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Abstract

This thesis analyses the flow over a surface mounted fence (SMF) with two different inlet

conditions. The fence causes a large modification of the inlet flow. Two different types of

instabilities affect this flow geometry: the Kelvin-Helmholtz instability (K-H) in the sep-

arated shear layer and a ‘shedding-type’ instability which affects the entire recirculation

region. In this study, two δ/h ratios are investigated while maintaining the same Reynolds

number. It was hypothesized that the δ/h ratio affects the frequency of the K-H instability

and subsequently the ‘shedding-type’ instability. Time-averaged flow fields were compared

between the two cases. In an unsteady analysis, the Strouhal number of the dominant fre-

quency of the K-H instability was investigated. The Strouhal number varied between the

two due to velocity gradient at the separation point. The ‘shedding-type’ instability was

also investigated and was found to be intermittent.
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Chapter 1

Introduction

1.1 Objective

The province of Alberta in Canada is situated next to the large Rocky Mountain range. The

westerly winds which buffet the Rocky Mountains are an excellent wind energy resource.

Several wind farms are already located in southern Alberta adjacent to the mountains.

However, flow over mountainous terrain is very turbulent, requiring an in-depth analysis of

the flow downstream of the mountains. The mean flow features over mountainous terrain

are shown in Figure 1.1.

Figure 1.1: Side view of mountainous flow, where the flow separates from the mountain ridge,

forming a separated shear layer and a recirculation region before reattaching on the ground.

The reattachment point of the shear layer oscillates periodically in a oscillation zone due to

unsteadiness of the flow.

The unsteadiness of the wind flow over the Rocky Mountains is important for wind power

forecasting in the province of Alberta. A change in wind speed from one value to another

1



over a designated period is known as a wind ramp event, as shown by Sevlian and Rajagopal

(2012). The intensity of the wind ramp event can then be characterised by the degree of

change over a certain time period. Wind ramp events were measured at a wind mast operated

by the University of Calgary downstream of the Rocky Mountains. Characterisation of such

wind ramp events is thus important for future deployment of further wind farms in Alberta.

The period of the ramp events varies throughout the day and can be partly attributed to the

diurnal temperature variation. It is likely, the temperature variation will alter the buoyancy

forces and hence the atmospheric boundary layer thickness upstream of the mountain ridges.

Flow over a mountainous ridge (see Figure 1.1) exhibits many flow features of a bluff body

separating and reattaching flow field. The turbulent structures and wind speed fluctuations

created by the ridge will affect the energy extraction of wind turbines sited downstream

as in Southern Alberta. It is thus important to characterise the flow field downstream of

mountainous ridges.

1.2 Experiment model

In this study, a surface-mounted fence (SMF) is used to model mountainous terrain. As a

separating and reattaching flow, the average flow topology created by a SMF is shown in

Figure 1.2. The inlet flow with boundary layer thickness, δ, separates at a distance of xf

upstream to the fence due to an adverse pressure gradient caused by the fence blockage.

This separation creates an upstream recirculation region which rotates in a clockwise direc-

tion. An intense separated shear layer deflects into the freestream from the fence top. The

separated shear layer reattaches on the bottom wall at a mean distance of Xr. However, the

reattachment position oscillates in a reattachment zone due to the unsteady flapping mo-

tion of the shear layer. The separated shear layer bounds the primary recirculation region

rotating in a clockwise direction. A secondary recirculation regions forms adjacent to the

downstream wall of the fence due to the induced flow by the primary recirculation region.
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The secondary recirculation region rotates in an anti-clockwise direction. The average flow

features of the SMF flow field are thus an upstream recirculation region and a separated

shear layer bounding a primary and secondary recirculation region.

Figure 1.2: Average flow features of surface-mounted fence flow. The incoming boundary

layer separates upstream of the fence forming an upstream recirculation region. An intense

separated shear layer forms at the edge of the fence with a secondary recirculation region

closer to the fence and a main recirculation region forming below the separated shear layer.

The separated shear layer reattaches in the reattachment zone at an average length of 13.45h

at Reh = 10 500; as discussed by Orellano and Wengle (2000).
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1.3 Separating-reattaching flows

The flow features of the SMF flow are analagous in many ways to several other bluff body

separating and reattaching flow fields. These include flows over sudden expansion or constric-

tion geometries, such as backward-facing step (BFS) and forward-facing step (FFS) flows.

The flow features of each geometry will be critically analysed in the following section.

1.3.1 Flow over a backward-facing step

One of the simplest separating and reattaching flows is that over a BFS. A schematic of the

mean flow features over a BFS is shown in Figure 1.3.

Figure 1.3: The geometry of a backward facing step with important flow parameters (Adams

and Johnston, 1988).

The inlet boundary layer of thickness δ approaches the expansion from the left. The flow

separates from the step edge and a shear layer forms. The separated shear layer is initially

parallel with the freestream flow, it then curves downwards until it reattaches on the bottom

wall at a mean length of Xr. The shear layer encompasses a recirculation region which

interacts with the shear layer. Adams and Johnston (1988) summarized the dimensionless

parameters which affect the BFS flow as the Reynolds number (Reh), the expansion ratio

(ER) and the boundary layer thickness to step height ratio (δ/h). The Reynolds number,
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Reh, as defined in Equation 1.1 represents the ratio of inertial to viscous forces:

Reh =
U∞ × h

ν
, (1.1)

where U∞ is the inlet freestream velocity, h is the step height and ν is the kinematic viscosity.

Armaly et al. (1983) found that the reattachment length (Xr/h) increases with Reh up to

approximately Reh = 1 200, decreased in the transitional range 1 200 < Reh < 6 600, and

remained relatively constant when the flow became fully turbulent at Reh > 6 600.

The expansion ratio, ER, which acts as the geometry parameter; is defined in Equa-

tion 1.2 by Adams and Johnston (1988),

ER = W2/W1, (1.2)

where W1 and W2 are the channel heights upstream and downstream of the step as shown

in Figure 1.3. In the turbulent range (Reh > 6 600), De Brederode and Bradshaw (1972)

found that Xr = 6h at an ER of 1.2, whereas Moss et al. (1979) found that Xr = 5.5h at an

ER of 1.1. This shows that at this Reh the reattachment length decreases with a decreasing

expansion ratio (Armaly et al., 1983).

The ratio of inlet boundary layer thickness, δ, to step height, h characterises the impact

of the upstream conditions. Adams and Johnston (1988) investigated the Reh range of

8 000 < Reh < 40 000 and a range of boundary layer thickness of 0.005 < δ/h < 1.7 at

an expansion ratio of 2.5. δ is calculated as the vertical position where u(y) = 0.99U∞.

At Reh = 36 000, the δ/h ratio changed from 0.005 to 1.7 and the upstream boundary

layer underwent a transition from laminar to turbulent accordingly. It was found that the

reattachment length (Xr/h) increased by 30% when the upstream boundary layer changes

from laminar to turbulent flow. This trend was also found at other Reh from 8 000 to 26 000.

It was discussed by Adams and Johnston (1988) that the changes of the reattachment length

between laminar and turbulent upstream boundary layer come from the different growth rate
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of the free-shear layer just after separation. It was found by Bradshaw (1966) that at high

Reh the value of u′v′ in the initial stage of the free shear layer with laminar initial conditions

is higher than with turbulent initial conditions. Therefore, in the BFS research by Adams

and Johnston (1988), the free-shear layers at the step with a laminar boundary layer had a

higher entrainment than the free shear layer with a turbulent boundary layer. The higher

entrainment in the free-shear layer will cause a shorter reattachment length; as discussed by

Chapman et al. (1958).

Eaton and Johnston (1981) and Durst and Tropea (1981) separately studied the Reynolds

number based of momentum thickness, Reθ, and step height, Reh. Although Reh includes

no information about the upstream flow, it represents the ratio of inertial to viscous forces,

where h is used as the most obvious physical length scale when non-dimensionalizing the

Navier-Stokes equations (Adams and Johnston, 1988). The reason why Reθ has not been

applied as a parameter representing the upstream boundary layer is that δ/h can highly

correlate upstream initial conditions; as shown by Adams and Johnston (1988). Using these

past studies as a guide, we set Reh to be constant and change the δ/h ratio to investigate

the effect of inlet conditions on the flow downstream of a SMF.

The unsteady motions in the BFS flow field, have also received attention. Friedrich

and Arnal (1990) using a large eddy simulation (LES), determined that the separated shear

layer moved in a vertical motion, causing the reattachment location to oscillate. Le et al.

(1997) further showed that in BFS flow the shear layer rolled up forming a large-scale vortex

behind the step. When this large-scale vortex structure grew, the reattachment point moved

downstream at a nearly constant speed, then after the large scale structure detached, the

reattachment point moved back upstream quickly.

1.3.2 Flow over a forward-facing step

A more complex separating and reattaching flow than the BFS is that over a FFS. As shown

in Figure 1.4, in a FFS flow, the turbulent boundary layer separates upstream of the step
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face due to an adverse pressure gradient caused by the blockage of the step. Leclercq et al.

(2001) found the flow separates 1-1.2h upstream of the step.

Figure 1.4: The flow features of the FFS flow; as illustrated by Sherry et al. (2010). The

incoming boundary layer separates upstream of the step face with a upstream recirculation

region forming. A separated shear layer is formed at the step edge with only one recirculation

region rotating clockwise below a separated shear layer.

The flow separates from the step edge creating a strong shear layer between the reverse

flow of the recirculation region and the freestream. Kelvin-Helmholtz (K-H) vortices de-

velop in the separated shear layer. As the shear layer develops, the K-H vortices convect

downstream and eventually merge, which increases local flow mixing and turbulent inten-

sity. Compared with the separated shear layer in the BFS flow, the separated shear layer in

the FFS flow deflects into the freestream, curves down to the bottom wall and reattaches.

As discussed by Sherry et al. (2010), the FFS flow resembles the blunt flat plate when the

boundary layer thickness to step height ratio δ/h << 1. For a blunt flat plate, it was found

by Kiya and Sasaki (1983) that ‘regular’ vortices are shed in the separation region with a

frequency of 0.6 Hz. This ‘regular’ shedding vortices accumulates vorticity within the recir-

culation region. This accumulation leads to a large increase of the recirculation length. The

accumulated vortices eventually shed down as a large vortex with a lower frequency of 0.2

Hz and suddenly reduces the recirculation length to a great extent.
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1.3.3 Flow over a surface-mounted fence

Further flow complexity occurs when the separated shear layer as shown in Figure 1.4 does

not reattach to the top surface of the obstacle as shown in Figure 1.2. When the ratio of

the obstacle height to length is small, the flow is considered a SMF. The mean flow topology

over a SMF was described in section 1.2. The boundary layer separates upstream of the

fence at approximately −0.65 < xf/h < −0.55 at Reh = 10 500; as discussed by Siller

and Fernholz (2007) and Orellano and Wengle (2000). However, the upstream separation

point will be a function of the inlet boundary layer profile and the δ/h ratio. The extent

of upstream influence of the fence on the pressure field increases with increasing δ/h; as

discussed by Good and Joubert (1968) and Castro and Fackrell (1978). The flow reattaches

to the upstream face of the fence before separating from the primary separation point at

the fence leading edge. The flow accelerates over the fence due to mass conservation and an

intense shear layer develops between the freestream flow and the recirculation region behind

the fence.

The flow reattaches downstream at the mean reattachment point, Xr, which is a function

of the parameters shown in Equation 1.3.

Xr/h = f (δ/h,Reh, H/h,B/h, Tu) , (1.3)

where H/h and B/h are the height (H is the depth of the water channel) and width (B is the

width of the water channel) aspect ratios respectively and Tu is the freestream turbulence

intensity. Huppertz and Fernholz (2002) also showed the reattachment position is dependent

on the fence sweep angle α but only flow normal to the fence as shown in Figure 1.2 was

considered in this investigation.

However, the recirculation region is unsteady and the reattachment point oscillates in a

reattachment zone as shown in Figure 1.2. Further, within the primary recirculation region,

a secondary recirculation region occurs adjacent to the downstream face of the fence due to
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the induced flow by the primary recirculation region. The separation point of the secondary

recirculation region occurs at approximately Xs/h = 1.60; as discussed by Siller and Fernholz

(1997) and Orellano and Wengle (2000). Prior research has focused on the drag experienced

by SMF’s in turbulent boundary layers (Good and Joubert, 1968; Castro and Fackrell, 1978)

and reducing Xr via active manipulation of the two instability mechanisms which affect the

SMF flow field (Orellano and Wengle, 2000, 2001; Siller and Fernholz, 1997, 2007; Huppertz

and Fernholz, 2002; Choi and Kim, 2010).

The above separating and reattaching flows are susceptible to two instabilities: the K-

H instability of the shear layer and a ‘shedding-type’ instability of the whole recirculation

region. It was discussed by Sigurdson (1995a) that the two instability modes are different

but not uncoupled. The basic difference is that the K-H vortices interacts with itself in

the free shear layer and the ‘shedding-type’ instability results from the interaction of the

vorticity with the wall.

The K-H instability has been investigated in various flow geometries. In the 2D simulation

study of a BFS by Neto et al. (1993), it was found using vorticity contours that the dynamic

flow structures were similar to that in a free mixing layer. The shedding and pairing of

K-H vortices were also observed in a high Reynolds number mixing layer study by Winant

and Browand (1974). In their study, a free mixing layer was generated using two water

streams of different velocity. The dye visualisation revealed that the unstable waves grow

and the fluid is observed to roll up into discrete vortices. These vortical structures interact

with each other and merge with a single vortical structure forming which is approximately

twice the spatial length of the former vortices. Browand (1966) also found the sub-harmonic

frequencies related to the vortex pairing events. The scaling of the K-H frequency for a blunt

flat plate was discussed by Sigurdson (1995a) using the result of Freymuth (1966). Based on

the study of Freymuth (1966), the K-H frequency was non-dimensionalised in the Strouhal
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number Stθ, which was defined in Equation 1.4:

Stθ = fK−Hθ/Uc, (1.4)

where fK−H is the K-H frequency, θ is the momentum thickness at the separation point and

Uc is the convection velocity at the separation point. Freymuth (1966) discussed that the

Stθ is constant.

Figure 1.5: Two different types of shedding instability. The left column shows the topolog-

ical structures of the normal shedding. The right column shows the topological shedding

structures that impact the low frequency instability; as shown by Yang and Voke (2001)

The ‘shedding type’ instability was investigated experimentally by Sigurdson (1995b)

and numerically by Yang and Voke (2001). The term ‘shedding-type’ instability was first

used by Sigurdson (1995b) who found the low frequency large scale vortex shedding from

the recirculation region of several bluff bodies could be described by a universal Strouhal

number. Based on the study of Sigurdson (1995b), a universal Strouhal number exists

for the ‘shedding type’ instability. This universal Strouhal number (Stshed) is defined in
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Equation 1.5:

Stshed = fshedYb/Us, (1.5)

where fshed is the shedding frequency of large scale vortex structures from the recircula-

tion region, Yb is the maximum height of the recirculation region and Us is the velocity at

separation. It was found that Stshed has a constant value of 0.08 ± 0.01. In the numeri-

cal study of a flat plate by Yang and Voke (2001), two shedding topologies were discussed,

as shown in Figure 1.5. Figure 1.5(a) represents the shedding of the small vortices. The

shedding of these small vortices does not have a great impact on the recirculation region,

although the instantaneous reattachment point will change accordingly. Figure 1.5(b) shows

another vortex-shedding topology. In this large-vortex-shedding topology, several small vor-

tices form a larger structure and eventually a relatively large vortex structure collapses and

sheds downstream. This type of shedding mechanism has a large impact on the recirculation

region and the instantaneous reattachment length will be shorter after a large scale vortex

is shed compared with the shedding of the small vortices in Figure 1.5(a). Yang and Voke

(2001) confirmed that the instantaneous reattachment length reduces to a much lower value

when a large scale structure is shed downstream.

Since the separating-reattaching flow contains two instabilities, two frequencies have been

used to manipulate the flow. In manipulated turbulent boundary layer flow over a SMF,

Siller and Fernholz (2007) and Orellano and Wengle (2000) showed that both high-frequency

and low-frequency forcing can reduce Xr. The high-frequency forcing influences the K-H

instability whereas the low-frequency forcing influences the ‘shedding-type’ instability. The

Strouhal number Sth is scaled as Sth = fh/U∞ (f is the forcing frequency in manipulated

flow). The largest reduction in Xr was achieved by influencing the entire recirculation

region (Siller and Fernholz, 2007; Orellano and Wengle, 2000). In the study of Orellano

and Wengle (2000), the manipulation was conducted by fluid injection from a slot located

upstream of the fence with two forcing frequencies (Sth = 0.6 and Sth = 0.08) at Reh = 3 000.
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It was found that the Xr reduces by 10% when the high-frequency forcing Strouhal number

(Sth = 0.6) was employed. However, the mean reattachment length was reduced by 36%

when the low-frequency forcing Strouhal number (Sth = 0.08) was used. In the study

of (Siller and Fernholz, 1996), the reverse-flow region upstream and downstream of a fence

was investigated with manipulation of Reh = 10 500. The optimal frequency was found to

be the natural shedding frequency downstream of the reattachment point. It was found from

the instantaneous velocity field that a vortex forms at the disturbance slot upstream of the

fence. This vortex convects towards the fence and flows over it. The time-mean recirculation

region downstream of the fence was reduced by 40% when a disturbance is induced in front

of the upstream recirculation region.

It is known that the δ/h ratio can affect the reattachment length through the following

mechanisms. When δ/h < 1, the free stream velocity will interact with the fence edge

directly, i.e. the velocity at separation equals the freestream velocity, Us ≈ U∞. When

δ/h > 1, the velocity at separation is less than the freestream, Us < U∞; therefore, a

larger perturbation and greater flow deflection into the freestream will occur for the δ/h < 1

case (Sherry et al., 2010).

1.3.4 Hypothesis

Based on the critical literature review presented, the parameters that affect the reattachment

length behind a SMF were presented in Equation 1.3. Based on the topology of the instability

shown in Figure 1.5, the ‘shedding-type’ instability affect the reattachment length of the

separated shear layer. The ‘shedding-type’ structure is formed by amalgamation of the K-H

vortices. Therefore, it is hypothesized that the parameters which affect Xr, also influence

the instability mechanisms. Specifically, different δ/h ratios will affect the flow downstream

of the fence by changing the velocity at the separation point. The velocity at the separation

point determines the amount of perturbations in the separated shear layer. This is analogous

to the flow over mountainous terrain, where the velocity interacting with the mountain ridge
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will vary due to thermal effects in the atmospheric boundary layer. This hypothesis is

investigated by holding Reh constant and varying the δ/h ratio.
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Chapter 2

Experimental Setup

This chapter describes the experimental methods used for the acquisition of my measure-

ments, which includes the water channel and PIV (Particle Image Velocimetry) setups.

2.1 Water Channel

The measurements were performed in a closed-circuit, open surface water channel at the

University of Calgary as shown in Figure 2.1. Water is first pumped from the return line

into a main plenum and then through a honeycomb, achieving uniformed flow, before passing

through a 6:1 contracted acceleration section. The working section within the glass water

channel whereupon optical measurements were obtained was 385 × 430 × 4125 mm that

immediately followed the acceleration section. The test section ends at a reservoir, which

circulates water back via an axial pump. A heater was applied to the circulating fluid to

develop boundary layers of different thickness while maintaining matching Reh. At the junc-

tion of the contraction and first test sections at a distance of 79.29hmin upstream from the

fence, a 2mm-diameter rod was placed on the bottom wall of the water channel to ensure

that a turbulent boundary layer developed at the fence position. Here, hmin represents the

small fence height of 20 mm.
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Figure 2.1: Schematic of the closed-circuit water channel facility.

2.2 PIV Measurements

The PIV system, as shown in Figure 2.2, consists of a 532 nm, 1 Watt continuous wave

solid state laser (Dragon lasers, Changchun, Jilin, China), and a high-speed SA-4 camera

(Photron, San Diego, CA, USA) with a maximum resolution of 1024 × 1024 pixels.
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Figure 2.2: Schematic diagram presenting the PIV setup used to acquire 2D velocity fields.

The time-resolved PIV images were taken in the xy-plane, where the coordinate was

defined as the fence upstream separation point. The PIV measurement in these two cases

were not completely time-resolved for all sizes of eddies. However, in this current measure-

ment only K-H instability in the departing shear layer and the ‘shedding-type’ structure

are interested. The frame rate of the camera was chosen for enough measurement time to

resolve the K-H vortices and the ‘shedding-type’ structure. For the thin boundary layer case,

images were acquired at a resolution of 704 × 1024 pixels and at a frame rate of 125 frame-

per-second (fps). For the thicker boundary layer case, images were acquired at a resolution

of 1024 × 1024 pixels and at a frame rate of 500 fps. In order to measure the entire flow

field, starting from the fence position to positions further downstream of the reattachment

point, the camera and laser were mounted on a traverse that allowed for concurrent move-

ment whereupon measurements were acquired in multiple downstream windows shown in

Figure 2.3. Seeding particles in the form of silver coated hollow glass spheres with a mean

diameter of 100 um were added to the flow (Potters Industries, Malvern, Pa, USA). These

seeding particles presented with a Stokes number (Stk) of approximately 2.4 × 10−3, which
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suggests they faithfully followed the circulating fluid. The Stk is defined as Equation 2.1:

Stk =
τp
τ
, (2.1)

where τp is the relaxation time of the seeding particle and τ is the characteristic time scale

of the flow. The relaxation time (τp) can be expressed as: τp = us/g, where us is the settling

time of the particle and g is the gravitational acceleration. The measurement uncertainty

is 49.89 mm/s at a confidence of 95% in the thin-boundary-layer case. Further details of

measurement uncertainly are presented in Appendix A.

Figure 2.3: Schematic representation of the PIV flow field. The camera moved simultaneously

with the laser, recording multiple-windows of the separated flow field.

2.3 Incoming Boundary layer

The incoming boundary layers were first measured before measuring the wake flow of the

SMF. The incoming boundary layer of the two cases was measured at the fence position

(1.9 m from the inlet of section D of Figure 2.1) in absence of the fence in the experimental

setup. The boundary layer profiles are shown in Figure 2.4 as a function of y/h and in

Figure 2.5 as a function of y/δ, where y is the vertical distance from the bottom wall of

the water channel and δ is the boundary layer thickness from the bottom wall of the water
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channel. Figure 2.4 shows the scaling of the BL thickness to the fence height in the two BL

cases. Figure 2.5 shows that the profiles of the BL were planned to be close between the two

cases.
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Figure 2.4: Normalized thin and thick boundary layer profiles as a function of y/h measured

at the fence position in absent of the fence, where is 1.9 m from the wiring trip. The red line

represents the thin boundary layer case while the blue represents the thick boundary layer

case. Both boundary layer profiles are normalised by each individual free-stream velocity

and fence height to show the scale of the BL to fence height ratio.
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Figure 2.5: Normalized thin and thick boundary layer profiles presented as a function of y/δ.

From this figure, it can be seen that the profile shape of both the thin boundary layer and

the thick boundary layer are similar.

In order to achieve different δ/h, a heater was applied to change the viscosity that

necessitated an alteration of the inlet freestream velocity that allowed for the maintenance of

matching Reh as shown in Table 2.1. Boundary layer profiles were maintained to be similar

as shown in the similar value of the shape factor (H?) between the two boundary layer cases

and Figure 2.5. The shape factor (H?) is calculated as H? = δ∗

θ
. δ∗ is the displacement

thickness of the boundary layer defined in Equation 2.2. θ is the momentum thickness of the

boundary layer defined in Equation 2.3.

δ∗ =

∫ δ

0

(1 − u(y)

U∞
)dy, (2.2)

θ =

∫ δ

0

u(y)

U∞
(1 − u(y)

U∞
)dy, (2.3)
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where u(y) is the time-averaged streamwise velocity in function of vertical position. Detailed

information regarding the incoming boundary layer of both cases are summarized in Table 2.1

Table 2.1: Experimental parameter values in accordance with the thin and thick boundary

layer (BL) conditions

Parameters Units Thin BL Thick BL

Fence height h m 0.090 0.021

Free-stream velocity U∞ ms−1 0.10 0.33

Water Temperature T ◦C 25.9 38.4

Kinematic Viscosity ν m2s−1 8.54 × 10−7 6.60 × 10−7

Reynolds number Reh 10539 10497

Distance between inlet and fence x m 1.90 1.90

Boundary layer thickness δ m 0.074 0.092

Boundary layer thickness δ/h 0.82 4.38

Displacement thickness δ∗ m 0.013 0.013

Momentum thickness θ m 8.38 × 10−3 8.36 × 10−3

*Shape factor H? 1.6 1.5

Note: *Shape factors show that the profile shapes are similar.
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Chapter 3

Results and Discussions

This chapter describes both the time-averaged and the unsteady features of the SMF flow.

The time-averaged results will be analysed using the velocity, out-of-plane vorticity and tur-

bulent intensity fields. The time-dependent nature of the SMF flow is discussed by analysing

the frequencies present after completion of a Fast Fourier Transform (FFT) analysis. The

time-dependent analysis is undertaken to determine how the vortices develop downstream

of the SMF. The time-averaged flow features are presented first followed by the unsteady

analysis.

3.1 Time Mean Results

In the following section, the time-averaged results including the velocity, vorticity and tur-

bulent intensity will be investigated and discussed.

3.1.1 Velocity Field

Figure 3.1 shows contour maps of the time-averaged streamwise velocity, u/U∞ and flow

fields of both the thin and the thick BL cases. The thin BL case is shown at the top of

Figure 3.1, whereas the thick BL case is shown at the bottom. The length and velocity

scales of each case are normalised by its appropriate fence height and freestream velocity.
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Figure 3.1: Contour maps of the non-dimensionalised time-averaged streamwise velocity,

u/U∞ and flow fields for the thin BL case (upper) and thick BL case (lower). Numbers 1

and 2 label the primary and the secondary recirculation regions respectively. The streamlines

show that the reattachment length of the thick BL case is longer than that in the thin BL

case.

The freestream flow is from left to right. Figure 3.1 reveals that a shear layer starts at

the leading edge of the fence and grows wider until it reaches the bottom wall of the water

channel. The shear layer growth is a possible proxy for the growth of vortices which form

in the shear layer. Two recirculation regions form underneath the shear layer. The smaller

recirculation region adjacent to the fence is denoted as the secondary recirculation region and

rotates anticlockwise. The larger recirculation region is denoted as the primary recirculation

region and rotates in a clockwise motion. Several statistics characterising the time-averaged

recirculation regions are summarized in Table 3.1.

The reattachment point, Xr, can be defined as the point where one branch of the dividing

streamline returns upstream into the recirculation region and the other continues in the

downstream direction (Sherry et al., 2010). Alternatively, the separation or the reattachment
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point of the flow occurs where the reverse flow parameter at the wall, χω, attains a value of

50%, i.e. χω = 50% (Siller and Fernholz, 1996). Here, the reattachment point of the shear

layer and the length of the secondary separation region are determined by finding χω = 50%

close to the bottom wall (y = 0.02h above the wall in the thick BL case and y = 0.05h above

the wall in the thin BL case). The reattachment length of the thin BL case is Xr = 10.67h

and that of the thick BL case is Xr = 12.76h. The difference of Xr between the two cases can

be attributed to several factors. The first is the different velocities at the fence separation

point (Us). Since δ/h is different between the two BL cases, the velocity at fence separation

point is Us/U∞ = 73% in the thin BL case and Us/U∞ = 34% in the thick BL case. Sherry

et al. (2010) found for a FFS that a higher velocity interacts with the FFS edge and causes

a higher perturbation. In the SMF study by Orellano and Wengle (2000), the reattachment

length reduced when a forcing induces perturbation in the manipulated flow compared with

non-manipulated flow. Therefore, when a SMF is within a thin BL, a higher perturbation is

expected due to a higher interacting velocity and shear layer reattaches more quickly.

Table 3.1: Statistics characterising the time-averaged recirculation region.

Parameters Thin BL Thick BL

Length of primary recirculation region 10.67h 12.76h

Height of primary recirculation region 1.8h 2.3h

Length of secondary recirculation region 0.88h 1.65h

Height of secondary recirculation region 0.6h 0.8h

The reattachment lengths found in the two δ/h cases investigated here are shorter than

the experimental results by Siller and Fernholz (1996) (Xr/h = 13.60) and the numerical

computations by Orellano and Wengle (2000) (Xr/h = 13.45) at the same Reh = 10 500.

Although the Reh fluctuates around Reh = 10 500 in both the thin and thick BL cases

(Reh = 10 539 and Reh = 10 497 respectively), this should not have a large affect on the
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reattachment length. Siller and Fernholz (1996) found the reattachment length behind a

SMF to be constant within their experimental uncertainty for Reh > 8 400. Sherry et al.

(2010) also found a reduced dependency of Xr on Reh for Reh > 8 500 for a FFS.

The height of the primary recirculation region is also different between the two cases, as

shown in Figure 3.1. The height of the primary recirculation region can be approximated as

the height of the upper boundary of the separating shear layer. The heights of the primary

recirculation region for the thin and thick BL cases were around 1.8h and 2.4h respectively.

The higher recirculation region in the thick BL is possibly due to a higher pressure in the

primary recirculation region of the thick BL case.

In Figure 3.1, the secondary recirculation region shows a anticlockwise rotation. The

secondary recirculation region forms in an analogous manner as the upstream recirculation

region. When the reverse flow in the recirculation region travels back upstream toward the

fence, boundary layer separation will occur due to the blockage by the fence. A stronger

reverse flow will separate further downstream of the fence, creating a larger secondary recir-

culation region. The size of the secondary recirculation region is different between the two

cases. The results of the thick BL case indicate a larger secondary recirculation region with

a length and height of 1.65h and 0.80h compared to 0.88h in length and 0.60h in height for

the thin BL case. It should be noted that a small gap (0.8 mm) between the fence bottom

and the channel floor that was difficult to observe visually was discovered during the data

processing. Such a gap allowed a velocity jet to form which likely disturbed the secondary

recirculation region. As the velocity jet was in the direction of the anti-clockwise rotation of

the secondary recirculation region, boundary layer separation will occur further downstream

elongating the secondary recirculation region. The magnitude of the velocity jet could not

be evaluated with the spatial resolution employed with the thick BL case.

As shown in Figure 1.2, the flow over a SMF also produces a further recirculation region

upstream of the fence. Figure 3.2 shows the non-dimensionalised streamwise velocity fields
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upstream of the fence for the δ/h = 0.82 (left) and δ/h = 4.38 (right) cases.

Figure 3.2: Contour maps of the non-dimensionalised time-averaged streamwise velocity flow

field upstream of the fence for the thin BL case (left) and the thick BL case (right). Flow

is from left to right. In the thin BL case, boundary layer separation occurs at Xu = −0.6h

whereas it occurs at Xu = −0.7h for the thick BL case.

The flow is from left to right. The boundary layer separates around 0.6h upstream from

the fence in both cases. A recirculation region is formed underneath the separated boundary

layer and rotates in a clockwise direction. From the streamlines of the thin BL case, it can

be clearly seen that the separated boundary layer reattaches on the front face of the fence.

At this reattachment region, one branch of fluid flows vertically up along the surface of the

fence and the other branch of fluid flows down to form the recirculation region. The fluid

that flows vertically to the fence edge will interact strongly with the fluid at the fence edge.

This interaction will cause a strong velocity deflection and further a strong vertical velocity

gradient at the fence edge. Comparing the two cases in Figure 3.2, it can be seen that a

larger amount of fluid flows vertically from this reattachment region to the fence edge in the

thin BL case due to a higher fence blockage. Therefore, a higher vertical velocity gradient is
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expected at the fence edge in the thin BL case. Velocity gradients at selected points near the

fence edge are presented in Table 3.2. Velocity gradient components are normalised by their

appropriate U∞ and h. From Table 3.2, it can be seen that the vertical velocity gradient

near the separation point is larger in the thin BL case. This larger vertical velocity gradient

can be expected to generate a larger vorticity magnitude in the separated shear layer as will

be discussed further in the following section.

Table 3.2: Velocity gradients near the separation point normalised by each U∞ and h

Thin boundary layer case Thick boundary layer case

Velocity gradient (x = 0.054h, y = 0.050h) (x = 0.146h, y = 0.076h)

∂u
∂x

× h
U∞

-8.03 -2.39

∂u
∂y

× h
U∞

11.53 6.84

∂v
∂x

× h
U∞

18.5 4.0

∂v
∂y

× h
U∞

15.78 6.46

To characterise the trajectory of the separated shear layer, the height of the shear layer

was calculated using Equation 3.1. The point of the separating shear layer trajectory is found

at the vertical position where the time-averaged streamwise velocity equals to the maximum

velocity difference; see Equation 3.1.

ysl(x/h) = y(u(x/h)/U∞ = ∆u(x/h)/U∞/2), (3.1)

where ∆u(x/h)/U∞ = u(x/h)/U∞max − u(x/h)/U∞min is the maximum velocity difference

across the shear layer. u(x/h)/U∞max is the maximum streamwise velocity at each hori-

zontal point. u(x/h)/U∞min is the minimum streamwise velocity at each horizontal point.

Figure 3.3 shows the trajectory, ysl(x/h), of the separated shear layer of both BL cases.
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Figure 3.3: Comparison of the shear layer trajectory between the two boundary layer cases.

The red curve represents the trajectory of the thick BL case and the black curve represents

the trajectory of the thin BL case.

The black and red lines represent the thin and thick BL cases respectively. Close to

separation (0 < x/h < 1.5), the trajectories of the separated shear layer are very similar due

to bluff body geometry effects. However, for x/h > 1.6h, the thin BL trajectory is lower

than the thick BL case. This is likely due to a field of view restriction above the fence in the

thin BL case which will result in a lower ∆u/U∞ and hence suppression of ysl(x/h).
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3.1.2 Vorticity Field

To further characterise the separated shear layer, the spanwise vorticity field was calculated

using Equation 3.2,

ωz =
∂v

∂x
− ∂u

∂y
, (3.2)

where v is the vertical velocity component.

Figure 3.4 presents the time-averaged non-dimensionalised spanwise vorticity field for

the δ/h = 0.82 (upper) and δ/h = 4.38 (lower) cases. It shows the vorticity magnitude is

largest at the separation point where vortex formation initializes. It then diffuses quickly at

around x = 3 − 4h. When comparing the non-dimensionalised vorticity in the shear layer

between the thin and thick BL cases, the thin BL case has a higher magnitude. This can

be explained by the different amount of BL vorticity available to the separated shear layer

in each case. As shown in Equation 3.2, vorticity is defined by the product of the velocity

gradients, ∂v
∂x

− ∂u
∂y

. The vorticity level within a boundary layer is obviously higher than in

the freestream where no such velocity gradients are present. Therefore, in the thin BL case,

it is expected that a larger percentage of the boundary layer vorticity will contribute to that

in the separated shear layer compared to the thick BL case. With a δ/h ratio less than

unity and the freestream velocity interacting with the SMF edge, the separating shear layer

is deflected further into the freestream (Sherry et al., 2010). The vorticity in a separated

shear layer which is deflected further into the freestream will be larger than a less deflected

shear layer due to the streamwise velocity gradient in the y-direction, i.e. ∂u
∂y

. As shown in

Table 3.2, the non-dimensionalised velocity gradient equals ∂u
∂y

× h
U∞

= 6.84 in the thick BL

case and ∂u
∂y

× h
U∞

= 18.5 in the thin BL case. For these reasons, the non-dimensionalised

spanwise vorticity, ωzh/U∞, is greater in the thin BL case.

Further, Figure 3.4 indicates that the vorticity in the shear layer diffuses quicker in the

thick BL case compared to the thin BL case. In a viscous fluid, vorticity is primarily diffused
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by two mechanisms, viscous and turbulent diffusion. The Reh in the two δ/h cases is the same

so the viscous component of vorticity diffusion can be expected to be similar. Therefore,

turbulent diffusion must play a larger role in the thick BL case. Turbulent diffusion can

be gaged by the turbulence intensity levels above the SMF. The turbulent intensity within

a turbulent boundary layer is higher than that in the freestream. Therefore, in the thick

BL case, where the separation point at the fence edge is submerged within the turbulent

boundary layer, turbulence effects will play a role immediately. Hence, in the thick BL

case, a more turbulent flow at separation will cause a greater amount of mixing between the

irrotational freestream and the recirculation region leading to more rapid vorticity diffusion.

In the thin BL case, the turbulence intensity in the freestream interacts with the separated

shear layer resulting in less turbulent diffusion of vorticity. The turbulence intensity created

by the SMF is discussed further in the following section.

Figure 3.4: Contour map of the non-dimensionalised spanwise vorticity, ωzh/U∞ for the

δ/h = 0.82 (upper) and δ/h = 4.38 (lower) cases. The peak vorticity magnitude in the shear

layer is largest in the thin BL case.
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3.1.3 Turbulent Intensity Field

The vorticity field partially indicated the turbulent nature of the flow downstream of the

SMF. To further characterise the turbulent nature of the SMF wake, the turbulence intensity

was calculated using Equations 3.3 and 3.4.

Tu = urms/U∞, (3.3)

urms =

√
1

2
(u′2 + v′2), (3.4)

where Tu is the normalised turbulent intensity, and urms is the root-mean-square velocity

calculated by from the streamwise (u′) and vertical (v′) velocity fluctuations. Since the

velocity field was measured in a planar laser sheet, the fluctuating velocity component of u′

and v′ were determined and considered.

Figure 3.5: Contour maps of the non-dimensionalised turbulent intensity for the δ/h = 0.82

(upper) and δ/h = 4.38 (lower) cases. The magnitude of the shear layer turbulent intensity

is higher in the thin BL case.
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Figure 3.5 shows the time averaged turbulent intensity fields for the δ/h = 0.82 (upper)

and δ/h = 4.38 (lower) cases. It is apparent that the turbulent intensity is larger in the

thin BL case. Based on Boussinesq approximation, a higher velocity gradient will cause a

higher Reynolds stress. Reynolds stress can indicate the turbulent intensity. Therefore, in

the thin BL case, higher turbulent intensity is due to the higher velocity gradient at the fence

separation point. Further, in the thick BL case, it can be seen that the turbulent intensity

diffuses rapidly at around x = 2.2h. This could be because the vortices in the shear layer

grow in size, increasing fluid entrainment across the shear layer. In the time-mean turbulent

intensity field, a discontinuity of the contour maps is evident between each window. This is

likely due to the limited measurement time for each window (63.5 seconds in the thin BL

and 10.9 seconds in the thick BL). The measurement time was limited by the camera buffer

capacity.

The mean turbulence intensity field revealed the turbulent nature of the SMF wake. To

further investigate the time-dependent nature of the SMF, a unsteady analysis was under-

taken and will be presented in the following section.

3.2 Unsteady analysis

The literature review revealed that two instability mechanisms affect the SMF wake, a K-

H instability in the separated shear layer and a ‘shedding-type’ instability which affects

the entire primary recirculation region. The two instability mechanisms will be addressed

separately in the current section.

3.2.1 Kelvin-Helmholtz Instability

The K-H instability mode is a common feature of mixing and separated shear layers. To

investigate the K-H mode in the separated shear layer, a Fast Fourier Transform (FFT) was

calculated at each spatial point over the entire measurement time series to determine the
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dominant frequencies. Figure 3.6 shows the results of the FFT analysis for the δ/h = 0.82

case along the shear layer in the range 0 ≤ x/h ≤ 2.5.

Figure 3.6: The development of the Sth along the shear layer for the δ/h = 0.82 case in the

range 0 ≤ x/h ≤ 2.5. The frequencies are presented as the Sth, constructed from h and U∞.

The Sth is around 0.09 between x = 0.02h and x = 0.08h. Then the Sth increases from 1.7

at x = 0.11h to 4.8 at x = 0.20h and decreases to 1.6 at x = 0.42h. At x = 0.43h, the

Sth decreases to 0.83, which is approximately half of the Sth at x = 0.42h. The Sth further

decreases to around 0.57 at x = 0.88h, which is around half of the Sth at x = 0.43h.

The frequency data is presented as a Sth (Sth = fK−Hh/U∞), where fK−H is the fre-

quency of the K-H instability. The Sth maintains a constant value of around 0.090 for

0.02 ≤ x/h ≤ 0.08. This value corresponds to the high pass frequency filter limit applied

to the data. It indicates the bluff body dominance of the SMF flow. The Sth then in-

creases from 1.7 at x = 0.11h to 4.8 at x = 0.20h. The Sth then decreases to 1.6 at around

x = 0.43h. The fluctuation of the Sth is associated with the beginning of the K-H instability
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mode. Based on the study of Orellano and Wengle (2000), in the separating shear layer when

the Sth is transferred from a higher frequency to a lower frequency, a vortex pairing event

occurred. For instance, in the study by Orellano and Wengle (2000), two vortex pairing

events happened when Sth first decreased from 1.2 to 0.6 and further decreased to 0.3 along

the separated shear layer. Therefore, following our analysis strictly in Figure 3.6, the first

pairing event occurs when Sth reduces to 0.83 from 1.60. Then the Sth further decreases to

around 0.57 at x = 0.88h, which is a likely indication of a secondary pairing event.

The results of Figure 3.6 are compared to those by Orellano and Wengle (2000) at Reh =

3 000 and δ/h = 0.8. Their results showed an amplification of frequencies in the range

0.3 < Sth < 1.8 at x = 0.6h. In non-manipulated SMF of Orellano and Wengle (2000), a

peak Sth of 1.2 was found corresponding to the fundamental frequency of the primary roll-up

of the separated shear layer. Between x = 0.6h and x = 2.0h, energy was transferred to

lower frequencies from Sth = 1.2 to Sth = 0.6 and then further to Sth = 0.3, indicating two

vortex pairing events occurred before x = 2.0h (Orellano and Wengle, 2000).

The K-H instability in the thin BL case shows a higher Sth than in the study of Orellano

and Wengle (2000) at a similar δ/h value. Based on the study of Sigurdson (1995a), the Stθ

of the K-H instability has a constant value. Since the δ/h was around 0.8 for both the thin

BL case of the present study and that of Orellano and Wengle (2000), it could be expected

that the momentum thickness (θ) at the separation point is similar. However, the width

aspect ratio of the models is different between the two studies (6.75 in Orellano and Wengle

(2000)). The current results are therefore likely to suffer more from three dimensional effects.

Further, the inlet boundary layer profiles are not equivalent between the two investigations.

Finally, the convection velocity at the separation point is different due to different Reh. At

higher Reh, the velocity at the separation point is expected to be higher than in the lower

Reh case. Hence, the thin BL case is expected to have a higher K-H frequency (fK−H). This

higher K-H frequency leads to a higher Sth in the thin BL case.
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Figure 3.7 shows the dominant frequencies along the shear layer for the δ/h = 4.38 case

in the range 0 ≤ x/h ≤ 6.5.

Figure 3.7: The development of the dominant Strouhal number (Sth) along the shear layer

for the δ/h = 4.38 case in the range 0 ≤ x/h ≤ 6.5. The Sth decreases from around 0.81

at horizontal position of x = 0.48h to 0.40 at horizontal position of x = 1.2h. This is due

to the first vortex pairing event which causes a doubling of the period. A second decrease

in the Sth occurs at around x = 1.9h, which decreases to 0.27. This is due to the second

vortex pairing event. The vertical band above the fence was because of the laser refraction

through the transparent fence.

Again, the frequencies are presented as the Sth. At a wake position around x = 0.48h,

the Sth is around 0.81. At a wake position of x = 1.2h, the Sth decreases to 0.40, which

is approximately half of that in position of x = 0.48h. This halving of the Sth is due to

a vortex pairing event. Finally, at a wake position of x = 1.9h, the Sth decreases to 0.27,

which is approximately half of that at x = 1.2h. Furthermore, based on the first location of
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period doubling, the first vortex pairing event occurs around x = 1.2h. In a similar fashion,

the second vortex paring event occurs at x = 1.9h.

Comparing the development of the vortex structures in the shear layer between the two

cases, the Sth is higher in the thin BL case. The K-H instability frequency of the thin BL

case is approximately twice that of the thick BL case. K-H instability can occur where there

is a high level of velocity gradient in a single continuous fluid. Therefore, the higher velocity

gradient at the fence separation point in the thick BL case (see Table 3.2) will cause a higher

fK−H , which will correspondingly lead to a higher Sth for the thick BL layer case.

The wake position where the first vortex pairing event occurs is also different between

the two δ/h cases. In the thin BL case, the first and second pairing events occur closer to the

separation point compared to the thick BL case. This is likely due to the three-dimensional

effects caused by the different aspect ratios, B/h, in the two cases. Here, the aspect ratio

was B/h = 4.28 for the thin BL case and B/h = 18.3 for the thick BL case. With a reduced

B/h reduces, the two-dimensional region of the reattachment line on the bottom wall will

be narrowed in the spanwise direction. This is due to the boundary layer from the side wall

of the water channel.

3.2.2 ‘Shedding-type’ Instability

The second type of instability found in SMF flows to be investigated here was the ‘shedding-

type’ instability which is present in numerous bluff body wakes, as discussed by Sigurdson

(1995b). It was found the ‘shedding-type’ instability has a constant Stshed, which is defined

as Equation 1.5. Since the field of view was restricted above the fence in the thin BL

case shown in Figure 3.1, the maximum height of the recirculation region (Yb) could be

lower than the real value. This lower Yb can cause an error when scaling the shedding

frequency (fshed) in the thin BL case. Therefore, the thick BL case was only analysed for

the ‘shedding type’ instability to get an accurate Stshed. Hence, using Equation 1.5 and the

Yb and Us values of the thick BL case, fshed can be approximated. The frequency in the
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thick BL case is calculated as fshed = 0.2065 Hz, which is the ‘shedding’ structure frequency

interested in the ‘shedding-type’ instability analysis. This means only 2.33 cycles of the

large scale ‘shedding’ structures are possibly present during the total measurement time

series of 11.28 seconds. Therefore, the total measurement time is not sufficient to resolve

the ‘shedding-type’ instability by a FFT analysis. For this reason, the Empirical Mode

Decomposition (EMD) discussed by Boudraa and Cexus (2007) is used to investigate the

‘shedding-type’ instability mode.

In order to determine the ‘shedding-type’ instability, time-series of the streamwise fluc-

tuating velocity component, u′(x, t), were extracted and analysed. The fluctuating velocity

component was obtained by subtracting the temporal mean of the series, u(x), from each

time instant. A point close to reattachment x = 12.9h, y = 0.38h for the δ/h = 4.38 case

will be used to illustrate the method. The EMD is employed to analyze the oscillations

present in u′(x, t). The EMD method is based on the idea that any fluctuating data set can

be decomposed by a finite and a small number of component functions, which are called

the intrinsic mode functions (IMF). An IMF is a function with the following requirements;

shown by Boudraa and Cexus (2007):

1. In the whole data set, the number of extrema equals the number of zero-

crossings.

2. At any point of the horizontal axial, the mean value of the envelope defined

by the local maxima and the envelope defined by the local minima is zero.

The procedures to determine the IMF’s are outlined in the following steps:

1. Find all the local maxima points in the original data set (u′(x, t)) and con-

nect all the local maxima points with a cubic spline line to create the upper

envelope.

36



2. Repeat procedure 1 to connect the local minima points of the original data set

to create the lower envelope.

3. The mean value of the upper and lower envelopes ism1. The difference between

the original data set u′(x, t) and m1 can be the first component h1 if h1 satisfies

the definition of an IMF. The first component is defined as h1 = u′(x, t)−m1.

4. The next steps are repeated as step 1 to 3 by using the residue function as the

original data set. The residue function is defined as: r1 = u′(x, t) − h1, where

h1 stands for the first IMF component.

After all the components satisfy the IMF definitions, the original data set can be written

as:

u′(x, t) =
n∑
1

hj + rn. (3.5)

After calculation according to the procedures above, 10 IMF’s are found from the u′(x, t)

time series at x = 12.9h, y = 0.38h. Figure 3.8 shows the 10 IMF’s. It is evident from

Figure 3.8 that the frequency of oscillation reduces with increasing mode number. Therefore,

with a-priori knowledge of fshed from the analysis of the time-averaged flow fields, an IMF

corresponding to the ‘shedding-type’ instability can be determined. Consulting Figure 3.8

once more, the 9th IMF equates well to the period of the ‘shedding-type’ instability calculated

by the Stshed.
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Figure 3.8: Ten IMF’s extracted from the fluctuating velocity at the spatial point of

x = 12.9h, y = 0.38h as a function of time. The 1st IMF to the 10th IMF are listed

from the top to bottom in sequence. The 9th intrinsic mode function shows a oscillating

frequency that is close to the frequency calculated by the universal Stshed.

Figure 3.9 shows u′(x, t) in red with the 9th IMF represented by the black line. The time

interval between the first and the second peaks is 5.66 seconds, giving a fshed = 0.177 Hz.

Inserting this frequency into Equation 1.5 with the derived Yb = 0.048 m and Us = 0.11 m/s,

the Stshed = fshedYb/Us = 0.077 is calculated. This Stshed is quite close to the Stshed of

0.08 ± 0.01 determined by Sigurdson (1995a). In a similar fashion to (Siller and Fernholz,

2007), I have qualitatively shown that the ‘shedding-type’ instability is present in the thick

BL case by the finding the ‘shedding-type’ frequency. An order of magnitude analysis will be

presented in the following section to determine whether this phenomena could be responsible

for the wind ramp events seen at the UoC meteorological mast.
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Figure 3.9: The horizontal velocity measured at point x = 12.9h, y = 0.38h, as a function

of time for the thick BL case. The red line represents the instantaneous velocity fluctuation

in the complete measurement time domain. The black line represents the 9th IMF of the

data set. The time interval between the two crests is 5.66s, which qualitatively represents

the time interval between two consecutive shedding vortex structures.

3.2.3 Order of magnitude analysis of wind ramp events

Based on the ‘shedding type’ unsteady analysis of the thick BL case, the Stshed (Stshed =

fshedYb/Us = 0.08) is applicable to a SMF flow. Since the flow over the mountains contains

features which are analogous to a SMF flow, the large scale vortex structures are also expected

to exist downstream of the reattachment length in the mountain flow. These shedding

structures are a possible cause of the wind ramp events downstream of the Rocky Mountains.
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Therefore, the Stshed is used to calculate the order of magnitude of the wind ramp time

interval. The averaged wind speed used in the order of magnitude analysis of the Rocky

Mountain was calculated from the wind rose, as shown in Figure 3.10. The data shown in

Figure 3.10 was a hourly-data measured in 2 years by Environment Canada Wind Station,

which is located on the top of Nakiska.
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Figure 3.10: Wind rose measured by Environment Canada Wind Station located on the

top of Nakiska (Latitude: 50.94, Longitude: -115.19). The wind rose shows the dominant

wind direction is 55◦ from west direction, which is perpendicular to the ridges of the Rocky

Mountain. The averaged wind speed is around 10.75 m/s and the standard deviation is

around 6.298 m/s.

In Figure 3.10, it shows the dominant wind direction has an angle of 55◦ from west
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direction and is perpendicular to the ridges of the Rocky Mountains. The averaged wind

speed calculated from Figure 3.10 is around 10.75 m/s and the standard deviation is around

6.298 m/s. The mountains closest to Calgary are approximately 3000 m above sea level and

Calgary is around 1000 m above sea level. Therefore, the height of the mountains closest to

Calgary can be approximated as 2000 m (h ≈ 2000 m). Based on Table 3.1, the maximum

height of the recirculation region (Yb) in the thick BL case is 2.3 h. Hence, the Yb in the

mountain scale can be approximated as 4600 m. When the Stshed is used in a mountain

scale with height of h = 4600 m and a wind speed of u = 10.75 m/s, the shedding structure

frequency can be calculated as fshed = 0.000187 Hz, leading to a time interval of the shedding

structure of about 1.49 hours. When the standard deviation of the wind speed is considered,

the time interval of the shedding structure fluctuates in between 0.94 hours and 3.59 hours.

The wind mast of the Uiversity of Calgary found short ramp events with several time in-

tervals (1∼2-hour event, 2∼4-hour event and 4∼6-hour event). In study of the relaxation

region downstream of a SMF by Petryk and Brundrett (1967), it showed that the turbulent

boundary layer profile in region from the fence position to x/h = 100 is not equilibrium,

which illustrated that the convection of the ‘shedding’ structure from the recirculation region

has an effect on the turbulent boundary layer development. This can be used as an evidence

of the existence of the shedding vortex structure before x/h = 100. Hence, the shedding

structure from the recirculation region downstream of the mountains can be expected to

exist at Calgary located at 50h downstream of the Rocky Mountains. Therefore, based on

an order of magnitude analysis, the ‘shedding-type’ structure downstream of the reattach-

ment point can be related to the possible reason of the wind ramp events downstream of

mountains.
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Chapter 4

Conclusions

The flow over a SMF with two boundary-layer thickness to fence height ratios was measured

using PIV to investigate the steady and unsteady flow features downstream of the fence.

4.1 Time-averaged conditions

The steady features of the flow downstream of the fence were analysed by the time-averaged

velocity, vorticity and the turbulent intensity fields, e.g. see Figures 3.1, 3.4 and 3.5. It

was seen from Figure 3.1 that the thick BL case generated a longer reattachment length

than the thin BL case. This was because the higher velocity at the fence separation point

in the thick BL case made a higher perturbation. From Figure 3.4, it was shown that the

vorticity magnitude in the shear layer of the thin BL case is higher than the thick BL case.

This occurred since a higher percentage of vorticity from the incoming boundary layer was

available into the shear layer in the thin BL case. Furthermore, the velocity gradient at

the fence edge, where the vorticity is generated, was higher in the thin BL case. Turbulent

intensity field showed that higher level of Tu was higher in the thin BL case than in the

thick BL case, which is due to higher velocity gradient based on Boussinesq approximation.

4.2 Unsteady analysis

After the time-averaged results of the two cases were compared, the vortex dynamics were

analysed downstream of the SMF. This included both the K-H instability and the ‘shedding

type’ instability.

The K-H instability was analysed using an FFT analysis of the fluctuating velocity com-

ponents in the shear layer. It was found that the Strouhal number associated with the K-H
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instability, Sth, was higher in the thin BL case compared to the thick BL case. It was also

shown that the vortex pairing events in the shear layer occurred further upstream in the

thin BL case. This is due to the three-dimensional effects with a reduced width aspect ratio

in the thin BL. As the length of the measurement time series was not sufficient for a FFT

analysis, the ‘shedding type’ instability was analysed by the EMD technique. The stream-

wise fluctuating velocity component was extracted at a point close to reattachment for the

thick BL case. The period of the low frequency fluctuation attributable to the large scale

vortex shedding from the recirculation region was 5.66 seconds. The Strouhal number of the

‘shedding type’ instability, Stshed, based on the separation height, velocity at separation and

the frequency found, was Stshed = 0.077. This Stshed is close to the Stshed = 0.08 ± 0.01

found by Sigurdson (1995a). Based on this Stshed, an order of magnitude analysis of the flow

over the Rocky Mountains was undertaken. Using a maximum height of the recirculation

region downstream of the mountain of 4600 m and a velocity at separation of 10.75 m/s

with a standard deviation of 6.298 m/s and scaling to Stshed resulted in ‘shedding type’

instability period of 1.49 hours with a fluctuating period between 0.94 hours and 3.59 hours.

Comparing this period and the short wind ramp events measured 50 h downstream of the

Rocky Mountains, the large scale structures created by the ‘shedding type’ instability are a

feasible cause of the wind ramp events.
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4.3 Recommendation and Future Work

In the current work, a 2D flow over a single fence was measured with different inlet boundary

layer thickness. However, the use of multi-fences was not taken into consideration whereupon

multi-fences can be employed to represent rows of mountain ridges. The flow downstream of

the last fence in the multi-fences scenario can be seen as a manipulated flow condition due

to the effect of upstream fences. Therefore, one important parameter in multi-fence flow is

the distance between fences. In the simulation study by Orellano and Wengle (2000), flow

over a SMF was manipulated by injecting fluid at 3h upstream of the fence. Two injection

frequencies were applied corresponding to Sth = 0.6 and Sth = 0.08 respectively. The high

forcing frequency case of Sth = 0.6 showed the influence of the separated shear layer on

vortex roll-up and pairing whereupon the reattachment length was reduced by 10%. In

the low-forcing frequency case of Sth = 0.08, the shear layer affected the behaviour of the

entire recirculation bubble where the reattachment length was reduced by 36%. Therefore,

it can be assumed that if the distance between fences is changed, different forcing frequency

structures will affect downstream fence flow. Hence, the inclusion of multi-fences in future

studies is certainly warranted.
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Appendix A

Uncertainty Analysis of PIV

The particle image velocimetry (PIV) measurement technique is a robust method to record

the flow field in fluid mechanics experiments. It presents with a number of advantages which

will be outlined in the following section:

Firstly, compared to more established experimental techniques such as hot wire anemome-

ters or pressure tubes that apply probes to measure the velocity field, PIV is a non-intrusive

optical measurement technique. This is a clear advantage over the aforementioned intrusive

techniques. Secondly, PIV typically measures a large proportion of the flow field at once,

i.e. the velocity field can be resolved spatially and temporally.

As summarized by Raffel et al. (1998) and shown in Figure A.1, a PIV system consists

of several components.

Figure A.1: Basic setup of a PIV system, as shown by Raffel et al. (1998).

Neutrally buoyant tracer particles which follow the fluid well are first added to the flow.

A laser sheet illuminates the plane of interest. The laser sheet can either be generated using

a pulsed system where particles are illuminated by two pulses over a short time interval or

using a continuous output system. The light scattered by the tracer particles denotes their

instantaneous positions. The scattered light is recorded by a digital camera either on a single
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frame (double exposure) or on a sequence frames (single exposure). A continuous laser and

single exposure images were used in the current investigation. The tracer particles travel

a displacement over the time interval between the two images, which is a controlling PIV

parameter.

The processing of the digital PIV recording is completed in small sub-areas of the image

field, known as interrogation windows. The local displacement vector is then determined

in each interrogation window by a cross-correlation algorithm. The velocity vector of each

interrogation window can then be determined with knowledge of the time interval between

images.

A.1 The PIV measurement error analysis

However, as a measurement system, PIV has sources of error. The error of the current PIV

measurements will be discussed in the following section. There are many sources of error

that can affect the accuracy and the uncertainty of PIV, such as the system calibration,

timing errors, system setup, particle size to name but a few (Wilson and Smith, 2013).

When a turbulent flow field is measured by PIV, the measured velocity u can be decom-

posed into the components as shown in Equation A.1:

u = u+ u′ + ŭ+ βu (A.1)

where u is the mean velocity, u′ is the fluctuation velocity, ŭ is the random error and βu is

the systematic error as indicated by Wilson and Smith (2013).

The measurement uncertainty represents the range within which we can expect to find

the true error based on probability. The random error component results in precision un-

certainty on time-averaged quantities derived from a finite number of samples Wilson and

Smith (2013). Therefore, in PIV measurements, the precision uncertainty refers to the mean

quantities.
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Although the uncertainty of the mean values that is caused by velocity fluctuation and

noise from PIV can be reduced by measuring for a longer time period, in doing so, the

random measurement error can cause a bias to the Reynolds stress or the fluctuating velocity

quantities. In the PIV technique, the error is affected by the particle density, particle

diameter, pixel displacement and velocity gradients in the flow field.

The error caused by pixel displacements less than the particle image diameter is controlled

by the PIV systems settings. Image diffraction through the lens aperture also strongly affects

the particle diameter (Wilson and Smith, 2013). When the particle image diameter changes,

the change in the time-averaged velocity is negligible but the fluctuating velocity quantities

change.

Particle image density is defined as the average number of particles per interrogation

window (Wilson and Smith, 2013). In most cases, the effects of particle density on the time-

averaged velocity and the fluctuating velocity can be neglected. However, when measuring

shear regions and the particle density is low, the signal to noise ratio will reduce due to the

insufficient seeding (Timmins et al., 2012). Timmins et al. (2012) found that instantaneous

velocity gradients can result in the largest uncertainties.
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Table A.1: Parameter settings of PIV processing with DaVis 8 software

Parameters Units Thin BL Thick BL

Image frame rates frame/sec 125 500

Time interval between images second 0.008 0.002

Laser sheet thickness mm 2 2

Magnification factor (MF) pixel/mm 4.84 14.62

Initial interrogation window pixel 128 × 128 128 × 128

Final interrogation window pixel 16 × 16 16 × 16

Interrogation window overlap % 75 75

Optimal particle displacement pixel 8 8

Max u velocity m/s 0.15 0.33

Max particle displacement pixel 5.81 8.57

From Table A.1, in the thin boundary-layer case, the maximum particle displacement

calculated as a function of the 1/4 rule was 5.81 pixels. The in-plane particle losses be-

tween images is therefore minimized. However, in the thick boundary-layer case, the particle

displacement between images based on my imaging parameters was 8.67 pixels, which was

slightly larger than the suggested 1/4 displacement rule. To reduce displacement lower than

8 pixels, higher frames rates or a larger interrogation window size could have been employed.

In the measurements presented here, only the dominant sources of systematic error are

taken into consideration. For my measurements, calibration of the cameras was completed

using a calibration board aligned to the laser sheet plane. Therefore, the angle between

the calibration board and the laser sheet plane (θ) will lead to a systematic error. Since

turbulent flow is three dimensional, the out-of-plane velocity is not measured directly by

2D PIV measurements. Therefore, the out-of-plane velocity component is an unavoidable

source of error when a turbulent flow is measured in a two-dimensional plane. For a derived
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parameter, its value can be defined as:

R = f(x1, x2, x3, ..., xn), (A.2)

where R is the derived parameter and xn are the related parameters. The uncertainties ωR

of the derived parameter R can be written as:

ωR =

√√√√ n∑
i=1

(ωxi
∂R

∂xi
)2, (A.3)

ωx =
√
Px

2 +Bx
2, (A.4)

where ωxi is the uncertainty of each related parameter, ωR is the uncertainty of the derived

parameterR, Px is the random component of uncertainty andBx is the systematic component

of uncertainty.

In the flow field shown in Figure 3.1, the uncertainty of the measured velocity u is

determined as:

u = MF (∆X/∆t) + δu, (A.5)

where u is the measured velocity, MF is the magnification factor, ∆X is the particle dis-

placement between images in pixels, ∆t is the time interval between each image in seconds

and δu is the out-of-plane velocity component in the measurement plane. The uncertainty

of parameters MF and δu will be analysed in the following sections.

As discussed in Conference (2008), the calibration MF can be expressed as:

MF = lr cos θ/Lr ≈ lr(1 − θ2)/Lr, (A.6)

where lr is the length of physical domain (mm), θ is the angle between the laser plane

and the calibration board ( and Lr is the length in the image plane (pixels). Therefore,

in the measurements presented here, as lr = 120mm and Lr = 599pixel, MF will equal

4.99 pixel/mm.
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As mentioned by Conference (2008), the uncertainty of the physical length is less than

20µm or 0.02 mm. The sensitivity factor can be calculated as:

∂MF

∂lr
= 1/Lr = 1/599 = 1.669 × 10−3(1/pixel), (A.7)

Based on the discussion by Conference (2008), the total uncertainty will be 0.7 pixels

when measuring the length of the image starting from single reference points. The sensitivity

factor can be calculated as:

∂MF

∂Lr
= −lr/L2

r = −120/5992 = −3.34 × 10−4(mm/pixel2), (A.8)

Lens aberration will also cause image distortion which can be quantified (Conference,

2008). The distortion of the image will be less than 0.5%, and 29.95 pixels. The sensitivity

factor is calculated as:

∂MF

∂Lr
= −lr/L2

r = −120/5992 = −3.34 × 10−4(mm/pixel2), (A.9)

Ideally, the calibration board should be coplanar with the laser sheet plane. Assuming a

maximum angle θ = 20.035rad, the sensitivity factor is:

∂MF

∂θ
= −lr × θ/Lr = −120 × 0.035/599 = −7.0117 × 10−3(mm/pixel), (A.10)

As the planar measurement technique was applied in a turbulent flow, the 3-dimensional

effects on the 2-dimensional velocity field must be taken into account. With the out-of-plane

velocity component, the measured in-plane velocity can be written as:

um = u+ wtanα, (A.11)

where um is the total measured velocity, u is the in-plane velocity, w is the out-of-plane

velocity and w tanα is the out-of-plane velocity component in the measurement plane. Con-

ference (2008) suggests the out-of-plane velocity can be assumed as 1.0% of the freestream

velocity. Based on this, it is assumed that w = 100× 0.01 = 1(mm/s). The uncertainty can

be calculated as 100 × 0.01 × tan(205.2/850) = 4.21 × 10−6(mm/s).
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With the uncertainty of related parameters calculated above, the uncertainty of the MF

and the out-of-plane velocity can be calculated using the method of uncertainty propagation.

The uncertainty of MF and the out-of-plane velocity can be calculated as:

ωMF =

√√√√ n∑
i=1

(ωxi
∂MF

∂xi
)2 = 0.049987(mm/pixel) = 24.94(mm/s). (A.12)

Therefore, the combined uncertainty with consideration of MF and the out-of-plane ve-

locity can be calculated as:

ω =
√
ω2
MF + ω2

δu
=

√
24.942 + (4.21 × 10−6)2(mm/pixel) = 24.94(mm/s), (A.13)

when a coverage factor of two is considered in the combined uncertainty, a 95% confidence

interval gives an expanded uncertainty of 49.89 mm/s.
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