular cylinder showing transition to turbulence
in the (a) wake [1], (b) free shear-layer [31] and (c) boundary-layer [4]
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(a) Steady Separation: adapted from Coutanceau & Bouard [5].
Periodic Laminar and Transition in Wake: adapted from Dimopoulos & Handratty [7].

(b) Transition in Shear-Layer and Transition in Boundary-Layer: adapted from
Zdravkovich [1].

Figure 2.6: Flow separation point of a circular cylinder for5 < Re < 5 � 106.
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2.2 Accelerated Flow around a Circular Cylinder

As they are very di�cult to study experimentally, currently the majority of the

research on accelerated �ow over a cylinder has been conducted at very low Reynolds

numbers, i.e. 5 < Re < 104. Though these dynamic �ows have also been studied

numerically, they were mostly concentrated on low Reynolds numbers because of

the limitations in the currently available experimental results for which they can be

compared.

There are two unsteady �ow conditions that are commonly used to study accel-

erated �ow: impulsive starts and constant accelerations. Both are shown graphically

in Figure 2.7.

(a) Impulsive start (b) Constant Acceleration

Figure 2.7: Graphical representation of unsteady �ow conditions.

An impulsive start refers to the condition where the cylinder is rapidly acceler-

ated to a speci�c speed and is normally described in terms of the �nal, or maximum,

Reynolds number. Typically, the area of interest is in the development of the �ow

before the �ow has settled into steady state. Constant acceleration refers to the

cylinder being accelerated at constant rate, often described with a non-dimensional

acceleration rate,� .

One of the �rst researchers to experimentally investigate accelerated �ows around

cylinders was Honji & Taneda [8]. Using �ow visualisation techniques, they [8] stud-

ied the unsteady vortices behind a circular cylinder that was impulsively started from

rest and uniformly accelerated. Examples of images captured by Honji & Taneda [8]
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and Taneda [9] of a cylinder impulsively started from rest, uniformly accelerated from

rest and uniformly accelerated from a steady velocity are shown in Figure 2.8. The

following �gures are not necessarily at the same time-step, as there was insu�cient

information to determine the t � values for each case. They are shown here simply to

illustrate the similarities between the di�erent forms of acceleration.

t1

t2

t3

t4

(a) Re = 100 [8] (b) � = 1 :17� 103 [8]
(Remax = 217)

(c) � = 1 :13� 103 [9]
(Remax = 230)

Figure 2.8: Comparison of consecutive stages of development of the �ow around a
circular cylinder: (a) started impulsively from rest, (b) started with uniform ac-
celeration from rest, and (c) accelerated with uniform acceleration from a steady
velocity.
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In particular, Figure 2.8(a) shows the progression of the �ow behind a circular

cylinder started impulsively from rest. At t1 the �ow initially starts in a manner

similar to the Creeping stage seen in Section 2.1. Att2 the steady separation of �ow

becomes apparent with two small vortices forming symmetrically in the recirculation

zone behind the cylinder. Instead of transitioning to the periodic regime (which

occurs in steady �ow) the accelerated �ow stabilises the vortices, preventing the

presence of oscillations in the wake and ensuing vortex-shedding [9,12]. This allows

for the recirculation zone to grow in size, as shown att3 and t4. Figure 2.8(b) shows

the development of the �ow behind a circular that is accelerated uniformly from

rest. As it progresses fromt1 to t4 the recirculating zone develops and grows in the

same manner as the impulsively started case. A similar progression is also found

in Figure 2.8(c), where the cylinder is uniformly accelerated from an initial steady

state �ow. Any existing wake, shown in t1, collapses into creeping �ow as soon

as the acceleration starts, as seen int2. It is then seen throught3 and t4 that the

development of the recirculating zone is, again, identical to impulsive and accelerated

starts from rest. Though changing the acceleration rate causes variations in the rate

at which the recirculation zone forms, the size it attains appears to be dependent

on the maximum Reynolds number reached. This also shows that the pattern of the

development is always the same regardless of the manner in which the cylinder is

accelerated.

Subsequently building on Honji & Taneda's results [8], several other researchers

[9�13] used �ow visualisation techniques to study and detail the �ow structures

around and behind an impulsively started and accelerated circular cylinder. Pho-

tographed and explained by Bouard & Coutanceau [10], the di�erences between the

�ow behind an accelerated cylinder and the �ow behind a cylinder in steady sep-

arated �ow can be seen in Figure 2.9 below. Though the main recirculating zones

are very similar, instead of transitioning into the periodic regime, accelerated �ow
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eventually creates a secondary set of vortices on the back of the cylinder between the

separation points and stagnation point. This secondary area of recirculation, circled

in red on Figure 2.9(b), shows signi�cantly di�erent �ow patterns than those found

in steady separated �ow and can create changes in the wall shear-stress around the

cylinder.

(a) Steady Flow (Figure 2.2 [5]) (b) Accelerated Flow [10]

Figure 2.9: The near wakes behind a cylinder in steady �ow and accelerated �ow.

Clear images of the progression of the �ow behind an impulsively started cylin-

der are shown in Figure 2.10. The stage of each image is described using the �nal

Reynolds number and the non-dimensional time. When impulsively started, att � = 1

(Figure 2.10), the �ow behind the cylinder starts with the main recirculating zone

(seen in steady state �ow) but also exhibits small bulges between the recirculating

zone and the separation point. As the velocity, and thus local Reynolds number,

increase tot � = 1:5 a small secondary vortex is formed in each of the bulges, which

rotate in the opposite directions to the main vortices in the recirculating zone. Fi-

nally, at t � = 2, the secondary vortices grow until they are large enough the reach

the main recirculating zone, at which point they split into pairs of secondary vor-

tices [8,10]. These persist and stabilise att � = 2:5.

The formation of secondary vortices is not unique to impulsively started cylin-

ders. For example, Bouard & Coutanceau [10] and Honji & Taneda [8] also demon-
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(a) t � = 1 (b) t � = 1 :5

(c) t � = 2 (d) t � = 2 :5

Figure 2.10: Sequence of images taken behind an impulsively started circular cylinder
at Re = 5000, showing the formation of the: (a) Initial bulge, (b) Secondary vortex
and (c), (d) Pair of secondary vortices [10].

strated that, regardless of the manner of start-up, uniformly accelerating a cylinder

results in the formation of a pair of secondary vortices. Bouard & Coutanceau [10]

captured images of impulsive starts for multiple Reynolds numbers and, as seen in

Figure 2.11, they all had some form of secondary vortices present in the �ow at the

same non-dimensional time. In Figure 2.12, Honji & Taneda [8] showed the evolution

of the wake within a continuous run for both an impulsive start and for a uniform

acceleration to compare the two. For both the impulsive start and the uniform accel-

eration, the formation and growth of the secondary vortices follow the same stages

seen in Figure 2.10, but with di�erent time-steps. This further con�rms that, though
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the rate of formation can be a�ected by acceleration rate and the size of growth can

be a�ected by Reynolds number, the �ow behind an impulsively started cylinder

develops essentially the same as that for uniform acceleration.

(a) Re = 300; t � = 2 :5 (b) Re = 550; t � = 2 :5

(c) Re = 3000; t � = 2 :5 (d) Re = 9500; t � = 1 :5

Figure 2.11: Secondary vortices of �nal stage �ow behind an impulsively started
circular cylinder at various acceleration rates. [10].

Because accelerated �ow allows for the wake to evolve to states unrealised in

steady �ow, the previously discussed steady state separation angle ranges do not

apply for the same range of Reynolds numbers in accelerated �ow. With Figure 2.13

Bouard & Coutanceau [10] graphically showed the outer-bounds of the wake behind

impulsively started circular cylinders at various Reynolds numbers. Though they did

not directly measure the �ow separation point, through inspection of the results it is

apparent that the separation point does migrate around the cylinder as it accelerates.
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t � = 0:9

t � = 2

t � = 3

t � = 4

(a) Re = 1800 (b) � = 5 :34� 105

(Remax = 3 ; 300)

t � = 4:9

t � = 7:5

t � = 10

t � = 12:4

Figure 2.12: Development of secondary vortices behind a circular cylinder that is (a)
started impulsively from rest and (b) uniformly accelerated [8].

Because they did not directly measure the separation point and have no angle values

associated with it, it is unclear what the relationship with Reynolds number is at

each point in time. If the separation angles were estimated from inspection of the

wake pro�les, it appears that the separation angle in accelerated �ow is slightly

larger than in steady �ow at a given Re. For example, atRe = 200 the separation

angle is115° in steady �ow (See Figure 2.6) while accelerated �ow shows120°, and

at Re = 9500 the separation angle is90° in steady �ow and 95° accelerated �ow.

As previously mentioned, periodic �ow and vortex-shedding is caused by wake
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(a) Re = 60 and Re = 200: u , t � = 0 :5 ; A , t � = 1 ;
q , t � = 1 :5; E , t � = 2 ; v , t � = 2 :5; @, t � = 3

(b) Re = 550 and Re = 3000: u , t � = 0 :5
; A , t � = 1 ; q , t � = 1 :5; E , t � = 2 ; v ,
t � = 2 :5; @, t � = 3

(c) Re = 9500: u , t � = 0 :5; A , t � = 0 :75;
� , t � = 1 ; s , t � = 1 :25; E , t � = 1 :5; v ,
t � = 1 :75; @, t � = 2

Figure 2.13: Evolution with time of the shape of the closed wake boundary behind
an impulsively started circular cylinder for various Reynolds numbers [10].

instabilities, and the point at which wake instabilities start is known as the critical

Reynolds number. Lee & Budwig [12] investigated the characteristics of tempo-

rally evolving wakes, around the point of wake instability, for uniformly accelerated

and decelerated circular cylinders. Con�rming the previous research by Bouard &

Coutanceau [10], Lee & Budwig [12] found that the velocity �eld in the near wake

could develop to states that would be unstable in steady �ow and that accelerated

�ow stabilised the wake while decelerated �ow destabilised the wake. Their results

found that, at very small acceleration rates (� < 103), the critical Reynolds number

is reached and instabilities do occur in the �ow. A plot of these results can be seen in

Figure 2.14 and show that the critical Reynolds number increases with acceleration

rate. These results indicate that, at greater acceleration rates, the critical Reynolds

number would not be reached until uniform acceleration has ceased. They [12] then
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performed additional experiments to con�rm that, at large enough acceleration rates,

the onset of wake instability, and ensuing periodic vortex-shedding, occurs only after

the highest Reynolds number has been achieved and the cylinder is no longer being

accelerated.

Figure 2.14: Dependence of the instantaneous critical Reynolds number on applied
�ow for acceleration and deceleration [12].

To accompany the visualisation experiments, many researchers also simulated

the �ow around an impulsively started and uniformly accelerated circular cylinder.

Using an expansion of powers to extend the numerical results of boundary-layer

theory, Collins & Dennis [14] solved for the time-dependent �ow past an impul-

sively started circular cylinder at low Reynolds numbers. Collins & Dennis [15] then

used the �nite di�erence method with the intent to replicate the results of Honji

& Taneda [8] and Taneda [9]. While the results replicated the growth of the main

recirculation zone, it did not produce results with the secondary vortices. Using a

deterministic vortex method, Chang & Chern [16] attempted to duplicate the results

of Bouard & Coutanceau and were more successful. Their results replicated the ini-

tial bulge, secondary vortex and pair of secondary vortices found in Figure 2.10 [10].
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Several other researchers [17, 18] also employed variations of the vortex method to

simulate the results found by Bouard & Coutanceau [10]. But it was only Chang

& Chern [16] who expanded their measurements to greater Reynolds numbers than

those previously studied experimentally. They produced results for Reynolds num-

bers up to 106 and these results indicated that the progression to the pair of sec-

ondary vortices in accelerated �ow is increasingly delayed as the Reynolds number

is increased.

2.3 Wall Shear-Stress

While �ow visualisation is one of the more common methods of examining the �ow

around an accelerated cylinder, measuring the unsteady shear-stress on the surface

of the cylinder can be used to directly determine the separation points of the �ow.

Wall shear-stress is often described in non-dimensional form as skin friction. Skin

friction is denoted with Cf ,

Cf =
� w

1
2 � 1 U2

1
(2.2)

where � w is the wall shear-stress, and� 1 is the �uid density. Wall shear-stress is

de�ned as the velocity gradient at the wall of the cylinder,

� w = �
@U
@y

jy=0 (2.3)

where� is the �uid dynamic viscosity and U is the instantaneous velocity normal to

the wall.

It is very di�cult to measure wall shear-stress directly and for an extensive de-

scription of wall shear-stress measurements see the book by Tavoularis [19]. Often

wall shear-stress is approximated using near wall velocity measurements. For exam-

ple, external instrumentation, such as Pitot tubes or hot-wires, can be placed near

the wall and then Equation 2.3 is calculated from an equation that approximates

21



the near-wall relationship. This is appropriate when the boundary-layer is laminar

because the velocity near the wall changes gradually and it is easy to �t a curve to

near-wall measurements [19]. Unfortunately, when the boundary-layer is turbulent

it can be hard to �t curves to Equation 2.3 and the aforementioned instrumentation

is often inadequate at measuring extremely close to the wall [19]. Therefore, it is

imperative to take measurements with devices that are �ush with the wall. Some

common methods to accomplish this are hot-�lm sensors, Preston tubes [19] and

pressure taps. Hot-�lm sensors are mounted directly on the surface of the cylinder

and use the heat transfer rate from the sensor to the �uid to predict the wall shear-

stress. Preston tubes are essentially Pitot tubes mounted directly on the wall, but

are often quite large relative to the scales of interest and can disturb the �ow. Static

pressure taps, which are mounted in the wall via small holes drilled perpendicular

through the surface of the wall, enable pressure measurements to be taken without

equipment protruding into the �ow. The wall shear-stress is then estimated using

the pressure di�erence between the total pressure and the local static pressure at the

wall. While hot-�lms can be used in both gaseous and liquid �ows, pressure tubes

are typically used solely in gaseous �ows [19].

When selecting a method for wall shear-stress measurements it is also important

to consider the spatial and temporal resolution required of the equipment. In the

case of �ow over a cylinder, spatial resolution is important because the �ow changes

rapidly around the circumference of the cylinder. In steady state �ow cases the

temporal resolution is not as important because the results are steady or repetitive

over long periods of time and can be time averaged. In accelerated �ow cases, where

the results change continuously with time, having su�cient temporal resolution that

can capture all the changes in the �ow is very important and this often precludes

the use of pressure measurements.

Flow separation is closely linked to wall shear-stress because it occurs at the
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point on the cylinder when the skin friction coe�cient reaches zero, transitioning

from positive to negative [1]. An example of the skin friction distribution around a

circular cylinder in steady �ow by Dimopoulos & Hanratty [7] is shown in Figure 2.15.

The solid curve represents computations based on a Blasius series while the rest are

experimental results obtained through electrochemical measurements of wall shear-

stress. At these low Reynolds numbers, the shear-stress typically peaks around30°

while the �ow is attached, before dropping back down to zero at separation. The

instantaneous point at which the wall shear-stress is zero is the point at which the

velocity gradient near the wall changes direction, and it is the change in direction of

�ow on the surface of the cylinder that triggers the �ow separation. It should also be

noted that, while the �ow is still attached, the maximum wall shear-stress increases

with Reynolds number. This holds true until the Transition in Boundary-Layer

regime.

Figure 2.15: Skin friction distribution around a circular cylinder for various Reynolds
numbers [7].
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2.4 Thermal Anemometry

To measure wall shear-stress, thermal sensors, such as hot-wire and hot-�lm sensors,

are often used. This can be achieved through the known relationships between the

convective heat loss of the heated probe and the �uid velocity [23]. Because the

probes are mere microns thick, any changes in sensor temperature directly changes

its resistance. Therefore, by controlling or monitoring the change in resistance of the

the probe, changes in the �uid, such as velocity or temperature, can be measured.

Wall shear-stress is related to the changes measured in a wall mounted thermal

sensor with a modi�ed form of King's power law [20]:

PW

TW � Ta
= A� 1=3

w + B (2.4)

where PW is the dissipated power in the sensor,TW is the sensor temperature,Ta

is the ambient �uid temperature, and A and B are constants determined through

calibration. Unfortunately, this requires that a new calibration be performed for each

variation in �uid temperature or to use a second sensor to continuously measure the

bulk �uid temperature [20].

To alleviate this problem, Sarma & Compte-Bellot [21] and Sarma & Moes [22]

proposed that the change in temperature for both hot-wire and hot-�lm sensors be

expressed as

TW � Ta =
RW � Ra

�R 0
(2.5)

and thus, Equation 2.4 becomes:

PW

RW � Ra
= A� 1=3

w + B (2.6)

whereRW is the the dynamic resistance of the wire,Ra is the cold resistance of the

wire in ambient temperature �uid, and � and R0 are constants that are absorbed into

A and B. Using Equation 2.6 instead of Equation 2.4 also mitigates problems that

occur with changes in ambient temperatures. This allows the calibration curve of a
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single sensor for any ambient temperature to be used in other applications instead

of re-calibrating for any changes in ambient temperatures [20�22].

Sarma [23, 24] �rst developed the Constant Voltage Anemometer (CVA) as a

substitute for other widely used hot-wire and hot-�lm anemometers. Before the

CVA, the most popular anemometers were Constant Current (CCA) and Constant

Temperature (CTA). For a comprehensive comparison of CCA, CTA and CVA's

see the overview by Neumeister [25]. As their names suggest, CCA keeps the cur-

rent through the sensor constant and allows for the measurement of the change in

resistance, while the CTA keeps the temperature, or resistance, of the sensor con-

stant and allows for the measurement of the change in current. The CVA keeps the

voltage across the wire constant and allows for the measurement of the change in

resistance. Unfortunately both the CCA and CTA circuits can be di�cult to imple-

ment, required much adjustment because of their Wheatstone bridge network and

often picked up Radio-Frequency Interference (RFI) from the sensor cables [23,24].

The CVA con�guration, shown in Figure 2.16, is much simpler, requires less

balancing of the bridge and considerably reduces the e�ect of RFI in sensor cable [23].

Later, Sarma [26] further investigated the CVA and found that it had enhanced

accuracy for velocity measurements over the CTA and had the added bene�t that

the cable length produced no changes in the bandwidth or stability.

Properly heating the thermal sensors is a very important aspect of anemometry.

When utilising thermal sensors to take measurements in �uid �ow, the anemometer

circuits are calibrated so that the sensor temperature is within their appropriate

design range, usually expressed in terms of an overheat ratio. The overheat ratio,

OHR, for thermal sensors is de�ned as:

OHR =
RW

Ra
(2.7)

If the temperature of the thermal sensors goes above its recommended overheat

ratio, in cases such as when the �ow velocity drops unexpectedly, the integrity of
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Figure 2.16: Constant voltage anemometer circuit [27]

sensor can be compromised. Running the sensor too hot can cause a catastrophic

burn-out of the sensor. If the overheating is not extreme, it will weaken the lead

connections or damage the sensor. While the sensor may appear to be functioning,

this can result in varied and unpredictable resistance values. Since the ability to

accurately take measurements relies on the constant and known cold resistance of

the sensors, this can produce inaccurate results.

Both CTA and CVA mitigate the overheating issue by automatically adjusting

the current input to the sensor whenever the �ow speed varies. When the �ow speed

decreases, meaning there is less cooling to the sensor, the sensor starts to heat up

and the resistance increases. To keep either the temperature or voltage constant,

the CTA and CVA automatically adjust the current to the wire. This works both

with an increase and a decrease in �uid �ow, lessoning the chances of overheating

the sensor [25].

Kegerise & Spina did comparative studies of both the static [27] and dynamic

[28] responses of CVA's and CTA's. They found that, at overheat ratios above

0.4, the CVA was a better option for the application of velocity or mass-�ux [27].
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Mohammed-Tairofur et al. [29] used both CVA and CTA to measure turbulent ve-

locity �uctuations and also came to similar conclusions as Kegerise & Spina [28] with

regard to the advantages of CVA.

Thermal lag is also an important consideration in anemometry because the

sensors require a �nite amount of time to reach a new temperature value after a

change in velocity [25]. The thermal lag is described with the sensor time constant,

M , which directly e�ects the frequency response of the sensor. The time constant of

a CVA circuit is calculated by:

MCV A =
�

OHR
2OHR � 1

� �
� wcwd2

w

4k1

�
0

B
@

1

A
h

� 1 Udw
� 1

i 1=2
+ B

1

C
A (2.8)

whereOHR is the overheat ratio of the wire,� w is the density of the wire material,

cw is the speci�c heat capacity of the wire,dw is the diameter of the wire andk1 is

the thermal conductivity of the wire [25]. The frequency response is often described

with the transfer function H , which is the ratio of the output signal to the input

signal [25]. The amplitude ratio is related to the frequency and time constant with:

H (! ) = (1 + ! 2M 2
CV A )� 1=2 (2.9)

where ! is the frequency inrad=s. The predicted frequency response curves of a

CVA bridge for three di�erent air velocities is shown in Figure 2.17. Neumeister [25]

conducted an experimental investigation of the frequency response of a basic CVA

circuit with the same sensor used in Figure 2.17 and found that there was less than

10 % di�erence from the velocities measured by the CVA and an accelerometer for

up to 300 Hz, which matched very closely to the theoretical results. This indicates

that the CVA bridge is accurate up to300 Hz.

Overall, the CVA has a simple design that is easy to replicate and adapts well

to di�erent �ow conditions. Its con�guration prevents the wire from overheating and

burning out if the �ow rate drops drastically. It also does not show any noticeable

27



Figure 2.17: Example frequency response of a CVA in air [25]

lag in frequency response until about300 Hz. All of this makes it an ideal candidate

for measuring wall shear-stress in water where the frequencies of interest are much

less than300 Hz.

2.5 Objectives

It is apparent through the literature review that there are two major gaps in the

research into accelerated �ow around circular cylinders. First, the experimental

studies were all executed at relatively low Reynolds numbers, the highest of which was

Re = 9500 and only run for up to t � = 1:5 [10]. While certain constant acceleration

cases were conducted for longer time-steps, the greatest acceleration studied was

� = 5:34� 105 for t � = 12:4 [8]. Due to the lack of available experimental data for

high Reynolds numbers, the majority of the numerical studies were conducted in the

same rages as the experimental studies. Only Chang & Chern [16] produced results

for Reynolds numbers reachingRe = 10 � 106. Therefore, one of the focuses of
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the present research will be to study impulsively started cylinders reaching Reynolds

numbers of approximatelyRe = 76; 000and uniform accelerations of� = 3:88� 108,

all of which will be run for the length of t � = 14.

It is also apparent from the literature review that there is a lack of detailed

measurements of the wall shear-stress and progression of separation point around the

surface of the cylinder throughout the acceleration phase. Dimopoulos & Hanratty [7]

did, however, measure the shear-stress around the circumference of a circular cylinder

in steady �ow at low Reynolds numbers, but there is no direct comparison for results

in accelerated �ow. Bouard & Coutanceau [10] brie�y investigated the separation

points, but their research was only in reference to the qualitative characteristics

of the near wake, not in regards to the wall shear-stress. Therefore, the objective

of this research will be to experimentally explore the e�ects of accelerated �ow on

the time varying wall shear-stress and separation point around a circular cylinder.

Wall shear-stress measurements will be taken using hot-�lm sensors mounted on the

surface of the cylinder in conjunction with the aforementioned CVA, which can then

be used to determine the separation points around the cylinder for each dynamic

condition. Changes in the wall shear-stress and migration of the separation points

will be tracked around the surface of the rigid cylinder as it is translated through a

body of water. Water is selected as the �uid because, compared to air, it requires

much less velocity to achieve high Reynolds numbers and, therefore, the time scales

are larger. These results are being collected with the intent to better understand the

drag forces on an accelerated cylinder and to provide results that can help improve

future numerical simulations of similar conditions.
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Chapter 3

Experimental Set-Up

The �rst set of experiments were conducted with a single-sensor set-up and then

expanded to a multi-sensor set-up. All experiments were conducted using an existing,

speci�cally designed, apparatus, known as a towing tank. Shown in Figure 3.1,

the horizontal cylinder of length 11.6D is supported with an overhead rail system

and translated through the tank of water with a pressurised piston. The water

tank is 2 m (22.5D) long, 1:25 m (14D) wide and 1:1 m (12.4D) deep. The blockage

ratio is D=d = 0:08. The overhead rail system was fabricated with steel while the

vertical braces that support the cylinder and the cylinder itself were fabricated with

aluminium. The horizontally mounted cylinder, which is1:03 m long and 89 mm in

diameter, was powder coated to prevent aluminium oxide crystals from pitting the

cylinder and keeping the surface smooth. The pressurised piston rapidly translates

the cylinder through the water using a pneumatic actuator and linear encoder that

directly measures the position of the cylinder throughout the run. The position of the

cylinder was also used to calculate the instantaneous velocity and overall acceleration

rate of the cylinder. The data from the linear encoder was used to control the piston

and the controller data was collected using a National Instruments PCI-6036E, 16-

bit, Data Acquisition (DAQ) board. Originally, the voltage data from the single-
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Figure 3.1: Tow-tank Apparatus

sensor CVA bridge was collected on the same DAQ that controls the translation of

the cylinder. Both the voltage data from the CVA and the cylinder position data

was sampled atf s = 40 Hz, which is a normalised frequency off s D
U = 3:56 and

su�cient to resolve the frequencies of interest here. During the multi-sensor phase,

the sampling rate of the controls was bumped up to67 Hz due to the separation of

the control system from the sensor DAQ. The voltage data from the sensors were

then collected using a 16-bit Microstar DAP 5200a DAQ and sampled at100 Hz, a

signi�cant increase over that sampled in the single-sensor phase.

Two acceleration rates were tested for the single-sensor experiments,� = 7:05� 107

and � = 1:76� 108, while � = 1:06� 108 and � = 1:76� 108 were tested in the

multi-sensor phase. Figure 3.2 shows the position and velocity curves for the cylin-

der movement at the two acceleration rates tested in the single-sensor experiments

while Figure 3.3 shows those tested in the multi-sensor experiments. After a quick

almost instantaneous start, the cylinder continues to translate at a constant accel-
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(b) � = 1 :76� 108

Figure 3.2: Position and velocity curves of accelerated cylinder for the single-sensor
experiments.

eration rate until reaching an almost instantaneous stop point. The whole run is

then repeated multiple times with a 10-15 minute wait time between each to allow

for the dissipation of the turbulence and secondary currents in the tank. The wait

time was determined by injecting die into the water after translating the cylinder

and observing the time for the water to still again. Each blue dot represents the data

points for multiple runs while the dashed red curve is the average position curve and

the black curve is the mean velocity pro�le. The average values were determined by

calculating all the values at the same timer position for each of the runs.

It is noticed in Figure 3.2 that the control system had di�culty keeping the

acceleration constant (seen through the waviness in the velocity pro�les). This is

partially due to limitations in computing power that resulted in having to keep
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(a) � = 1 :06� 108

(b) � = 1 :76� 108

Figure 3.3: Position and velocity curves of accelerated cylinder for the multi-sensor
experiments.

the sampling frequency of the control system low. With the addition of a more

powerful computer to run the control system, and separating it from the sensor

DAQ, the sampling rate was increased for the multi-sensor experiments, which, as

seen in Figure 3.3, vastly improved the velocity pro�les. Unfortunately the new set-

up could not consistently produce a velocity pro�le at� = 7:05� 107 without stoping

prematurely, as the result of errors in velocity calculations. It is still unclear why this

happened, but it is hypothesised that it was the result of the new multi-sensor set-up

and cabling, which added extra weight to cylinder. All attempts were made to rectify

this, but as the system performed well for higher (and more practical) acceleration

rates, it was simply decided to run the �rst set of multi-sensor experiments at a

slightly higher acceleration rate of� = 1:06� 108. Fortunately, the pro�le at � =
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1:76� 107 was easily replicated.

To measure the wall shear-stress and determine the separation points, Tao hot-

�lm sensors [32] are mounted on the surface of the cylinder. Their standard single

sensor, used in the single-sensor experiments, is shown in Figure 3.4. Connected

with copper leads, the nickel sensor element is0:2� m.

Figure 3.4: Tao Systems Standard Hot-Film Sensor [32]

Before investing in the equipment to run multiple sensors, the single hot-�lm

sensor was utilised for concept validation. The sensor, shown mounted in Figure 3.5,

was placed at a position in the span-wise midpoint of cylinder and then the cylinder

was rotated manually so that the hot-�lm could capture the �ow dynamics at any

angle, � , from the stagnation point.

Figure 3.5: Image of single hot-�lm sensor mounted on cylinder.

It is di�cult and time-consuming, when using only one sensor and manually ro-

tating the cylinder, to get an accurate and detailed cross-section of the �ow around
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the surface of the cylinder. Also, a single sensor yields no information about the in-

stantaneous spatial distribution of the wall shear-stress value or run to run variation.

Therefore, a sheet of 100 hot-�lm sensors, shown in Figure 3.6, was designed to wrap

around the surface of the cylinder. The sensors were con�gured in a V formation so

that each sensor would have a smooth, unobstructed �ow path in front of it and any

minimal wake produced from the sensors or leads would not interfere with the other

sensors. After mounted on the cylinder, the spacing between each sensor is3:3°. All

the lead wires attached to the sensors by the manufacturer were then labeled, sunk

into the cylinder and crimped to pin connectors, as seen in Figure 3.7. The cylinder

was then mounted in the towing tank, which can bee seen in Figure 3.8, so that the

centre line of the sensor sheet is exactly at the stagnation point, or� = 0°, on the

cylinder.

Figure 3.6: 100 Tao hot-�lm sensor sheet
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(a) A close-up image of the 100-sensor sheet mounted on the cylinder.
The image shows the cylinder from the back side.

(b) Multi-sensor cylinder with the sensor sheet and all 200 lead wires
attached, as was received from the manufacturer.

(c) Multi-sensor cylinder after the lead wires are sorted, labeled, sunk
into the cylinder and crimped to connector pins.

Figure 3.7: Preparation of cylinder after multi-sensor sheet and lead wires are at-
tached by manufacture.
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Figure 3.8: Multi-sensor cylinder mounted in tank.

To power the hot-�lm sensors, a Constant Voltage Anemometer (CVA) bridge

was designed, constructed, and con�gured with the appropriate resistor values. All

versions used are shown in Figure 3.9. Also part of the concept validation phase,

a single CVA bridge was calibrated to the single mounted sensor which was accom-

plished by constructing the CVA bridge with a bread board. Once proven opera-

tional, a preliminary Printed Circuit Board (PCB), with multiple CVA con�gura-

tions, was designed and constructed to be used with the single-sensor experiments.

To run the multiple sensors simultaneously, a new, smaller version of the CVA bridge

was designed and printed. Each CVA bridge is out�tted with adjustable resistors so

that they can be adjusted according to the sensor position and acceleration rate, to

properly set the overheat of the hot-�lm sensors.
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(a) Single-Sensor Versions (b) Multi-Sensor Version

Figure 3.9: All CVA's used in experiments.

Due to the limitations of the data acquisition systems available, only 16 bridges

could be run simultaneously as each bridge requires 2 inputs to be sampled and the

sensor DAQ has 32 inputs. Therefore a 16-channel box was constructed to house 16

CVA bridges and all the power connections required to run them. This was later

dropped to 15 operational channels, as one of the sensor DAQ channels was required

to sync the control system DAQ. The 16-channel box, shown in Figure 3.10, was

also out-�tted with switches and LED lights to control and indicate the operation

of each channel. Each CVA bridge channel is wired to one sensor port, two DAQ

ports and two power supply ports. To run the CVA bridges, they each require a

1:5 V and 9 V power supply. The1:5 V is supplied by AA batteries mounted inside

the box and the9 V power is supplied by an AC converters, as shown in Figure 3.11.

Each 9 V converter can only supply enough current to safely run 8 bridges, therefore
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(a) Top: Inside

(b) Top: Switches and lights

(c) Side 1: DAQ and sensor
connectors.

(d) Side 2: DAQ and power
connectors.

Figure 3.10: Internal view of housing for 16 CVA bridges with connections to power
DAQ, sensors, power supplies and switches.

two converters were split into 8 channels and placed in a separate box that connects

to the bridge box. Figure 3.12 shows the full set-up of all the equipment during

the multi-sensor experiments: (A) towing-tank, (B) data acquisition for sensors, (C)

controls of cylinder kinematics, (D) lead wires between sensors on cylinder and CVA

bridges, (E) 16-channel CVA bridge box, and (F)9 V power supply for CVA bridges.
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Figure 3.11: 9 V power supplies and housing.

Figure 3.12: Full set-up of equipment for multi-sensor experiments: (A) towing-tank,
(B) DAQ for sensors, (C) cylinder controls, (D) lead wires, (E) CVA bridge box, and
(F) power supply.
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The �nal CVA bridge con�guration used to run the hot-�lm sensors is shown

schematically in Figure 3.13. From the bridge,Vs, the output voltage, and Vw , the

Figure 3.13: Schematic of current con�guration of CVA bridge

voltage acrossRw , were both measured directly throughout the runs. By apply-

ing Kircho�'s current law to the bridge, the live resistance of the hot-�lm, RW , is

calculated from:

VW

RF
+

VW

RW + RL
�

VS � VW

R2
= 0 (3.1)

The power dissipated in the wire is calculated with:

PW =
V 2

W

RW + RL
(3.2)

Once resistance and power is calculated they can then be used in Equation 2.6 to

calculate the wall shear-stress:

PW

RW � Ra
= A� 1=3

w + B (2.6 revisited)

Because the measured voltage values of the bridges are highly dependent on

the current available to the bridges, the results are sensitive to any changes in the

available current, which is not necessarily consistent from one bridge to another.

Therefore, each sensor has its own o�set calibration constant, B, that is calculated
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for each run using the average voltage data from the �rst0:5 s before any �ow

movement, where the wall shear-stress is assumed to be zero. Average B values and

their standard deviation, � B , for a typical set of sensor is shown in Table 3.1. While

not all the B values shown were taken simultaneously, each value is representative of

a set of multiple runs taken in succession during a single session of experimentation.

It was noted that the B value for a single sensor can vary depending on which bridge

they are connected to and the battery life of the power supply, but the low� B values

show that the shear-stress for a given sensor is consistent and repeatable.

Table 3.1: Sample of Calibration Constants, B

Sensor Angle B-value � B
Number (deg) (Mean) (%)

22 -108 6663.1 0.136
24 -101 6026.5 0.130
26 -95 5954.4 0.131
28 -88 6613.9 0.155
29 -85 6444.3 0.146
30 -82 6954.3 0.849
31 -79 6451.4 0.188
33 -72 6233.3 0.154
35 -65 6361.1 0.162
36 -62 6366.0 0.178
65 62 6174.9 0.292
66 65 5546.5 0.255
68 72 5806.6 0.194
70 79 5993.0 0.344
71 82 6018.6 0.337
72 85 6229.4 0.308
73 88 5545.3 0.409
75 95 5561.6 0.207
77 101 5948.5 0.208
79 108 6345.4 0.196

Unfortunately, the magnitude of the calibration constant, A, cannot be calcu-

lated directly during experimentation. To compensate for this, all the wall shear-

stress results are normalised by the maximum wall shear-stress,� wmax , which is the

average maximum values for a given hot-�lm sensor during the acceleration phase;
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i.e. t � < 14. Therefore, all the wall shear-stress results can only be used to show the

trends in the magnitudes throughout the run.
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Chapter 4

Single-Sensor Results

During the conceptual validation phase, the cylinder with a single sensor mounted on

it was rotated to 14 di�erent positions on the top side and bottom side of the cylinder

in the range of30° � � � 120°. Figure 4.1 shows schematically the movement of the

cylinder, where the angle,� , is always in reference to the stagnation point on the

front side of the cylinder. A positive angle denotes the top side of the cylinder while

a negative angle denotes the bottom side. Each angle was tested at two di�erent

Figure 4.1: Cylinder Schematic

acceleration rates and repeated 20 times. These experiments were conducted to

determine if the sensor was able to capture the di�erence between attached and

separated �ow. Since the separation point of cylinder in steady �ow is typically

at approximately � 90° from the stagnation point, measuring within the range of

30° � � � 120° on both sides of the cylinder ensured that the sensor would see both

separated and attached �ow.
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4.1 Acceleration Rate of � = 7:05� 107

The �rst acceleration rate tested was at a non-dimensional acceleration of� =

7:05� 107. As discussed earlier, this is 2 orders of magnitude greater than the

highest � of 5:34� 105 previously studied experimentally by Honji & Taneda [8]

(See Section 2.2). At this acceleration rate the maximum Reynolds number achieved

wasRe = 40; 000, surpassing the highest Reynolds number previously studied (Re =

9; 500) before t � = 1. The velocity pro�le is shown in Section 4.1, where the blue

dots represent the data from 20 runs and the solid black line represents the mean

of all runs. Although every attempt was made to ensure a constant acceleration,

limitations in the apparatus resulted in an initial impulsive start phase before tran-

sitioning to the acceleration phase, and, as shown by the small scatter of data, did

see some variation throughout the run.
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Figure 4.2: Velocity pro�le for � = 7:05� 107

Plotting shear-stress against the run time, Figure 4.3 shows the results at� =

7:05� 107 for all 14 angles measured. Moving clockwise around the top side of the

cylinder the angles measures are, in order,30°, 60°, 75°, 80°, 90°, 105°, and 120°.

Measurements on the opposite side of the cylinder mirror the positive and, thus, the

reciprocal negative angles are in the same order moving counter-clockwise around

the bottom half of the cylinder. All �gures show both the data from each run and

the mean for all the runs. Figure 4.4 shows the normalised mean wall shear-stress
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for 30° � � � 90° on both sides of the cylinder. Because the same sensor was used

to measure all angles, here the wall shear-stress is normalised by a single maximum

shear stress value for all angles. The hollow symbols with solid lines represent topside,

or positive, positions measured while the solid symbols with dashed lines represent

the bottom side, or negative, positions measured on the surface of the cylinder.

At the beginning of each run (t � < 2), there are extreme peaks in the wall

shear-stress. Due to the fear of damaging the hot-�lm sensor if it was powered

prematurely, the CVA bridge was manually triggered at the same time the cylinder

began moving. These large peaks are not representative of the wall shear-stress,

but are a manifestations of powering on the CVA. The multi-sensor results do not

have this issue, as it was later determined that powering the hot-�lm sensor before

cylinder movement does not damage it.

At 30°, all the previous literature indicates that the sensor will be in the at-

tached �ow section for the entire run [1�7]. The wall shear-stress does not deviate

signi�cantly from the average trendline, and increases with both time and velocity

until about t � = 14. Wall shear-stress is dependent on the velocity gradient near the

surface of the cylinder (see Section 2.3) and therefore it is increasing as a response

to the increase in velocity. This is consistent with the �ow being in the attached

�ow regime for the entire run. After t � = 14, the shear-stress decreases because the

cylinder is decelerating in preparation for the end of the run. The bumps in the

signal are caused by the slight variations from a constant acceleration, seen in the

velocity pro�le in Section 4.1.

When the sensor is placed at120°, after the initial ramp up of wall shear-stress

caused by the impulsive start, the wall shear-stress almost immediately drops to

approximately zero until about t � = 14. At 120° there is much more run to run

variations in the wall shear-stress, which indicates the presence of turbulence. This,

and the very low values, indicate that the �ow is separated for the rest of the run after
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Figure 4.3: Single-sensor results for all angles measured at� = 7:05� 107
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Figure 4.4: Mean results for30° � � � 90° at � = 7:05� 107

t � = 2. After t � = 14 the shear-stress increases because, as the cylinder decelerates,

the �ow on the back side of the cylinder continues to move at the same velocity,

impacting the cylinder from the back. Because the sensor cannot measure direction

there is no way of knowing when the shear-stress is positive or negative; therefore,

this is likely an increase in the magnitude of a negative shear-stress. This increase in

shear-stress, as well as the drastic decrease in shear-stress at30°, could also be the

result of the turbulent wake behind the cylinder having enough momentum to surpass

the cylinder, possibly re-attaching or imparting on the back side of the cylinder.

While the results at30° and120° show that the sensor is picking up the di�erence

in attached and separated �ow, the movement of the separation point can be seen

by investigating the other angles in between. Compared to the30° results, the wall

shear-stress at60° appears similar but at a lower magnitude. The fact that the wall

shear-stress at60° never dropped to zero and still increases with velocity indicates

that it is also attached �ow for the entire run time. The decrease in magnitude is

mostly likely a result of the wall shear-stress measurements at60° being further away

from the maximum point in the wall shear-stress distribution around the cylinder

(see Figure 2.15). At75°, the results in Figure 4.3 show quite of bit of waviness. The

magnitude of the wall shear-stress decreases at �rst before increasing again att � = 8

and then repeating again att � = 12. Because the wall shear-stress decreases with

increased proximity to the separation point, the drastic waviness in the magnitude
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at 75° indicates that the separation point is migrating closer and closer to75°, but

not reaching it, until t � = 7, then moving further away until t � = 10, then moving

closer again att � = 12 and �nally moving further away for the remainder of the run.

Looking at both 80° and 90°, at about t � = 3, the shear-stress starts decreasing,

reaching zero and separating att � = 7 and t � = 4, respectively. The80° pro�le

does show a temporary increase around thet � = 10 mark, but, the shear-stress has

already reached zero previously and the sensors cannot measure direction. Therefore,

it is unclear whether this is indicative of a negative shear-stress value caused by

recirculation, meaning it is still in separated �ow, or if the separation point has

moved back closer to90° and the �ow is actually attached at 80° betweent � = 9 and

t � = 11. Finally, the wall shear-stress at105° show almost the exact same results

as those for120°. The wall shear-stress drops to zero at the beginning of the run,

staying there until deceleration begins and then increasing, albeit signi�cantly less

than shown at120°. This all indicates that the �ow is detached for the entire run at

105°.

Overall, the wall shear-stress results show that the �ow is fully attached for the

duration of the run in the range of� � 75°, separation occurs part-way through the

run in the range of 75° < � � 105° and is fully separated for the majority of the

run in the range of � > 105°. When comparing the positive results to the negative,

there is a distinct asymmetry from the top side of the cylinder to the bottom side.

Figure 4.3 shows that the �ow is fully attached for the duration of the run in the

range of � � � 60°, separation occurs part-way through the run in the range of

� 60° < � � � 105° and is fully separated for the majority of the run in the range of

� > � 105°. The asymmetry is especially present in angles less than� 105°. Figure 4.4

demonstrates this asymmetry by showing that the wall shear-stress at� 30° is at

the same magnitude as the results at60°, the results at � 60° follows the waviness

pattern of those at 75°, the �ow separation point at � 75° is at the same points
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as 80°, the results at � 80° shows the same separation timing as those for90° and

separation occurs even sooner at� 90°. This all indicates that the separation point

is not continually at the same angle on either side of the cylinder, as the previous

literature suggests it should be for low Reynolds numbers [8�11]. The asymmetry in

the separation points begin sometime beforet � = 2. The development of asymmetry

in wake noted here is likely a precursor to antisymmetric vortex-shedding.

4.2 Acceleration Rate of � = 1:76� 108

The second acceleration rate tested was at a non-dimensional acceleration of� =

1:76� 108 and is, again, much greater than the highest� previously studied experi-

mentally by Honji & Taneda [8], Taneda [9], and Bouard & Coutanceau [10]. At this

acceleration rate, shown in Section 4.2, the maximum Reynolds number achieved was

Re = 54; 000and, again, surpasses the highest Reynolds number previously studied

(Re = 9; 500) before t � = 1. All the parameters are the same as for the previous

kinematics pro�le, the only exception being that the slope of the velocity pro�le is

greater to re�ect the increase in acceleration rate.
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Figure 4.5: Velocity pro�le for � = 1:76� 108

The shear-stress measurements for� = 1:76� 108 are shown in Figure 4.6 and

Figure 4.7 in similar fashion as for Figure 4.3 and Figure 4.4. While the results at this

50



acceleration rate are very similar to those at� = 7:05� 107, there are some subtle

di�erences. For example, the results at30°, 60° and 75° are all still in the attached

�ow regime, as indicated by their overall increase in magnitude throughout the run,

and have similar waviness. But, at60° the wall shear-stress has a slightly higher

magnitude than at 30°, meaning the position of maximum shear-stress is closer to

60° instead of30°. As with the previous case, the wall shear-stress at80° and90° �rst

increases before starting to drop o� to zero, but at a slightly later time oft � = 3:5.

Also, the shear-stress at80° does not reach zero untilt � = 9 and at 90° it reaches zero

at t � = 5, which are both later than in the previous acceleration case. The results

at 80° also shows the subsequent increase in wall shear-stress after it �rst reaches

zero. Similar to the � = 7:05� 107 case, the results at105° and 120° are also fully

detached for almost the entire run, the slight di�erence being that separation at105°

occurs slightly later at t � = 3:5 instead of t � = 2.

Like the lower acceleration case, there is also asymmetry present. Overall, the

�ow is fully attached for the duration of the run in the range of � � 75° on the

top side and � � 60° on the bottom side. At some point during the acceleration

phase, separation occurs for the range of75° < � � 105° on the top side and� 60° <

� � � 105° on the bottom side. The �ow is fully separated for most of the run at

� > � 105°. Unlike the � = 7:05� 107 case, the asymmetry is delayed. Figure 4.7

shows a distinct asymmetry between75° and � 75° at t � = 11, but there is a more

minimal presence of asymmetry, seen in the slight o�set between80° and � 85°, as

early as t � = 4. Until this point, the negative wall shear-stress at all the other

angles follow closely the path of their mirrored positive value. Unfortunately, due to

the single-sensor method of measuring the wall shear-stress, it is unclear speci�cally

where, betweent � = 4 and t � = 11 the asymmetry begins. Aftert � = 11, the wall

shear-stress at� 60° drops down slightly to match the results at30°, while the walls

shear-stress at� 75° also drops signi�cantly to match results at80° and the results
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Figure 4.6: Single-sensor results for all angles measured at� = 1:76� 108
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Figure 4.7: Mean results for30° � � � 90° at � = 1:76� 108

at � 80° drops to zero, matching those for� 90°. This indicates that the onset of

asymmetry in the wake has been delayed compared to the lower acceleration case.

These asymmetric results also indicate that the increase in wall shear stress at

� 80° (seen in both acceleration cases att � = 10) after it had previously reached

zero is the result of reattachment instead of negative wall shear stress. This is

because, when the separation point is tracked spatially throughout the run, it begins

at the rear most measurement points,� 120°, migrates forward to� 105° at t � = 3:5,

continues to � 90° at t � = 5 and then � 80° at t � = 9. After that, the separation

point migrates backwards towards� 90°, reattaching the �ow at � 80°. This is seen

through the abrupt increase in wall shear stress at both� 80° and� 75° until t � = 11.

At this point, the separation point remains somewhere between80° and 90° on the

top side but migrates forward again to somewhere between� 75° and � 80° on the

bottom side. This is seen through the drop in magnitude at� 75° and the decrease

to zero at � 80°.

4.3 Summary of Results

Overall, the single-sensor phase of experimentation proved that the hot-�lm sensor

could di�erentiate between an attached �ow and a separated �ow. These results

indicate that migration of the separation point is occurring mostly in the75° to
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90° range and that it moves forward on the cylinder and can regress backwards as

well. There is also distinct asymmetry occurring at both acceleration rates, which

has not previously been noted in the literature. For the� = 7:05� 107 case, the

asymmetry was always in the same direction and present throughout the entire run

while the � = 1:06� 108 case showed the asymmetry only aftert � = 7. The literature

up to this point indicates that accelerated �ow stabilises the �ow and suppresses

vortex shedding but the asymmetry in the results shown here suggest that higher

acceleration rates may delay it, but it will not delay instabilities inde�nitely.
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Chapter 5

Multi-Sensor Results

The multi-sensor experiments were conducted with the sheet of 100 hot-�lm sensors.

As discussed in Chapter 3, the sensor sheet covers the physical range of16° � � �

177° on both sides of the cylinder, with the spacing between each sensor at about

3:3°. Figure 5.1 shows schematically the cylinder, where the angle mentioned is

always in reference to the stagnation point on the front side of the cylinder and a

positive angle denotes the top side of the cylinder while a negative angle denotes the

bottom side.

Figure 5.1: Cylinder Schematic (revisited)

The bene�ts of the multi-sensor measurements is the ability to measure the wall

shear-stress over a range of angles,� , simultaneously with a much �ner and accurate

spacing between each position than the single-sensor cylinder measuremnts. As

discussed in Chapter 3, only 15 angles could be measured simultaneously. Therefore,

a compilation of 4 di�erent sensor groupings, with 15 measurement positions each,
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was required to cover almost the entire cylinder. Table 5.1 shows which range of

angles were sampled together and their spacings. Group 1 and 3 shows the range

of angles that are covered when 15 consecutive sensor are measured simultaneously.

Since the single sensor results indicated that there was less signi�cant changes in

the behaviour of the shear-stress pro�les for angles less than60° and greater than

100°, the measurements in Group 2 and 4 were taken at every other sensor so that

a larger range of angles could be sampled simultaneously. These two groups were

also broken down into subgroups to show how many sensor were sampled at angles

less than62° and how many were sampled at angles greater than108°. To avoid a

malfunctioning sensor, Group 2(A) was shifted by one sensor compared to Group

4(A), which accounts for the slight di�erences in range between Group 2 and 4.

Table 5.1: Range and spacing of angles sampled simultaneously.

Group
Number of

Sensors
Range � �

1 15 62° < � < 108° 3:3°

2
(A) 6 20° � � < 62°

6:6°
(B) 9 108° � � � 167°

3 15 � 62° < � < � 108° 3:3°

4
(A) 7 � 16° � � < � 62°

6:6°
(B) 8 � 108° < � � � 160°

5.1 Acceleration Rate of � = 1:76� 108

Since it was the only acceleration rate that was tested in both phases of experimen-

tation, � = 1:76� 108 was the �rst acceleration case examined. A direct comparison

of select angles between the single-sensor results and multi-sensor results is shown

in Figure 5.2. The left column shows the average wall shear-stress curves for 6 of

the 14 angles measured in the single-sensor experiments:� 30°, � 60°, � 75°, � 80°,

� 90° and � 120°. For a better direct comparison, the single-sensor results were nor-

malised with a single maximum wall shear-stress value for each angle, instead of the
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(a) Single-Sensor (b) Multi-Sensor

Figure 5.2: Comparison of single-sensor and multi-sensor results.
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single value for all angles, that was used in Chapter 4. At the bottom there is also

the velocity pro�le associated with these results. The right column, Figure 5.2(b),

shows the average wall shear-stress curves for similar angles:� 29°, � 62°, � 75°,

� 79°, � 92° and � 121°. Since the position of each sensor on the multi-sensor sheet

is �xed, the results from the sensor closest to the angles of interest were chosen.

Overall, the single-sensor results show more waviness in the wall shear-stress than

the multi-sensor, which is a re�ection of the velocity pro�le in the single-sensor case

being more wavy than the multi-sensor case. Both results at� 30° and� 60° show an

overall increase in wall shear-stress with the increase in cylinder velocity, with the

latter amplifying the waviness found in the velocity pro�le more than the former.

This trend continues at � 75° and � 80° with the single sensor results being wavier,

again due to the wavier velocity pro�le. Also, these positions are quite close to the

separation point throughout most of the run and are likely highly sensitive to the

waviness seen in the velocity pro�le; in this area of the cylinder, there can be signif-

icant di�erences in the behaviour of the wall shear-stress with very small di�erences

in angle. Although, in both cases, the wall shear-stress at� 75° shows a signi�cant

drop in magnitude at the same point in time,t � = 9, before increasing again and

at about � 80° the wall shear-stress in both cases increases before dropping o� to

zero at about t � = 9 and then increasing again. In the� 90° range the agreement

between the two experiments is quite good again. The same increase in wall shear-

stress is shown in both cases before dropping o� to zero att � = 4:5 and staying

separated for the remainder of the run. Finally, at� 120°, both the single-sensor

and the multi-sensor results show a sharp drop in the wall shear-stress, reaching zero

at t � = 2, and staying low, with chaotic results that indicate the �ow is separated

for the majority of the run. As a whole, these results demonstrate that the main

features and patterns in the wall shear-stress are captured in both experiments and

are the sole result of the cylindrical geometry and �ow conditions.
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This is further con�rmed when comparing the separation angle ranges detailed

for the single-sensor experiments in Chapter 4 with the multi-sensor experiments,

as in Table 5.2. The single-angle shear-stress plots for all the multi-sensor angles

measured can be found in Appendix A.2. Although there is a slight discrepancy

with the ranges from the single-sensor to the multi-sensor they are very similar and

is assumed that larger spacing between angular positions and greater uncertainty in

the positioning of the single-sensor results are the cause.

Table 5.2: Comparison of separation ranges for single-sensor and multi-sensor results.

Separation Point
After

deceleration
(t � � 14)

Throughout
acceleration
(3 < t � < 14)

Shortly after
start

(t � � 3)
Single-Sensor

Top � � 75° 75° < � � 105° � > 105°
Bottom � � 60° 60° < � � 105° � > 105°

Multi-Sensor
Top � � 79° 79° < � � 105° � > 105°

Bottom � � 77° 77° < � � 105° � > 105°

From here on, multi-sensor wall shear-stress results are all shown with contour

plots that show non-dimensional time,t � , along the horizontal axis, the range of

angles,� , on the vertical axis and the magnitude of the wall shear-stress,� w , with

the colour scale. Each �gure also shows the velocity pro�le,U, of the cylinder for

comparison and the transition points between each measurement group detailed in

Table 5.1 (denoted with horizontal, black, dashed-dot lines). Averaged wall shear-

stress for multiple runs are denoted with� w=� wmax and instantaneous wall shear-stress

for a single run are denoted with� w=�wmax . At each point in time the wall shear-stress

results were interpolated between each measured angle using linear interpolation.

A high wall shear-stress is denoted with yellow and, as it decreases, it progresses

through orange, green, light blue and then to dark blue when it has reached zero.

Figure 5.3 shows an example of the wall shear-stress results of a single run and the
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(a) Single Set of Results (b) Mean of All Sets of Results

Figure 5.3: Multi-sensor results at� = 1:76� 108 for 20° � � � 160°
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average of multiple runs for� = 1:76� 108 in the range of� 20° � � � � 160°.

The point at which there is a quick drop from a high wall shear-stress down to

zero is the point at which the �ow separates. Therefore, it is easy to track the �ow

separation point throughout the run by following the line where the colour transitions

from the lighter greens and blue to the dark blue. A dashed, white line, has been

added to the �gures to highlight the position of the separation point throughout the

run. The line of separation throughout the run was determined by plotting the �rst

point (after t � = 1) for each measured angle at which the wall shear-stress reaches a

minimum that is less than0:2� wmax and then �tting a smooth curve to these points.

As discussed, each sensor, and therefore angle, is normalised by its own maxi-

mum wall shear-stress,� wmax value in that set. Therefore, all the �gures show only

the trend of the changes in wall shear-stress throughout the run and cannot be com-

pared to any dimensional values of wall shear-stress. Only the position in time at

which maximum shear stress occurs, and how it relates to separation, are of impor-

tance. For example, in Figure 5.3, although it appears as if the wall shear-stress

at t � = 2 is greater at 90° than at 50°, this is unlikely the case. It is simply that

the maximum wall shear-stress point occurs earlier in the run at90° than at 50°.

The magnitude of wall shear-stress is only relevant when comparing a single angle

to itself throughout the run and whether or not the dimensional wall shear-stress is

indeed higher at90° than 50° at t � = 2 is unknown.

As the cylinder starts to accelerate there is a very distinct jump in normalised

wall shear-stress, seen in Figure 5.3 through the abrupt vertical line created att � =

0:5. Then, as it continues to accelerate, the normalised wall shear-stress on the front

half of the cylinder (� < � 80°) keeps increasing throughout the entire run, only

decreasing when the cylinder starts to decelerate just beforet � = 14. On the back

(� > � 80°) it peaks quickly before dropping o� to zero. Following the white, dashed

line, which is overlaid on the separation point at each angle, Figure 5.3 shows that the
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separation point starts in the� 150° to � 160° range and quickly moves, in a relatively

linear manner, forward on the cylinder to about� 80° at t � = 5. After that it settles to

roughly the same angle. Directly after the line of separation, there is a slight increase

in wall shear-stress, seen with pockets of lighter blue, which is especially present

before t � = 5 and for angles greater than� 100°. While the wall shear-stress has

increased, the hot-�lm sensor cannot measure direction and therefore this is unlikely

re-attaching �ow but instead negative wall shear-stress caused by recirculation due to

stationary vortices. After the cylinder starts to decelerate, both sides of the cylinder

also show a drastic increase in wall shear-stress in the100° � � � 160° range. This

is because, while the cylinder is stopping, the �ow behind it is not and it impacts

the back side of the cylinder, creating high wall shear-stress on the back and low on

the front.

Most importantly, Figure 5.3 shows that there is very little di�erence from a

single run to the average of multiple runs. As expected, the same is true when

comparing one run to another. The only signi�cant di�erence between the single

run results and the average results is the sporadic increases in wall shear-stress in

the separated regions (� > � 100°) on the back side of the cylinder. These random

pockets of high wall shear-stress are most likely the result of turbulence in the wake

and are highly irregular. The path and positions of the separation points are indis-

tinguishable and, since that is the main focus, the remainder of the results will focus

on the average wall shear-stress. Examples of several individual runs for all of the

following cases can be found in Appendix A.1.

The wide range of angles shown in Figure 5.3 make it di�cult to discern, but

after t � = 5, there are distinct di�erences in the migration of the separation point

from the top side to the bottom side. To better illustrate this Figure 5.4 shows

only measurements from Groups 1 and 3 (see Table 5.1) from Figure 5.3. Although

similar, the wall shear-stress results are not identical on the top side and bottom
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Figure 5.4: Mean multi-sensor results at� = 1:76� 108 for 62° � � � 108° (Groups
1 and 3)
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side of the cylinder. Highlighting only the separation curves, Figure 5.5 was made

to show the asymmetry between the top side and the bottom side of the cylinder.

The linear forward movement of the separation points on the top and bottom are

Figure 5.5: Migration of the separation points at� = 1:76� 108

symmetric only until t � = 5 and � = � 85°. After that, on the top side of the cylinder

the separation point continues to progress forward untilt � = 5:5 and � = 82° while

the bottom side only progresses forward to� 84° and then moves back again to� 85°

at t � = 7. For the remainder of the acceleration phase the positive separation point

migrates back and forth two more times between78° and 82° while the bottom side

swings back and forth between� 77° and � 83° only once. These angles are di�erent

than those for the single-sensor case, but the multi-sensor measurements are more

accurate due to the improved velocity pro�le and higher accuracy in sensor position.

Just before the end of the acceleration, att � = 13 phase there is5° di�erence in their

positions before collapsing back together att � = 13:5 for the deceleration phase. As

there is only3:3° between each probe, and the separation point is swinging back and

forth up to 8°, the asymmetry can not be explained by lack of probe resolution.
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5.2 Acceleration Rate of � = 1:06� 108

The next acceleration case examined is that of� = 1:06� 108. This velocity pro�le

reaches a maximum Reynolds number ofRe = 45; 000and also surpasses the maxi-

mum Reynolds number previously studied beforet � = 1. Figure 5.6 shows the wall

shear-stress results for the same range previously shown in Figure 5.4,62° < � < 108°

on both sides of the cylinder, which are Groups 1 and 3. When the separation angles

of both sides are plotted together, as in Figure 5.7, the results are very similar to

those for � = 1:76� 108. The separation points migrate forward in a linear fashion

until t � = 5 and � = � 85°. After which the positive separation point continues to

migrate linearly until t � = 5:5 and � = 80° and then migrates back and forth between

77° and 81° two more times. On the negative side, aftert � = 5, the separation point

stays about � 85° until t � = 6:5 and then migrates forward and backwards between

� 78° and � 83° only once. At the end of the run (t � = 13) there is a 6° di�erence

before they both collapse again att � = 13:5. This again demonstrates that the

asymmetry is not due to the lack of probe resolution.

Figure 5.8 shows the migration of the separation point, for both the top side

and bottom side of the cylinder, at both accelerations examined in the multi-sensor

phase. All of the same trends are found at both acceleration rates as the separa-

tion point curves collapse reasonably well onto the same non-dimensional time-scale.

Although both acceleration rates previously showed asymmetry in the separation

points betweent � = 5 and t � = 13:5, Figure 5.8 shows that they both have similar

patterns of asymmetry. These results indicate that the rate of acceleration does not

a�ect the progression of separation around the cylinder.
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Figure 5.6: Mean multi-sensor results at� = 1:06� 108 for 62° � � � 108° (Groups
1 and 3)
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Figure 5.7: Migration of separation point at� = 1:06� 108

Figure 5.8: Migration of the separation points for both acceleration rates.
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5.3 Summary of Results

Overall, both acceleration rates tested in the multi-sensor phase exhibited consis-

tent and comparable trends in the wall shear-stress and separation point migra-

tion. Regardless of the acceleration rate, when the whole acceleration phase is non-

dimensionalised by the maximum velocity of the run, all of the main features in

the wall shear-stress and separation points collapse. This means that the separation

point is a function of t � , not � . First, the separation point migrates linearly forward

from about 160° to 85° on both sides of the cylinder in the �rst 5 non-dimensional

time-steps. This is consistent with the previous literature that shows that the sepa-

ration point starts at about 160° when the �ow transitioning from creeping �ow to

steady separation [1]. The symmetry in the results up tot � = 5 is also consistent

with the previous literature that showed that the �ow exhibits symmetric, stationary

vortices [8�10]. After t � = 5, though, there was asymmetry in the separation points

from the top side of the cylinder to the bottom. This persisted for the remainder of

the acceleration phase, but once deceleration began, at aboutt � = 14, the separation

points again collapsed and obviously became symmetric again.

For both acceleration rates studied, the linear forward progression of the separa-

tion points ceases att � = 5 and the separation points migrate forward and backwards

on the cylinder but stays in the range of about75° to 85° from t � = 5 to t � = 14,

until deceleration. For comparable Reynolds numbers, this is very close to the sep-

aration angles observed for steady �ow (see Figure 2.6). Throughout this phase the

separation point on the bottom side of the cylinder moves back to� 85° at t � = 7

then forward to � 77° at t � = 9:5 and then backwards again to� 83° near the end of

the run. This is a migration of 8°. On the top side of the cylinder there are three

cycles of this instead of two. All three peaks occur at about the same time for each

acceleration rate,t � = 7, t � = 10:5 and t � = 13:5 but only migrate by 5°.

The asymmetry noted in the wall shear-stress pro�les is likely an indication
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of instabilities in the wake that develop into vortex-shedding. It is unclear if the

asymmetry is linked to the presence of the free surface in the experiments or a

manifestation of these higher acceleration rates used here.
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Chapter 6

Summary and Recommendations

Using hot-�lm sensors with Constant Voltage Anemometers (CVA), the dynamic

wall shear-stress around the circumference of the circular cylinder was measured.

The experiments were �rst executed with a single hot-�lm sensor and CVA bridge

to determine the viability of the experiments. The sensor was used to measure the

wall shear-stress at 14 di�erent positions around the surface of the cylinder for two

di�erent acceleration rates, � = 7:05� 107 and � = 7:76� 108. In both cases, the

cylinder was accelerated for the length oft � = 14, which correlated to maximum

Reynolds numbers ofRe = 40; 000and Re = 54; 000respectively, both of which are

much greater than those previously studied. These preliminary results showed that

the hot-�lm sensor set-up indeed captures the di�erences between an attached �ow

and a separated �ow around the surface of the cylinder. It also e�ectively captured

the migration of the separation point throughout the course of the runs and showed

that there was asymmetry present in the �ow, especially at the lower acceleration

rate.

A set of larger scale experiments, using a sheet of 100 hot-�lm sensors, were then

conducted to capture a broader range of dynamic conditions and increase the number

of measurement positions around the cylinder. These experiments were conducted

70



at two acceleration rates,� = 1:06� 108 and � = 7:76� 108, with the same run

lengths, t � = 14, and correlate to a maximum Reynolds number ofRe = 45; 000

and Re = 54; 000 respectively. These result had smoother velocity pro�les than the

single-sensor results and thus are believed to be a more accurate representation of

separation point migrations. These broader results showed that the progression of the

�ow separation point is largely the same, regardless of the acceleration rate. As the

cylinder begins to accelerate, the separation point migrates quickly, symmetrically

and linearly forward from about 160° to 85° on both sides of the cylinder in the

�rst 5 non-dimensional time-steps. After that, the �ow develops some asymmetry as

the separation point migrates back and forth between the ranges of77° � � � 85°

on both sides of the cylinder throughout the rest of the run. The forward and

backwards movement of the separation points occur at the same normalised time-

steps, regardless of the acceleration rate.

Consistent with previous results, the wall shear-stress was symmetric here, dur-

ing the run, until t � = 5 even though the acceleration rates are an order of magnitude

higher than those previously studied. Aftert � = 5, the wall shear-stress indicates

the presence of asymmetry in the �ow that occurs regardless of the acceleration rate.

The presence of asymmetry is an indication of instabilities that can develop into

vortex-shedding. It is unclear if the triggering of asymmetry is the result of a free

surface present in the experiments, imperfections in the cylinder velocity pro�les or

a manifestation of these higher acceleration rates.

These results, of course, are only small snapshots of what is happening right

near the surface of the cylinder for two acceleration rates and, therefore, a small

range of Reynolds numbers. To fully understand the behaviour of the �ow around

the cylinder in these �ow conditions, an expansion of the acceleration rates with

�ow visualisation throughout each run would be required. With the combination

of wall shear-stress measurements and the full map of the �ow around the cylinder,
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the changes in the wall shear-stress and migration of the separation points could

be linked to any and all structures in the �ow as it is accelerated and would be

able to con�rm the reasons for asymmetry and the onset of vortex-shedding that

the wall shear-stress is indicating. Unfortunately this would require an extensive

amount of new equipment, such as a clear towing-tank that is additionally equipped

with the moving cameras and rails needed to take images of the �ow. This may

also require the use of lasers to illuminate the �ow for visualisation. A secondary

control system move the camera would need to be installed and synchronised with

the cylinder movement so that each image could be paired with the appropriate wall

shear-stress results. This could also be accomplished numerically using high �delity

CFD simulations. It is also recommended that the velocity pro�les be improved so

that any issues with waviness could be mitigated.
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Appendix A

Additional Results Figures

The following appendix shows all the additional results �gures. They are for com-

parison purposes and additional, impertinent, information.

A.1 Additional Individual Run Results for Multi-

Sensor Phase

Figure A.1 and Figure A.2 show two instantaneous wall shear-stress plots for all the

additional acceleration rates and ranges covered in Chapter 5.
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(a) Run 1 (b) Run 2

Figure A.1: Two instantaneous runs of multi-sensor results at� = 1:06� 108 for � 62° � � � 108°
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(a) Run 1 (b) Run 2

Figure A.2: Two instantaneous runs of multi-sensor results at� = 1:76� 108 for � 62° � � � 108°
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A.2 Individual Angle Plots for all Multi-Sensor Re-

sults.

Figures A.3 to A.8 show all the individual results for each angle measured in the

multi-sensor experiments.
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Figure A.3: Individual positive angle results for� = 1:76� 108
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Figure A.3: Individual positive angle results for� = 1:76� 108(continued)
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Figure A.3: Individual positive angle results for� = 1:76� 108 (continued)
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Figure A.3: Individual positive angle results for� = 1:76� 108(continued)
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Figure A.3: Individual positive angle results for� = 1:76� 108(continued)
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Figure A.4: Individual negative angle results for� = 1:76� 108
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Figure A.4: Individual negative angle results for� = 1:76� 108(continued)
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Figure A.4: Individual negative angle results for� = 1:76� 108 (continued)
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Figure A.4: Individual negative angle results for� = 1:76� 108(continued)

89



Figure A.4: Individual negative angle results for� = 1:76� 108(continued)
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Figure A.6: Individual positive angle results for� = 1:06� 108
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Figure A.6: Individual positive angle results for� = 1:06� 108(continued)
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Figure A.6: Individual positive angle results for� = 1:06� 108(continued)

93



Figure A.8: Individual negative angle results for� = 1:06� 108
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Figure A.8: Individual negative angle results for� = 1:06� 108 (continued)
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Figure A.8: Individual negative angle results for� = 1:06� 108(continued)
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