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Abstract

This thesis documents complementary experimental and computational studies aimed 

at identifying the physical mechanisms associated with laminar-to-turbulent transition in 

separation bubbles, and at examining passive techniques for manipulation of this process. 

Measurements were made over the suction surface of two airfoil models using particle image 

velocimetry (PIV), and were performed in a low-Reynolds-number tow-tank facility. One 

of the models, which consists of an unconventional airfoil design, was developed specifically 

for the purpose of examining passive manipulation of separation-bubble transition. The 

computational studies were performed using direct numerical simulation (DNS), providing 

detailed resolution of the spatial and temporal scales of the flow.

Separation-bubble transition is observed to occur in a different manner depending on 

the level of freestream turbulence. In a low-disturbance environment, transition is shown to 

be initiated by the inviscid Kelvin-Helmholtz instability mechanism. This instability results 

in the roll-up and subsequent shedding of vorticity in the separated shear layer, downstream 

of which break-down to small-scale turbulence occurs in the region of high shear between 

sequential rollers and initiates reattachment of the shear layer to the surface. Under low- 

Reynolds-number conditions, a vortex-pairing phenomenon is identified and associated with 

a subharmonic instability of the separated shear layer. A possible link between the inviscid 

Kelvin-Helmholtz and the viscous Tollmien-Schlichting instabilities is identified. Under 

elevated-freestream-turbulence conditions, separation-bubble transition is shown to occur 

through the production, growth, and merging of turbulent spots. The spots, which consist of 

a series of vortex loops, are shown to be initiated through a secondary inviscid instability, 

promoted by the presence of streamwise streaks tha t originate in the upstream laminar 

boundary layer disturbed by the freestream turbulence.

i

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



Two-dimensional surface modifications were made to  the unconventional airfoil to 

provide passive manipulation of the separation-bubble-transition process. Most of the 

configurations examined are shown to provide reduced boundary-layer losses downstream 

of reattachment. The spatially-resolved PIV results identify various means through which 

the transition process can be altered to  improve the performance of airfoils over which 

separation bubbles are common.

ii
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Chapter 1

Introduction

1.1 M otivation

Laminar separation bubbles occur in many practical aerodynamic applications, partic

ularly at low-Reynolds-number operating conditions. Generally when laminar separation 

occurs on a streamlined body such as an airfoil, the aerodynamic performance of the body 

is degraded. This is a result of decreased lift and increased form drag due to separation of 

the boundary layer. Laminar-to-turbulent transition of the separated shear layer is what 

causes the flow to reattach to the airfoil surface. The general characteristics of a laminar 

separation bubble are described in Chapter 2.

Recent interest in low-Reynolds-number aerodynamics has been driven by aircraft-engine 

design, an d  in  p a rtic u la r  th e  design of h igh-bypass-ra tio  tu rb o fan  engines. T h e  low -pressure 

turbines (LPTs) of modern turbofan engines operate under low-Reynolds-number conditions 

during high-altitude flight (Mayle, 1991). At these low Reynolds numbers {Re O(105)), 

much of the airfoil suction-surface shear-layer remains laminar and is thus susceptible to 

separation in regions of strong adverse pressure gradients. At very low Reynolds numbers,

1

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



Chapter 1 2

transition may commence sufficiently far downstream of separation tha t reattachm ent of the 

shear layer may not occur. The airfoil is then said to “stall” . The effects of stall in an LPT 

are decreased flow turning and higher pressure losses, which in turn  reduce the available 

power output and the component efficiency. It is therefore desirable to  prevent stall by 

ensuring tha t reattachm ent of a separated shear layer occurs over the airfoil surfaces.

Weight reduction is the current focus in LPT design, and is primarily achieved by 

reducing the number of airfoils per stage, as well as reducing the number of stages in an 

engine. This requires tha t each airfoil in a stage carry a greater aerodynamic load and by 

extension have a greater susceptibility to laminar separation and stall. In fact, most LPTs 

of modern design have laminar separation bubbles present over the airfoil suction surfaces 

throughout much of the operating envelope. It is therefore im portant to understand the 

transition process in a laminar separation bubble in order to better optimize modern LPTs 

for weight and performance. This was the prime motivation for the research.

Another example of where low-Reynolds-number effects are becoming increasingly 

im portant is the emerging field of Micro Air Vehicle (MAV) research. MAVs are a new class 

of very-small flight vehicles being developed primarily for military reconnaissance purposes 

in an effort to  increase the situational awareness of ground-based soldiers by providing them 

with information on their surroundings. By sending a small, almost undetectable, unmanned 

aircraft into the field ahead of the soldiers, the battlefield can be assessed a priori, and 

tactics can be implemented to minimize casualties.

MAVs have been categorized as any flight vehicle with a maximum length dimension 

of 15 cm (McMichael and Francis, 1997). This takes them  down to  the size of small birds 

and large insects, where Reynolds numbers are in the laminar and transitional regimes 

(Re O(104)), and where boundary layers are very susceptible to laminar separation. A very 

limited understanding of aerodynamics and flight in this regime has been developed over
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the past century, and the physical behaviour of such vehicles is currently unpredictable.

In recent years, numerous transition models have been developed and published in the 

open literature. These models approach the problem through various means but all are 

semi-empirical in nature. It is im portant tha t any modelling effort used in the design of 

airfoils which are prone to separation be able to capture the characteristics of the separation 

bubbles and the ensuing transition process. One such model has been developed by the 

research group in which the present work has been performed (Roberts and Yaras, 20056).

Although still many years or decades away from becoming practical for design purposes, 

large eddy simulation (LES) and direct numerical simulation (DNS) are becoming viable 

options for modelling the process of laminar-to-turbulent transition. The benefit of applying 

such methods to  transitional flows is not only the accuracy with which they resolve the flow 

characteristics, but the simultaneous availability of the spatial and temporal nature of the 

flow from which a better understanding of the underlying physics can be obtained.

At the current state of aerodynamic design, limitations to lift and drag improvements 

are being reached by way of shape and configuration optimization. Currently, flow control, 

otherwise known as flow manipulation, is a popular research topic. Many types of flow 

control systems have been studied, from simple geometric modifications such as vortex 

generators (Lin et al., 1990) to high-order feedback control schemes using Micro Electro 

Mechanical Systems (MEMS) (Gad-el-Hak, 2001). Although active forms of flow control, 

which require some form of energy expenditure, are very effective at achieving a specific 

result, the penalty associated with the control method can outweigh the benefits of its use. 

It is therefore desirable to develop methods of control tha t increase the system performance 

as a whole.

It is relatively easy to develop a passive control technique to prevent stall, or a 

significant loss of lift, due to separation at a specific operating condition. This can be
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accomplished by placing a trip  wire or a series of vortex generators near the separation 

point to enhance transition and entrainment of freestream fluid towards the surface, thus 

eliminating separation. Problems with these methods arise if the airfoil is required to 

perform under a wide range of operating conditions. For example, Lake et al. (2000) used a 

trip  wire to prevent stall of an LPT airfoil at a low-Reynolds-number operating condition, 

reducing the cascade to tal pressure losses by more than 50%. However, at a higher Reynolds 

number where the standard airfoil behaved well, the presence of the trip  wire increased the 

to tal pressure loss by more than 100%.

Due to complexity and reliability issues, practical application of all but the simplest 

active flow control techniques is many years away. It is likely tha t simpler passive techniques 

will dominate the aeronautic and gas turbine industries in the coming years.

1.2 Thesis Objectives

There are three main objectives to  the research project described herein, all concerned 

with low-Reynolds-number aerodynamics and, in particular, separated-flow transition. The 

focus for these efforts is the Reynolds number range encountered by LPTs and MAVs. These 

objectives are described briefly in this section.

The first objective of the current research initiative is to further validate aspects of a 

transition model developed at Carleton University (Roberts and Yaras, 20056). The model 

under consideration was developed based on measurements made on a flat test surface with 

an imposed pressure distribution at Reynolds numbers in the range 100,000 to 500,000. 

One goal is to validate the model for lower Reynolds numbers and for the effects of surface 

curvature. The model also makes use of previously-published empirical correlations for the 

growth of turbulent spots based on experiments of artificially-generated turbulent spots
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under low-freestream-turbulence conditions. Another goal is to validate the accuracy of 

these correlations for spots tha t occur under elevated-freestream-turbulence conditions.

The second objective is to improve our understanding of the physical mechanisms 

of separation-bubble transition, and to  examine variations in the associated processes 

under different levels of freestream turbulence. As with attached-boundary-layer transition, 

the mechanisms associated with the transition process are dependent on the disturbance 

environment in which the flow develops. Many experimental studies have examined such 

phenomena, however lack of simultaneous spatial and temporal data limit the development 

of a complete picture of the transition process. The objective of the current research is to 

overcome these limitations and to develop a better physical understanding of the process.

The third objective is to  examine a variety of passive techniques for manipulating 

the transition process of a separated shear layer in a low-disturbance environment. The 

goal is to develop a simple, practical method of transition manipulation tha t improves 

the performance of airfoils under poorly-behaved low-Reynolds-number conditions without 

compromising the performance under well-behaved conditions.

1.3 Approach

The research objectives have been met using complementary experimental and compu

tational approaches. D ata from two different experimental facilities are examined in the 

present work: a low-Reynolds-number tow-tank facility at the National Research Council 

of Canada (NRC), and a closed-loop wind-tunnel facility at Carleton University (CU). 

Numerical simulations were performed using the ANSYS-CFX commercial CFD package 

(versions 5.7.1 and 10.0).
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D ata from a previous research project using the CU wind-tunnel facility have been used 

to validate the numerical simulation components of the current research initiative. The CU 

facility consists of a flat-plate test surface in a closed-circuit wind tunnel. To simulate the 

environment in which a boundary layer develops over an airfoil, a contoured test-section 

ceiling is used to  impose a streamwise pressure distribution over the flat plate. Passive 

turbulence-generating grids can also be placed upstream of the test section to elevate the 

freestream turbulence to levels encountered in gas-turbine engines. The Reynolds number 

range for this facility, based on plate length and incoming flow velocity, is approximately 

105 to 106. Freestream turbulence intensities on the order of 0.5% to 9% can be achieved, 

which is typical of the range observed in gas-turbine engines.

The primary measurement technique used in the CU facility is hot-wire anemometry 

(HWA), a well-established method for performing measurements within a separation bubble. 

HWA is a single-point measurement technique which enables velocity measurements with 

high frequency resolution (0(100 kHz) is possible). HWA measurements can provide very 

accurate velocity measurements and the high frequency response ensures full coverage of 

the turbulence spectrum for the range of Reynolds numbers possible in the CU facility. 

However, single-point hot-wire measurements provide minimal information regarding the 

spatial structure of turbulence, and the inability of single-sensor hot-wires to differentiate 

flow direction precludes identification of the reverse flow region in a separation bubble. 

Greater details regarding the test section, the measurement techniques, and the data 

processing techniques used in the CU facility will be discussed in Chapter 3, Section 3.3.

Although HWA is currently the primary method of studying separation-bubble tran

sition, it can be difficult to examine instability mechanisms directly using single-point 

measurements. This deficiency, coupled with the desire to study the spatial structure of the 

transition process has led to  the use of the NRC facility for studying such flows.
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The NRC Low-Reynolds-Number Facility consists of a water tow-tank with a particle 

image velocimetry (PIV) measurement system, both of which will be discussed in Chapter 3, 

Section 3.2. The advantage of PIV over HWA is the ability to provide details regarding the 

spatial nature of the transition process.

The NRC facility consists of an enclosed tank in which a model can be towed through 

water or glycerin. The tank has a roof to prevent the problems associated with a free 

surface, and the roof features a sealed slot through which the test-model-support stru t can 

travel. W ater was used as the working medium for the present research. Two test models 

were examined in the facility. One of them, which is a typical low-Reynolds-number airfoil, 

was used for validation of the transition model developed at Carleton University. The other 

was designed specifically for the purposes of the passive flow control study.

Advantages of the NRC facility over the CU facility are the excellent “inflow quality” 

due to the stagnant freestream conditions (0% freestream turbulence intensity and zero 

end-wall boundary layer blockage), and the low Reynolds number range {Re <  100,000) for 

the test models used. Disadvantages of the NRC facility are the inability to  increase the 

level of freestream turbulence (without significant modifications) and the low sampling rate 

of the PIV system, the latter of which can prevent detailed temporal analysis of the results.

Prior to initiating this research program, another doctoral student within the same 

research group at Carleton University performed a three-dimensional, time-dependent 

numerical simulation of a separation bubble using a large eddy simulation (LES) model, 

and achieved promising results (Roberts, 2005). Part of the current work is a continuation 

of these simulations, at refined resolution such tha t the present simulations were performed 

in a direct numerical simulation (DNS) framework. Thus, the simulations provide detail 

regarding the three-dimensional nature of the transition process. The flows simulated are 

representative of those previously studied in the CU facility, and therefore results from the
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hot-wire measurements in tha t facility can be used for validation of the DNS results.

To summarize, the approach taken towards achieving the objectives of the present 

research consist of complementary experimental measurements and numerical simulations. 

Experiments were performed in a low-Reynolds-number tow-tank facility using two different 

airfoil models in an attem pt to examine the characteristics of separation-bubble transition 

at low Reynolds numbers, and to examine various passive techniques for manipulating 

this transition process. Direct numerical simulation was used to examine the physical 

mechanisms associated with transition in separation bubbles, and made use of experimental 

data  previously collected in a closed-circuit wind-tunnel facility.

1.4 Overview of Thesis

A substantial amount of research regarding separation bubbles and transitional flows 

has been accomplished by the engineering and scientific research communities prior to  the 

initiation of this research project. The objectives of the present work have been identified 

by examining the open literature on these topics, and a review of the pertinent literature 

is given in Chapter 2.

Chapter 3 provides a description of the experimental facilities and measurement 

techniques used in the course of the research. The NRC tow-tank facility, its measurement 

system, and the test models examined are described first, followed by details of the CU 

wind-tunnel facility and its measurement system.

The numerical setup and procedures for the computational aspects of the research are 

described in Chapter 4. This includes a brief outline of the numerical methods used in 

the ANSYS-CFX solver, and a detailed description of the computational domains, their 

discretization, boundaxy-condition specifications, and convergence criteria.
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D ata reduction procedures for both the experimental and computational studies are 

outlined in Chapter 5, along with a discussion of measurement uncertainties.

As noted in Section 1.2, there are three main objectives to the present work. There 

are various ways in which the results could be presented, but the method chosen is a 

chronological approach based on the order in which the work was accomplished. Although 

there may appear to  be some discontinuity between the individual chapters, the chronolog

ical treatm ent best represents the incremental knowledge gained during the multitude of 

studies performed.

Chapter 6 presents the first experimental study performed in the NRC tow-tank facility 

using a typical low-Reynolds-number airfoil. This study established confidence tha t the 

facility could be used for examining separation-bubble transition, and helped develop 

the procedures and requirements for the later experiments tha t involved control of the 

transition process in separation bubbles. The spatial nature of the PIV measurements 

has revealed the dominant flow structures associated with separation-bubble transition at 

low Reynolds numbers and low freestream turbulence. Further validation of the transition 

model developed at Carleton University is also presented in this chapter. In particular, the 

model is validated for an extended low-Reynolds-number range, and for the influence of 

surface curvature.

The nature of instability mechanisms and the resultant breakdown to turbulence in 

separation bubbles are discussed in Chapter 7 in regards to the direct numerical simulations 

performed. Two simulations are presented based on experiments performed in the CU 

wind-tunnel facility. The simulations represent the flow over a flat plate with an imposed 

streamwise pressure distribution representative of the suction surface of modern low- 

pressure-turbine airfoils. The primary difference between the two simulations is the level of 

freestream turbulence, with turbulence intensities at the streamwise location of separation
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of 0.1% and 1.45%. Transition to turbulence in the separated shear layer occurs through 

different paths for each case. Each of these mechanisms are identified for their respective 

cases, and the differences in the resulting transition processes are identified.

Chapters 8 and 9 present results from experiments using an airfoil with a curved 

backward-facing ramp on its suction side, designed specifically for the purposes of examining 

passive manipulation of the transition process in a separation bubble. In Chapter 8, the 

transition process is examined through PIV measurements for the airfoil without flow 

control, and provides additional insight to  the transition process occurring under low- 

Reynolds-number conditions. Chapter 9 presents the PIV measurement results for the 

cases with passive surface modifications, and identifies various means through which the 

transition process can be manipulated by passive control.
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Chapter 2

Background and Literature R eview

2.1 Chapter Overview

This thesis is concerned with the process of laminar-to-turbulent transition in separated 

shear layers. In particular, the research is focused on separated shear layers for which 

transition results in reattachm ent of the layer to  the surface, thus forming a separation 

bubble. This chapter reviews the background and literature pertinent to the research. 

Section 2.2 begins with a discussion of laminar-to-turbulent transition by reviewing the 

various modes and mechanisms of transition tha t occur in not only separation bubbles, 

but also in boundary layers and free-shear layers with which separation bubbles share 

characteristics. This is followed by a review of experimental and computational studies of 

interest regarding separation-bubble transition (Section 2.3), and a review of current models 

for predicting this transition process (Section 2.4). Section 2.5 reviews control of laminar- 

to-turbulent transition by first providing a general classification of flow-control methods, 

followed by a description of various passive techniques for manipulating the transition 

process in separated shear layers.

11
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2.2 Laminar-to-Turbulent Transition in Shear Flows

Separation bubbles have been shown to  share strong commonalities with boundary- 

layer and free-shear-layer flows (Malkiel and Mayle, 1996; Roberts, 2005), and as such the 

characteristics and transition mechanisms of these flows are described in Sections 2.2.1 

and 2.2.2, respectively, followed by a discussion of separation-bubble characteristics in 

Section 2.2.3. The structure of turbulent spots, as observed in both boundary layers and 

separated shear layers, are then discussed in Section 2.2.4.

2.2.1 Free Shear Layers

In free shear layers such as jets, wakes, and mixing layers, the predominant form 

of transition is through the Kelvin-Helmholtz (K-H) instability mechanism. The K-H 

instability is considered an inviscid mechanism associated with inflectional velocity profiles, 

as it can be predicted through linear stability analysis even when viscous terms are neglected 

(Schlichting and Gersten, 2000). This mechanism is present in many natural flows. In 

fact, any parallel flow in which a transverse gradient of velocity or density exists may 

be susceptible to the K-H instability (Chandrasekhar, 1961). For example, stratified 

shear layers in the atmosphere are susceptible to this mechanism, as are channel and 

oceanic flows (Abdeljabar and Safi, 2001). Chandrasekhar provides an inviscid stability 

analysis for a hyperbolic-tangent velocity profile (U =  Uotanh(y/ d)) , which is a reasonable 

approximation to  the velocity profiles of planar free-shear layers and separated shear 

layers. He demonstrated tha t the hyperbolic-tangent velocity profile is inviscidly unstable 

to disturbances in the range of 0 < nd, < 1, where k is the wave number.

Through receptivity of a free shear layer to small disturbances, the K-H instability gives 

rise to the roll-up of vorticity into discrete two-dimensional vortices, often called “Kelvin 

cat-eyes” , connected by a line of concentrated vorticity called a “braid” , as described by
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Estevadeordal and Kleis (1999). The frequency of maximum amplification with which this 

instability develops has been identified by Ho and Huerre (1984) to correspond to  a Strouhal 

number of 0.016, based on the momentum thickness and the velocity difference across the 

shear layer (Sre — f  ■ 8 /A U ).  Chandrasekhar’s stability parameter, nd, and the Strouhal- 

number equivalent, S tq, are related to  each other, and it can be readily demonstrated 

tha t the nd range of 0 to 1 for a hyperbolic-tangent velocity profile corresponds to a 

range of 0 to 0.0398 for S tq. Once the spanwise-oriented vortices grow to a sufficient size, 

a subharmonic pairing instability then develops where two sequential vortices begin to 

orbit and agglomerate, through mutual induction of their vorticity fields, into a larger 

vortex, from which a subharmonic of the fundamental instability frequency develops. The 

vorticity roll-up and pairing process is shown schematically in Figure 2.1, as observed by 

Estevadeordal and Kleis (1999). As was pointed out by Ho and Huang (1982), the change 

of the local length scale of the shear layer as a result of the vortex merging makes the 

original subharmonic become neutrally stable, and the new subharmonic becomes the wave 

of most rapid amplification. This pairing of vortices is suggested as the dominant mechanism 

associated with the growth of planar free-shear layers (Ho and Huerre, 1984). As the roll

up of spanwise vorticity begins, the shear layer becomes unstable to streamwise vorticity 

and thus quickly becomes three-dimensional in nature. Huang and Ho (1990) have shown

UH

4AX

Rollup 1st Subharmonic 2nd Subharmonic
(f) (f/2) (f/4)

Figure 2.1: Kelvin-Helmholtz instability  roll-up and pairing process in a  free shear layer 

(adapted from Estevadeordal and Kleis, 1999)
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tha t the generation of small scale turbulence, hence transition, occurs at a location where 

both streamwise vorticity and an agglomerating vortex pair are first present. Despite the 

small-scale breakdown to turbulence, the large-scale vortical structures remain coherent for 

a significant distance downstream (Ho and Huerre, 1984; Estevadeordal and Kleis, 1999).

2.2.2 Boundary Layers

Under conditions with mild pressure gradients and low levels of environmental distur

bances, the process of transition from a laminar to a turbulent boundary layer is well 

known (Schlichting and Gersten, 2000). Figure 2.2 shows a schematic representation of this 

process for a boundary layer developing over a flat plate. As a laminar boundary layer 

develops downstream of the plate leading-edge, a point is reached where amplification of

Figure 2.2: Schematic of attached-flow natu ra l transition  process (adapted from

W hite, 1991)
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dimensional

vortex
breakdown
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two-dimensional instability waves within the shear layer begins. This occurs at a critical 

Reynolds number, Rea-it, which defines the earliest location at which the waves can be 

amplified, based on linear stability theory. These instability waves are known as Tollmien- 

Schlichting (T-S) waves, and the range of amplified frequencies of this instability can also be 

predicted from stability theory. As these instability waves grow and convect downstream, 

secondary instabilities lead to the development of streamwise vorticity, from which three- 

dimensional vortical structures form. These structures, often referred to  as A-vortices, 

eventually breakdown into turbulent spots which appear irregularly over the surface, spread 

downstream in a wedge-shaped pattern and eventually coalesce forming a fully-turbulent 

boundary layer in a manner originally proposed by Emmons (1951). Details regarding the 

structure of turbulent spots are described in Section 2.2.4.

The transition process shown in Figure 2.2, which occurs in environments with low 

levels of freestream turbulence, smooth surface conditions, and mild streamwise pressure 

gradients, is referred to  as “natural transition,” and is only one of the various modes through 

which transition to turbulence can occur in a boundary layer. The presence of environmental 

disturbances, such as elevated freestream turbulence, surface roughness, noise, vibrations, 

or unsteadiness of the freestream flow, has been shown to promote transition in a boundary 

layer (Mayle, 1991). Under such conditions, which are common in turbomachinery flows, 

disturbances tha t penetrate the shear layer can undergo an algebraic growth followed 

by viscous decay, unless they manage to grow to sufficiently large amplitudes to  yield a 

turbulent spot. This path to transition is referred to as transient growth or non-modal 

growth, with the latter referring to the fact tha t this mode is not predicted as one of the 

eigenmodes of the solution of linearized theories based on the Orr-Sommerfeld equation 

(Saric et al., 2002). In the turbomachinery-aerodynamics community, this category of 

transition modes is often referred to as “bypass transition” , as T-S waves are not observed 

and the linear-instability-growth phase is bypassed. However, “road-maps” to turbulence
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have been developed over the years which provide a more refined classification of the 

various modes observed to  occur for different amplitudes and types of disturbances. In 

the transition road-map of Morkovin (1993), described qualitatively in Figure 2.3, bypass 

transition is a mode where breakdown to turbulence occurs very quickly through the 

direct production of turbulent spots in the shear layer, and is associated with very strong 

disturbances. Between the natural and bypass modes of transition (paths A and E in 

Figure 2.3, respectively), transient-growth modes provide various paths to transition (paths 

B, C, and D) for which different physical mechanisms prevail. These transient-growth 

mechanisms are often associated with streamwise streaks in the laminar boundary layer 

tha t provide conditions under which secondary instabilities lead to small-scale breakdown 

to turbulence (Klebanoff, 1971; M atsubara and Alfredsson, 2001; Jacobs and Durbin, 2001).

Forcing Environmental Disturbances
— am plitude---------------------------- ^

* Receptivity

I
nt

* * I * *Primary Modes 7 Bypass

r~ 1
A Transient Growth E

Secondary Mechanisms

1 1
Breakdown

i
Turbulence

Figure 2.3: M orkovin’s boundary-layer-transition road-m ap (reproduced from

Saric et al., 2002)
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There are no definitive thresholds for when transient-growth or bypass mechanisms begin 

to dominate, but they are strongly influenced by the magnitude of the disturbances as well 

as the receptivity of the shear layer to these disturbances (Morkovin, 1993).

Regardless of the mode through which transition of a boundary layer occurs, the process 

is first initiated through receptivity of the shear layer to  disturbances. This receptivity 

process governs not only the locations at which disturbances are initiated in the shear layer, 

but also the amplitude and spectral characteristics of these disturbances which influence the 

mode through which transition will occur. Saric et al. (2002) provide a review of receptivity 

mechanisms for boundary-layer flows, and identify the ways in which various disturbance 

sources can affect the ensuing transition process. In general, receptivity sites occur where 

the mean flow changes rapidly relative to  the scales of the boundary layer.

2.2.3 Separation Bubbles

As already noted, separation bubbles and their transition characteristics share com

monalities with the two types of flows discussed thus far: free shear layers and boundary 

layers. The basic flow characteristics of two-dimensional separation-bubble phenomena are 

described in the following, based on the level of understanding at the outset of the present 

research.

The time-averaged characteristics of a separation bubble are shown in Figure 2.4. As 

a laminar boundary layer develops in a region of increasing pressure in the streamwise 

direction, the shear-layer velocity profile becomes inflectional and thus more susceptible to 

disturbances (Schlichting and Gersten, 2000). If the near-wall fluid in the laminar boundary 

layer possesses insufficient momentum to  overcome the pressure rise, the flow adjacent to 

the surface may be brought to rest and the trajectory of the shear layer deviates from tha t 

of the surface. The boundary layer is then said to  “separate” from the surface (at x s in
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Figure 2.4: Schematic of tim e-averaged separation-bubble characteristics

Figure 2.4), downstream of which the direction of the near-wall fluid is reversed. The 

separated shear layer is directed in a manner such that, as it can no longer support a 

traverse pressure-gradient (dp /d y ) to  sustain the streamwise pressure gradient (dp/dx), 

a plateau in the streamwise pressure distribution is normally seen. Initially, the region 

below the separated shear layer, in which the flow is reversed, possesses sufficiently-low 

momentum tha t it is considered stagnant and is sometimes referred to as the “dead-air” 

region (Tani, 1964). Transition to  turbulence is initiated in the separated shear layer, 

at xtsi and provides a mechanism for enhancing the wall-normal momentum exchange,
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which subsequently may result in reattachm ent of the shear layer to the surface. When the 

flow field is examined in a time-averaged manner, a reverse-flow vortex develops upstream 

of the reattachm ent point, xr , and reattachm ent of the shear layer is accompanied by a 

region of strong pressure recovery. Instances of additional time-averaged vortices have been 

observed within a separation bubble (Hatman and Wang, 19986; Ripley and Pauley, 1993), 

including the presence of a smaller secondary vortex with a direction opposite to tha t of 

the reattachment vortex. These secondary vortices are similar to those tha t occur in the 

lower corner behind a backward-facing step (Hall et a/., 2003). Transition completion, x te, 

is shown in Figure 2.4 to occur upstream of reattachment, however this is not consistently 

observed and sometimes occurs downstream of reattachment (Roberts, 2005).

The transition process in a separation bubble has been observed to occur through 

different physical mechanisms. The Kelvin-Helmholtz (K-H) instability has been shown 

to  initiate transition by means of the roll-up, shedding, and subsequent breakdown of large- 

scale, spanwise-oriented vortical structures tha t develop in the separated shear layer (Spalart 

and Strelets, 2000; Bao and Dallmann, 2004), similar to tha t which occurs for planar 

free-shear layers. These vortical structures originate from an inviscid instability of the 

shear layer, initiated by receptivity of the layer to small environmental disturbances. The 

Tollmien-Schlichting (T-S) viscous instability mechanism, associated with boundary-layer 

transition, has also been shown to initiate transition in separation bubbles (Volino, 20026; 

Roberts, 2005; Gostelow and Thomas, 2006). This mechanism provides the conditions 

under which turbulent spots are observed in the late stages of the transition process 

and provide the final breakdown to small-scale turbulence. Under elevated levels of en

vironmental disturbances (for example: freestream turbulence, surface roughness, periodic 

wake passing, etc.), the K-H and T-S instabilities may be bypassed with the breakdown 

to small-scale turbulence occurring through either a transient-growth or bypass mode of 

transition. This has been observed experimentally in separation bubbles by Volino (2002a)
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and Roberts (2005). A discussion of these and other studies of separation-bubble transition 

is provided in Section 2.3.

Separation bubbles tha t occur over airfoils have typically been classified into one of two 

categories, “short” or “long” , each defined by their effects on the airfoil pressure distribution, 

according to  Mayle (1991). Short bubbles have only a local effect on the airfoil surface 

pressure distribution, as is the case in Figure 2.4, whereas long bubbles significantly alter 

the pressure distribution over the entire airfoil. The transition from a short to a long bubble 

is referred to  as “bursting” and is sometimes the process to which airfoil stall is attributed.

2.2.4 Turbulent Spots

The structure of turbulent spots in attached boundary layers has been examined by many 

researchers dating back to the work of Emmons (1951) and Schubauer and Klebanoff (1955). 

Early work consisted of identifying the shape and growth characteristics of spots in mild 

pressure gradients and providing conceptual ideas regarding the cause for spot growth and 

turbulence generation. Yaras (2007) provides a brief review of turbulent-spot research in 

regards to  attached boundary-layer transition. Recent studies such as those of Schroder and 

Kompenhans (2004) and Yaras (2007) have focused on identifying coherent substructures 

within turbulent spots. These studies provide strong evidence of the presence of organized 

patterns of hairpin vortices and associated streaky patterns in the streamwise velocity field 

within a turbulent spot.

Figure 2.5 shows a  p h o to g rap h  of th e  p lanform  view of a tu rb u len t spot developing in an 

undisturbed laminar boundary layer (reproduced from Schlichting and Gersten, 2000). The 

small-scale turbulent fluctuations generated within the spot are clearly evident in Figure 2.5, 

as is the calmed-region tha t trails the spot on the left-hand-side of the photograph. This 

calmed region has been shown to provide a damping mechanism for wall-turbulence, as
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Figure 2.5: Planform photograph of a turbulent spot (reproduced from Schlichting and 

Gersten, 2000)
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Figure 2.6: Schematic of a turbulent spot in a zero-pressure-gradient environment 

(reproduced from Schubauer and Klebanoff, 1955)

it has a velocity-profile shape similar to tha t of a turbulent boundary layer, without the 

associated turbulence (Gostelow et al, 1996). The calmed region is therefore much less 

susceptible to  disturbance growth. The general structure of a turbulent spot developing in 

an undisturbed, zero-pressure-gradient boundary layer, based on the artificially-generated- 

spot experiments of Schubauer and Klebanoff (1955), is shown schematically in Figure 2.6. 

This basic structure, consisting of a triangular planform arrangement with an overhang 

at the downstream end, has been confirmed through many experimental studies since the 

work of Schubauer and Klebanoff. However, the presence of freestream acceleration or
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deceleration modifies this shape, and has also been shown to be affected by the manner in 

which the artificially-generated spots are produced (Yaras, 2007).

The presence of turbulent spots in a separated shear layer has been observed un

der conditions with elevated environmental disturbances (Volino, 2002 a; Volino, 20026; 

Roberts, 2005). The internal structure of such turbulent spots has been documented mainly 

based on artificially-generated spots through phase-averaged measurements. Averaging of 

phase-locked measurements tends to smear-out details of the sub-structure, unless the 

spots develop under strongly-favorable pressure gradients, relatively-low flow Reynolds 

numbers, and with low levels of environmental disturbances such as freestream turbulence 

(Yaras, 2007). Artificially-generated spots in separated shear layers have been examined 

by D’Ovidio et al. (2001a) and by Watmuff (1999) through excitation of a wave packet 

introduced upstream of separation, although Watmuff refers to  them as “vortex loops” 

rather than “turbulent spots.” In both of these studies, a dominant frequency emerges 

from the wave packet as it convects through the separated shear layer. Watmuff identifies 

a roll-up of vorticity from this amplified instability, which leads to a series of vortex 

loops, the structures of which remain coherent as they convect through the reattached 

turbulent boundary layer. Figure 2.7, reproduced from Watmuff (1999), shows the spatial 

and temporal development of these vortex loops as measured by means of phase-averaged 

flying-hot-wire measurements. The presence of a dominant frequency within the turbulent 

spot has also been identified in the measurements of D’Ovidio et al. (2001a).

One question th a t remains, regarding turbulent-spot growth in separated shear layers, is 

how their development is affected by the presence of elevated freestream turbulence. Studies 

such as those of Volino (2002 a) and Roberts (2005) have provided evidence of turbulent 

spots under such conditions, however the nature of the single-point measurement techniques 

used in these studies do not provide a means for examining the streamwise development of 

individual spots.
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Figure 2.7: Vortex loop development observed in a separated shear layer (reproduced 

from Watmuff, 1999)
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2.3 Review  of Relevant Experim ental and Com putational 

Studies of Separation Bubbles

Separation-bubble transition has been examined by many researchers over the past few 

decades. Many of these studies are in the context of flows over modern high-lift low- 

pressure-turbine (LPT) airfoils, where separation bubbles can be present over most of their 

operating regimes. This section begins by reviewing many of the experiments concerned 

with separation bubbles, followed by a review of numerical studies performed in the same 

context. To prevent extended discussions of the conditions and measured parameters, 

the experimental studies of relevance are tabulated in Table 2.1. This is by no means a 

comprehensive list of all the studies th a t have been performed in the context of separation- 

bubble transition, but represents those tha t have been found most useful by the author in 

understanding the state-of-the-art in regards to separation-bubble transition at the outset 

of this research program. The abbreviations used in Table 2.1 are listed below:

T yp e o f  experim ent: SA single airfoil exp erim en t

F P flat p la te  exp erim en t w ith  im p osed  pressure gradient

SP C single  passage cascade experim ent

LCS linear cascade exp erim en t

W T T w ater tow -tank  experim ent

M easurem en ts details: SH single hot-w ire probe

X H tw o-com p on en t h ot-w ire probe (X -w ire)

SP surface pressure tap s

H F surface-m ounted  hot-film  sensors

P V p article  im age velocim etry  (P IV )

F V flow  v isu alization

P aram eters investigated: R e R eyn old s num ber

Tu freestream  tu rb u len ce  in ten sity

P D pressure d istrib ution

SR surface roughness

P U period ic freestream  unstead iness
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Table 2.1: Experimental studies of separation bubbles and separated-flow transition

Reference Type
Measurement Details Parameters Investigated Conditions

Comments
SH XH SP HF PV FV Re Tu PD SR PU R exlO " 3 Tu[%]

T a n i(1964) SA • • • • 42 -  8400i N/A -SB characteristics examined for various airfoils

Arena and Mueller (1980) SA • • • • 150 -  470i 0 .1 -Airfoil SB examined for various R e  and a

Batill and Mueller (1981) SA • • • 50 -  120a N/A -Airfoil SB examined for various R e  and a  

-K-H and pairing instabilities observed

Cherry e t al. (1984) FP • • • • 322 0.07 -Separation induced by rectangular leading-edge 

-Vorticity shedding identified from fluctuating SP

Schmidt and Mueller (1989) SA • • • • 50 -  200i 0.11-0.3 -Examined the applicability of various SB models

Malkiel and Mayle (1996) SA • • 292 0.3 -Detailed examination of SB transition process

Qui and Simon (1997) SPC • • • • 50 -  3003 0.5-10 -Examined SB in simulated LPT environment

Hatman and Wang (19986) FP • • • • N/A 0.45-0.9 -Examined SB characteristics

-Detailed Reynold stresses in near-wall region

Murawski and Vafai (1999) LCS • • • • 50 -  3003 0.54-1.08 -Examined SB in LPT cascade environment 

-PD varied using trailing-edge extensions

Watmuff (1999) FP • • • 8 6 O4 0 .1 -Examined instability induced by wave packet 

-Flying hot-wires used to resolve reverse flow

Lou and Hourmouziadis 

(2000)

FP • • • • 290 -  14004 0.5 -PU generated by oscillating downstream flap 

-SB examined for steady and unsteady conditions

Shyne e t al. (2000) FP • • • • • • 100 -  2503 0.8-3.0 -Examined SB in simulated LPT environment

Howell e t al. (2001) LCS • • • • • • 130 -  2 IO3 N/A -Examined high-lift PD using inserts and flaps 

-Focus is wake-induced SB transition

Volino and Hultgren (2001) FP  j • • • 50 -  3003 0.2-7 -Examined SB in simulated LPT environment

Yaras (2001) FP • • • « 350 -  IO2 O4 0.22-0.65 -Examined SB characteristics for various PD 

-Importance of pressure gradient history noted

Talan and Hourmouziadis 

(2002)

FP • • • • 115 -  5064 <  0 .6% -PU generated by oscillating downstream flap 

-vortex shedding observed for R e Q s  <  125

Volino (2002a) SPC • • • • 25 -  3003 0.5-8,7 -Examined SB in simulated LPT environment

Volino (20026) SPC • • • • 25 -  3003 0.5-8.7 -Part 2 of Volino (2002a)

-Examined turbulence spectra in SB

continued on page 26 toOl

C
hapter 

2



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Table 2.1: Experimental studies of separation bubbles and separated-flow transition (continued)

Reference Type
Measurement Details Parameters Investigated Conditions

Comments
SH XH SP HF PV FV Re Tu PD SR PU Rex 10“ 3 Tu[%]

Yaras (2002) FP • • • • • 350 -  4704 0.5-9.0 -Examined dependence of SB on Tu 

-Trans, onset and reattach, correlation

Volino and Murawski (2003) LCS • • • • 50 -  2003 1.3-1.4 -Examined SB characteristics and turbulence 

spectra

Roberts and Yaras (2003) FP • • • • • • 350 -  4704 0.6-3.2 -PU generated by oscillating flap 

-Examined SB characteristics

Brear and Hodson (2003) LCS • • • • • • 1303 0.6-3.9 -Examined effect of Tu on pressure surface SB 

-Varied incidence (-10° ,0° ,+10°)

Bao and Dallmann (2004) WTT • • • 8  -  1 0 0 5 0 -Examined SB instability and vortex dynamics

Lang et al. (2004) FP • • ss 654 < 0.05 -LDA and PIV compared with DNS 

-Stability and trans. mechanism examined

Roberts and Yaras (2005a) FP • • • 350 -  4704 0.5 -  4.5 -Examined effects of surface roughness on SB

Roberts and Yaras (2006a) FP • • • • 350 -  4704 <  1 -Examined effects of surface roughness on SB

Gostelow and Thomas (2006) FP • • • • • 14004 0 .2 -Examined instability growth in SB 

-Examined SP flues, using surface microphones
Mahallati ct al. (2007) LCS • • • • 25 -  150(5 0.4-4.0 -Examined SB in LPT cascade environment

1 Reynolds number based on undisturbed freestream velocity and true chord length

2 Reynolds number based on undisturbed freestream velocity and leading edge dimension (thickness, radius)

3  Reynolds number based on exit velocity and surface length

4 Reynolds number based on inlet velocity and surface length

J Reynolds number based on undisturbed freestream velocity and surface length upstream of separation

6  Reynolds number based on inlet velocity and axial chord length
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Based on the experimental studies outlined in Table 2.1, several im portant conclusions 

regarding separation-bubble transition have been reached and are discussed in the following. 

In the presence of undisturbed freestream conditions, separation generally occurs at a fixed 

streamwise location on the solid surface. The reattachment location, on the other-hand, 

is unsteady in nature and can wander from the time-averaged reattachm ent location by 

up to  50% of the time-averaged bubble length. This wandering is caused by the growth 

and subsequent shedding of vorticity th a t occurs in the reattachment region, and is what 

causes major difficulties in developing models to predict time-averaged separation bubbles. 

The length of the transition region within a bubble is also much shorter than th a t for 

attached-flow transition at the same Reynolds number. This is attributed to the rapid 

three-dimensional deformation of the separated-shear layer, which is partially damped by 

the wall in attached flows, and is similar to the process observed in free-shear layers.

The onset of transition in a separated shear layer appears to  be dependent on both local 

and upstream flow conditions. Many of the studies presented in Table 2.1 have reported 

tha t the transition onset location can be correlated well with the boundary-layer momentum 

thickness at separation, a parameter tha t represents the growth of the boundary layer prior 

to separation. Also, the level of freestream turbulence can greatly affect both the onset 

of transition and the mode of transition (natural, transient-growth, or bypass). It is not 

only the level of turbulence intensity tha t affects the transition process but the scales of the 

freestream turbulence as well. Mayle et al. (1998) show tha t the growth of pre-transitional 

laminar fluctuations is promoted in a narrow band of frequencies, with a corresponding 

band of freestream turbulence length scales comparable to the scale of the energy-dissipating 

eddies in the boundary layer. Surface roughness can also promote the onset of transition 

through a similar mechanism as freestream turbulence.

In general, the transition process in a separated shear layer is promoted and enhanced by 

an increase in the flow Reynolds number, an increase in the strength of the adverse pressure
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gradient prior to  separation, an increase in the freestream turbulence intensity, an increase 

in the level of surface roughness, and the presence of periodic freestream unsteadiness. 

Although not discussed above or represented thoroughly in Table 2.1, the periodic passing 

of turbulent wakes also has an effect on the transition process in a separated shear layer, 

whereby the turbulence of the passing wake promotes the growth of instabilities in the 

shear layer. This wake-induced transition process is not a focus of the present work, 

but a thorough review of the subject is given by Mahallati (2003). Also, many of the 

publications by the W hittle Laboratory at Cambridge University, under the supervision 

of Howard Hodson (e.g. Stieger and Hodson, 2004; Hodson and Howell, 2005; Zhang and 

Hodson, 2005) have provided significant contributions to the understanding of wake-induced 

transition phenomena.

Although many of the more recent studies presented in Table 2.1 have included 

spectral analysis of time-dependent hot-wire measurements, there does not appear to be 

a clear distinction between the appearance of either the K-H or T-S instabilities. Talan 

and Hourmouziadis (2002) have, however, observed the shedding of large-scale vortices 

from separation bubbles in periodic unsteady freestream flow only for cases in which 

the momentum thickness Reynolds number at separation was below a certain threshold 

(Rees <  0(100)). This may indicate a distinction between the two mechanisms.

The studies of Roberts and Yaras identified in Table 2.1 were performed during an earlier 

phase of the current research program, and were aimed at identifying and modelling the 

transitional behaviour of attached and separated boundary-layers. All of these studies are 

documented in the thesis of Roberts (2005), and therefore, for the sake of conciseness, any 

further reference to this material is made through citation of Roberts’ thesis.

Despite the significant number of experimental studies performed in the context of 

examining separation-bubble transition, most of the experimental methods used have
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limitations such tha t they cannot provide simultaneous spatial and temporal resolution of 

the flow. The advances in computing power over recent years has perm itted the use of Large 

Eddy Simulation (LES) and Direct Numerical Simulation (DNS) for examining transition in 

both attached and separated shear layers. The major benefit of these methods is the ability 

to  capture both the spatial and temporal variation in the flow field. Some simulation studies 

of interest to the present work are listed in Table 2.2, and the pertinent information from 

these studies is discussed in detail in Chapter 7 with regards to the DNS studies performed 

during this research program. The im portant information regarding shear-layer transition 

gained from these studies is the identification of the coherent structures involved in the 

transition process.

The following section reviews several prediction models for separated-flow transition, 

many of which have been developed based on observations and measurements from the 

studies presented in Table 2.1.

2.4 Transition M odelling

The end-result of transition research is typically a description, or model, of the transition 

process with which the performance of an airfoil can be predicted. As discussed by 

Roberts (2005), the most promising methods for predicting low-Reynolds-number transition 

are at the opposing ends of the complexity spectrum. Direct Numerical Simulation (DNS) 

provides the most detailed and complete description of transition, by virtue th a t all of the 

scales of turbulence are resolved with high spatial and temporal resolution, through direct 

numerical simulation of the Navier-Stokes equations. This requires significant computing 

resources. At the other end of the spectrum falls the semi-empirical models based in 

part on the physics of transition but adjusted to reproduce experimental measurements. 

Although these models generally represent a “best-fit” to the data and most often cannot
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Table 2.2: High-resolution simulation studies of separation-bubble flows

Reference
Simulation Type

Comments
LES DNS

Ripley and Pauley (1993) • - 2D-DNS performed for three cases of separating flows over a flat-plate

- Streamwise pressure distributions imposed by transpiration through upper domain surface

- K-H and vortex-pairing instabilities observed in separation bubbles

Muti Lin and Pauley (1996) • - 2D-DNS performed for an Eppler 387 airfoil

- 6  cases in range 60, 000 < R e c  < 200, 000 and 0° < a  <  7°

- K-H and vortex-pairing instabilities observed in separation bubbles

Wilson and Pauley (1998) • - 2D and 3D LES performed a  separation bubble over a flat-plate

- Various subgrid models examined (constant and dynamic Smagorinsky constants)

- Three-dimensional vortex structures observed in transition region

Spalart and Strelets (2000) • - 3D-DNS performed for a  separation bubble over a  flat-plate

- Instabilities promoted by temporal- and spanwise-periodic aspiration through surface upstream of separation

- A-vortices observed to provide breakdown to turbulence

Alam and Sandham (2000) • - 3D-DNS performed for a separation bubble over a  flat-plate

- K-H instability observed to initiate transition in a  low-disturbance environment

- Transition is quick and vortex-pairing is not observed

Yang and Voke (2001) • - 3D-LES performed for a  separation bubble a t the circular leading edge of a  flat plate

- K-H instability observed to initiate transition

- Secondary instability leads to three-dimensional vortex-structures downstream of transition

Abdalla and Yang (2004) • - 3D-LES performed for a  separation bubble a t the blunt leading edge of a  flat plate

- K-H instability observed to initiate transition, with primary and secondary pairing events observed

- Helical-pairing instability noted to cause breakdown to turbulence

Roberts and Yaras (2O06fr) • - 3D-DNS performed for a  separation bubble over a  flat plate

- Identified as LES, but no subgrid model used and resolution sufficient for DNS

- K-H instability observed to initiate transition

COo
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be extrapolated, they are currently the most efficient means of predicting transition with 

reasonable accuracy. This section briefly discusses the most recent models tha t have 

appeared in the literature. The mathematical description of the models is not provided 

in this section, but those suited to transition under low-freestream-turbulence conditions 

are provided in Chapter 6, where an assessment of the suitable models is made against 

experimental results for separation bubbles over a low-Reynolds-number airfoil.

Based on his critical review of transition phenomena in gas turbines, Mayle (1991) 

provided correlations for predicting the transition process in a separation bubble. He 

provided two correlations for the onset of transition, one for short bubbles and one for 

long bubbles, and a correlation for the length of the transition region. All three correlations 

are based on a small database of experimental data and do not account for the effects of 

freestream turbulence, which Mayle admits is an important parameter. The purpose of 

Mayle’s paper was to present the available knowledge-base for transition in turbomachinery 

flows, and concluded tha t more research was required to  provide accurate prediction models, 

especially for separated-flow transition. In a response to Mayle’s paper, Walker (1993) 

provides similar conclusions.

Hatman and Wang (1999) have developed a set of correlations based on an extensive set 

of experimental data gathered over a range of Reynolds numbers and pressure distributions. 

They categorized the types of bubbles they observed and developed correlations for each. 

The main deficiencies of the Hatm an and Wang model are tha t the effect of pressure 

gradient history upstream of separation has not been accounted for and tha t it is only valid 

for low-freestream turbulence levels (<  0.9%). Despite these shortcomings, Yaras (2002) 

showed tha t the transition-onset model of Hatman and Wang works well for his set of 

low-freestream-turbulence cases.
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Praisner and Clark (2007) present a set of new models for attached- and separated-flow 

transition, each based on the concept of dynamic similarity (for a description of dynamic 

similarity, see White, 1994). Their separated-flow transition model predicts the location of 

transition onset based on an extensive database of published and proprietary experimental 

data, and it is assumed tha t transition is instantaneous. Praisner et al. (2007) present 

data from numerical Reynolds-Averaged-Navier-Stokes (RANS)-based simulations using 

this separated-flow transition model, and show good agreement between experiment and 

simulation for modern low-pressure-turbine airfoils.

Redford and Johnson (2004) present a model for the prediction of both attached- and 

separated-flow transition, which is a modified version of a previous attached-flow model 

(Johnson and Ercan (1999)). These models are based on certain observations regarding 

the physics of attached-flow transition, which they have divided into three processes, each 

of which are predicted. First, the model predicts the susceptibility of the pre-transitional 

laminar boundary layer to freestream disturbances and determines where turbulent spots 

may form. Second, the model predicts the streamwise location where production of 

turbulent spots is most likely to occur and the corresponding spot-production rate. Third, 

the model predicts the growth and merging of the spots with downstream distance. 

Comparison with experimental data  show tha t this model accurately predicts the onset 

and progression of separated-flow transition when the freestream turbulence intensity is 

greater than 1%, which corresponds to the flow regime where transition occurs through a 

transient-growth or bypass mode.

Volino and Bohl (2004) have also developed a model based on the growth of pre- 

transitional velocity fluctuations. Their model predicts only the onset of transition, which 

is assumed to occur instantaneously, as with the model of Praisner and Clark (2007). The 

model of Volino and Bohl has been developed from measurements performed in a simulated 

low-pressure-turbine environment where a relatively long accelerated-flow region precedes
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the adverse pressure gradient region where separation occurs. Therefore, to extend the 

range of applicability of this model, it should also be validated for conditions in which the 

suction peak occurs immediately downstream of the stagnation point, as with an isolated 

airfoil.

During a previous phase of the present research program, Roberts and Yaras (20056) 

developed a new model tha t predicts the onset and progression of transition for both 

attached and separated shear-layers. This model was developed from an extensive set 

of experimental measurements performed in various experimental facilities. Any further 

reference to  this model will be made through citation to Roberts’ thesis (Roberts, 2005), as it 

contains not only a  description of the model development but also much of the experimental 

results upon which the model is based.

In the model of Roberts (2005), transition is predicted in a two-step process using 

an algebraic semi-empirical scheme. The first step is the prediction of the location of 

transition inception, and the second is the prediction of the length of the transition zone. 

For transition in attached boundary layers, Roberts recommends the transition inception 

model of Abu-Ghannam and Shaw (1980). A new model for separated-flow transition- 

inception was developed by Roberts due to the inability of published models to  provide 

reliable predictions for the extensive set of experimental data examined. This model, 

which relates the separation-to-transition-inception distance to  the boundary-layer state at 

separation, uses the same functional form as those of Mayle (1991) but include additional 

parameters to account for the effects of turbulence intensity, turbulence length-scale, and 

surface roughness. This model is given as follows:

R^S—tS -- 785 -  30TF(%) -  (1400 -  25e0A5TF(-%">) — Re°eJ  (2.1)

where T F  =  T u ref{ L /h f )  is Taylor’s turbulence factor and accounts for freestream
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turbulence intensity (Tu) and length scale (Ay), both of which are im portant parameters 

describing the freestream turbulence field. Equation 2.1 accounts for surface roughness, 

through the RMS roughness height (krms).

Prediction of the transition length is accomplished using an intermittency-based mod

elling approach describing the fraction of time the boundary layer is turbulent at a given 

streamwise location. The model accounts for the production, growth and merging of 

turbulent spots using the intermittency function of Solomon et al. (1996), defined as follows:

'y(x) — 1 — exp -n (2 .2 )

In Equation 2.2, x ts is the transition onset location, n  is the spot inception rate, <7 is the 

spot propagation parameter, a  is the lateral spot spreading half-angle, and Ue is the local 

freestream velocity. The first and second integrals represent the effects of streamwise and 

spanwise spreading of turbulent spots, respectively. Equation 2.2 assumes th a t turbulent 

spots appear only at one streamwise location on the surface, which is known as the “con

centrated breakdown” model as first proposed by Dhawan and Narasimha (1958). Roberts 

proposes a new correlation for n  based on an extensive set of experimental measurements. 

His model relates the non-dimensional inception-rate parameter, N  =  na0^s/u , with the

shear layer shape factor at the location of transition onset, Hts• The new model for the

spot inception rate is:
, A n _  0.55Hts — 2.2

ogi°( ) i _ o . 6 3 F ts +  0.14Ht2s ( ' ^

To model the effects of streamwise and spanwise spreading of turbulent spots, which 

affect the length of the transition region, Roberts makes use of the previously-developed 

model of D ’Ovidio et al. (20016) for the spot propagation parameter, a, and tha t of 

Gostelow et al. (1996) for the spot spreading half-angle, a. The spot propagation param eter
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is defined as

cr =  tan(a) ( J  ^  ) (2.4)

where a =  Uie/U e and b = Ute/U e are the leading edge and trailing edge celerities of the spot, 

respectively. The models provide the spot growth parameters as a function the local pressure 

gradient parameter, \g  =  (02/u)dUe/d x , and are based on measurements of artificially- 

generated turbulent spots under accelerating and decelerating freestream conditions. The 

spot spreading half angle is modelled as

. 22.14
Q _  +  o.79 +  2.72e(47-63̂ )  (2'5)

and the spot propagation parameter is modelled as

<7 =  0.024 +  i +  5e(66Aff) • (2.6)

These models have been validated in the range —0.12 <  Xg < 0.06 by D ’Ovidio et al. (20016). 

These turbulent-spot-growth models do not account for the potential influence of freestream 

turbulence and, despite being shown to provide accurate transition lengths for such 

conditions through the use of Equation 2.2, should therefore be further validated for such 

purposes.

Roberts (2005) shows tha t his transition-rate model, consisting of Equations 2.2

through 2.6, maintains the prediction accuracy of existing models for attached-flow transi

tion but also provides promising results regarding transition prediction in separated-flows.
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2.5 Transition Control in Separation Bubbles

As discussed in the introduction to this document, the operating range for low-pressure 

turbines (LPTs) and micro air vehicles (MAVs) encompasses the laminar and transitional 

boundary-layer flow regimes {Re «  104 — 106). Laminar separation is a general occurrence 

over the suction surface of these aerodynamic devices, and it is desired tha t reattachment 

occurs shortly thereafter to prevent a  large degradation of the airfoil performance. LPTs 

and MAVs are therefore prime candidates for flow control, where an attem pt can be made 

to  improve the performance through manipulation of the flow field. Classification of flow 

control methods is discussed in Section 2.5.1, and Section 2.5.2 reviews passive methods of 

transition control for separated flows.

2.5.1 Control M ethods and Classification

Gad-el-Hak (2000) describes many ways of classifying flow-control methods. The 

classification scheme adopted by the present author considers the energy expenditure and 

the control loop involved. Figure 2.8 shows this classification scheme. If no energy input is 

required, the control method is considered passive and there is no control loop involved. If 

energy input is required, the control method is considered active and involves a control loop. 

Active flow control is further sub-divided, depending on the control loop and controlled flow 

variable. If steady or unsteady energy input is used without regard for the state of the flow 

(fixed-input), then the method is considered predetermined and uses open-loop control, 

whereas if the control input is continually adjusted based on a measured flow variable 

(variable-input), then the method is considered reactive. Two different types of control 

loop can be used for reactive control. In a feedforward control loop, the measured and 

controlled flow variables differ. In a feedback control loop, the measured and controlled 

variables are the same. The complexity of these control methods increases with the order
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active
(energy input)

passive
(no energy input)

predetermined
(fixed-input, open-loop)

reactive
(variable-input)

flow control 
strategies

feedforward
(open-loop)

feedback
(closed-loop)

Figure 2.8: Classification of flow control concepts (adapted from Gad-el-Hak, 2000)

in which they were discussed. Therefore, if passive control works well for a given objective, 

it will likely be the simplest method of control for the given application.

The major benefit of active control over passive control is tha t the specific control 

technique can be activated only when required. This is beneficial when the aerodynamic 

device must operate over a wide range of conditions, only part of which requires flow control 

to either improve or maintain desired performance levels. A problem arises when the penalty 

associated with the active control method (energy expenditure) outweighs the benefits of 

its use. Due to this effect, it is then desired to develop methods of control tha t increase 

the system performance as a whole. Passive control is therefore highly desirable because 

any improvement in aerodynamic performance will cause a direct increase in the system 

efficiency, be it an LPT or an MAV. The next section reviews some methods of passive 

transition flow-control for low-Reynolds-number applications.
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2.5.2 Passive Transition Manipulation

The primary focus of the proposed research, with regards to flow control, is to  maintain 

or improve the performance of low-Reynolds-number airfoils by preventing the formation 

of long separation bubbles or full-scale stall. This becomes an exercise in manipulating the 

separation and transition process over the airfoil suction surface. Although separation can 

occur over the pressure surface of airfoils a t design incidence, particularly on modern LPT 

airfoils (Brear and Hodson, 2003), the effect on the performance is secondary as compared 

to the effect of suction-surface separations. This was shown by Denton (1993) who argued 

th a t the entropy generation within a boundary layer is proportional to  the cube of the 

local freestream velocity. Therefore, for moderate to  high levels of lift, the suction surface 

boundary layer will likely account for most of the viscous losses, even if separation is present 

on the pressure surface.

There are two approaches to  maintaining high-lift and preventing high boundary-layer 

losses when laminar separation is present. One method is to prevent separation altogether 

by initiating transition such tha t the boundary layer is turbulent at the expected location 

of laminar separation and is therefore much less susceptible to  separation. This technique 

works well to maintain lift but high viscous losses result from the longer turbulent boundary 

layer. The second method is to ensure tha t separated-flow transition occurs soon after 

separation, which would result in a short separation bubble with low form and skin-friction 

drag/losses.

T h e m a jo rity  of passive separation -con tro l m ethods are of th e  first ty p e  described 

above, whereby transition is initiated before separation. The primary method of passive 

separation manipulation has been vortex generators (Lin, 2002; Kerho et a l, 1993), which 

consist of surface protrusions tha t generate vortical entrainment of freestream fluid down 

to  the surface. When these devices are used to  prevent separation at off-design conditions,
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parasitic drag is typically increased at design conditions unless the devices can be retracted 

into the surface (Gad-el-Hak, 2000). This effect is seen for many types of separation- 

control devices. In studies by Lake et al. (2000) and Volino (2003), the use of surface 

protrusions on a modern LPT airfoil reduced low-Reynolds-number separation losses, 

but generated higher losses at higher Reynolds numbers typical of take-off conditions. 

Lin et al. (1989) and Lin et al. (1990) examined various passive methods of turbulent-flow 

separation control over a backward-facing ramp. They found tha t vortex generators, 

transverse grooves, longitudinal grooves, laxge-eddy breakup devices, and arches were all 

effective at either preventing or reducing the length of turbulent separation. Lin (2002) 

describes the development of “low-profile” vortex generators tha t generate lower losses 

than conventional vortex generators, while effectively suppressing or reducing separation 

of turbulent boundary layers.

Recently, some studies involving the manipulation of laminar separation over LPT 

airfoils have identified methods of separation control tha t fall into the second category 

discussed above, whereby separated-flow transition is triggered within the separated shear 

layer sooner than would be expected in the absence of any manipulation. Lake et al. (2000) 

present results indicating th a t recessed surface modifications such as dimples and longi

tudinal v-grooves can promote separated-flow transition at low-Reynolds numbers while 

providing a negligible change in, or even improved, performance at high-Reynolds numbers. 

A similar effect is seen in the data of Volino (2003) for the smallest of his surface 

protrusions, which extend from the surface approximately 1/3 of the local boundary layer 

thickness, at the highest Reynolds number examined. In a previous study by the present 

author (McAuliffe, 2003) in which active separation control by means an inclined plane 

wall jet was examined for an LPT airfoil, the presence of the wall-jet slot without any 

injection promoted transition in the downstream separated shear layer and improved the 

performance of the airfoil as compared to the baseline smooth airfoil for all cases examined.
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Sieverding et al. (2004) show similar results for partial slots on the suction surface of a high- 

pressure turbine airfoil at low-Reynolds numbers. In fact, McAuliffe (2003) showed tha t 

the presence of the slot with no blowing prevented full-scale stall of the LPT airfoil for one 

of the operating conditions examined. Although no details regarding the velocity spectra 

are given for the above-mentioned studies, it is expected tha t instabilities were promoted 

within the separated shear layer due to the small disturbances initiated by the upstream 

surface modifications.

In a series of studies regarding the effect of surface modifications on the transition process 

of separation bubbles in the presence of periodic wake-passing, Zhang and Hodson (2005) 

and Zhang et al. (2005) showed tha t a variety of surface protrusion and indentation 

methods placed upstream of separation provided decreased separation-lengths and decreased 

losses over the suction surface of highly-loaded LPT airfoils. They concluded tha t surface 

modifications tha t provide additional disturbances upstream of separation, consisting 

primarily of small backward-facing steps, promoted the transition process occurring in the 

downstream separation bubbles.

At the moment, passive control techniques appear best suited for application in the 

aeronautics industry, primarily because they require no energy expenditure and no complex 

control system. Therefore, passive manipulation of separation-bubble transition was 

examined during the last phase of the present research, and is documented in Chapter 9.
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Experim ental Setup and 

Procedures

3.1 Chapter Overview

This chapter describes the experimental facilities used during the course of the present 

research. Section 3.2 provides details of the National Research Council (NRC) Low- 

Reynolds-Number facility, its measurement system, and the test models used. Section 3.3 

describes the Carleton University wind-tunnel facility from which experimental measure

ments were used to  perform validation of numerical simulation results.

3.2 National Research Council Facility

The Low-Reynolds-Number Pilot facility at the National Research Council of Canada 

(NRC) was developed with the intent of studying low-Reynolds-number flows in a  test 

medium th a t allows the use of macro-scale models. Conventional wind or water tunnels

41
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which recirculate the working fluid have disadvantages: to achieve low-Reynolds-number 

operating conditions (Re <  100,000) either the models must be very small or the flow 

must have a very low velocity. This generally results in poor spatial resolution of the flow 

features of interest and insufficient measurement accuracy of the aerodynamic loads. To 

avoid these issues, the NRC facility consists of a tow-tank in which an airfoil model can be 

towed through an aqueous solution of water and glycerin. By changing the concentration 

of glycerine, the kinematic viscosity of the test medium can be varied over three orders of 

magnitude (Hanff, 2004). W ith this level of flexibility, for a test model with a characteristic 

length of 30 cm, a Reynolds number range of 25 to  250,000 can be achieved in the facility. 

However, for the purposes of the present study, pure water was used and the flow-Reynolds- 

number range over which the experiments were performed is 28,000 to 101,000. Particle 

image velocimetry (PIV) is the primary measurement technique used in the facility. This 

measurement system consists of a data acquisition computer, a set of two lasers, and a digital 

camera. Details regarding the specific systems used and their components are provided in 

Section 3.2.3.

3.2.1 Tow Tank

The NRC facility consists of an enclosed tank of 3 m working length with a 1 m x 1 m 

cross-section in which an airfoil model can be towed. A schematic of the facility is shown 

in Figure 3.1, which depicts the locations of the PIV system components relative to the 

tow tank. Since the test models move in relation to the main structure, the lasers and 

camera of the PIV system must track accordingly. A motion system has been designed 

for the facility tha t makes use of servo-motors to provide accurate registration between 

the system components. The test models are supported by a stem attached to  a traverse 

system mounted above the tank. The stem is inserted through a slot in the roof of the 

tank, and a flexible seal within this slot provides low resistance to the moving stem.
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Figure 3.1: Schematic of low-Reynolds-number tow-tank facility

Glycerine is highly hygroscopic and the seal prevents infiltration of moisture from ambient 

air, ensuring constant and unchanging properties of the test medium. When glycerine is 

used as part of the working fluid, the model-insertion portion of the tank is also sealed by 

means of a door. Figure 3.2 shows a photograph of the facility with various components 

of the system labelled. Greater detail regarding the facility development is presented in a 

North Atlantic Treaty Organization (NATO) Research and Technology Organization (RTO) 

technical report (Hanff, 2006).
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Figure 3.2: Photograph  of low-Reynolds-number tow -tank facility

Apart from the low-Reynolds-number advantage, another major advantage of the NRC 

facility over conventional wind or water tunnels is the excellent “inflow quality” due to 

the stagnant freestream conditions, namely 0% freestream turbulence intensity and zero 

end-wall boundary-layer blockage. Also, the roof of the tank prevents the effects associated 

with a free surface.

This pilot facility has been a test-bed for developing a larger-scale facility with a 25 m 

working length, which is currently under construction. Initially, detailed experiments such 

as those presented in this thesis were not planned for the pilot facility because of its 

relatively short working length. However, after some initial development work it was realized 

th a t the tow tank had sufficient length for the required measurements. The only major 

disadvantage of the short working length is the short measurement window within which 

the airfoil is operating at “steady-state” (~  1 m). Overcoming this limitation requires many
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measurement runs to  collect sufficient data for statistical averaging. Between measurement 

runs, the working fluid must return to a stagnant condition before collecting more data. The 

settling time between runs is approximately 10 minutes, and was determined by examining 

the temporal decay of wake turbulence after returning the airfoil model to  its start position.

3.2.2 Airfoil Models

Two airfoil models have been studied in the NRC facility. The first, described 

in Section 3.2.2.1, was used to examine the effectiveness of studying separation-bubble 

transition in the facility. The second, described in Section 3.2.2.2, was designed for the 

purpose of studying passive control of transition in a separation bubble.

3.2.2.1 SD 7003 L ow -R eynolds-N um ber A irfoil

The first study performed in the NRC facility used a low-Reynolds-number airfoil tha t 

has been the focus of an international collaborative research program initiated to  study the 

behaviour of Micro Air Vehicles (Hanff, 2006). The model geometry is tha t of the SD7003 

airfoil (Selig, 1995), which is documented to have a suction-surface separation bubble present 

over much of its low-Reynolds-number operating range (Re < 100,000). A schematic of the 

airfoil is given in Figure 3.3.

The SD7003 test model is a two-dimensional wing with a chord length of 20.3 cm and an 

aspect ratio of 3.6, spanning the middle 72% portion of the tank. It has been manufactured

Figure 3.3: Schematic of the SD7003 airfoil
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in two sections and is made of stainless steel to  prevent corrosion issues. Although the airfoil 

has a small aspect ratio, two-dimensional flow has been documented over much of the airfoil 

suction surface. While the geometry of the airfoil differs from a typical turbomachinery 

blade, this does not diminish the relevance of the present study to turbomachinery design 

since its focus is on the details of the transition process in a separated shear layer. The 

results of the study are applicable to a variety of low-Reynolds-number airfoils including 

those used for turbomachinery blades, for the control surfaces of aircraft, and for the wings 

of unmanned aircraft.

3.2.2.2 A irfoil w ith  Curved Backward-Facing Suction-Side R am p

The main disadvantage of using conventional airfoils for a parametric flow-control study 

of separation-bubble transition is the streamwise movement of the separation location with 

variations in operating conditions. This has been observed for the SD7003 airfoil, as will be 

shown in Chapter 6. An unconventional airfoil has been designed to alleviate this problem 

while still providing a pressure distribution consistent with those observed over airfoils for 

which laminar separation bubbles are common. A schematic of the unconventional airfoil 

is provided in Figure 3.4 and details regarding its development and design are discussed in 

Chapter 8, Section 8.2. Since the airfoil has a thick cross-section relative to  the SD7003 test 

model, the use of stainless steel for its manufacture was precluded, as the inertial forces on 

the traverse motors and the mounting stem would exceed their specifications. The airfoil

extent of flexible vinyl strip for control studies

Figure 3.4: Schematic of th e  unconventional airfoil

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



Chapter 3 47

was instead manufactured from a machinable fibreglass material (Green Glass G-10). The 

surface geometry and engineering drawings are provided in Appendix B.

The test model is two-dimensional, with a chord length of 25 cm and an aspect ratio 

of 3.0, spanning the middle 76% portion of the tank. Despite the low aspect ratio, the low 

level of lift produced by the airfoil at the tested angle-of-attack provides a large spanwise 

extent over which the flow is two-dimensional.

The flow control study described in Chapter 9 makes use of two-dimensional surface 

modifications to the airfoil in the vicinity of separation. The geometry of the surface 

modifications are provided in Chapter 9, Section 9.2. The recessed surface modifications 

were machined into thin, flexible vinyl strips 47 mm wide and 3.2 mm thick, which were 

then mounted in a matching groove machined into the airfoil surface, shown with dashed 

lines in Figure 3.4. One of the modifications consists of a surface protrusion which is made 

of the same vinyl material and mounted on the airfoil surface. The vinyl strips inserted into 

the groove on the airfoil were mounted using a  combination of Crazy Glue and multiple 

layers of 3M water-resistant double-sided tape. Along the leading and trailing edges of 

the strips, plasticine was inserted in the small-gaps and much care was taken to  ensure a 

continuously smooth surface.

3.2.3 Instrumentation

Particle image velocimetry (PIV) is used as the primary measurement technique in 

th e  N R C  facility. A  background  to  th e  th eo ry  of P IV  m easurem ent techniques an d  its 

practical implementation are provided in Appendix A. Two different LaVision Flowmaster 

PIV  systems have been used during the experiments, each consisting of a data acquisition 

computer with a programmable timing unit (PTU), a set of two Nd:Yag lasers, and a digital 

CCD camera. The PTU provides synchronization between the lasers, the camera, and the
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data  acquisition system. Both systems were used in a two-frame cross-correlation mode, 

and Table 3.1 provides basic characteristics of the two systems, the details of which are 

discussed in the following. System 1 was tha t used for the SD7003 experiments presented 

in Chapter 6 and System 2 was tha t used for the experiments with the unconventional airfoil 

presented in Chapters 8 and 9.

Most currently-available PIV systems have low sampling rates such as those identified 

in Table 3.1, primarily due to limitations of the Nd:Yag lasers. This is the limiting factor 

for System 2. The factor limiting the sampling rate of System 1 is the time required for 

the camera to  download the image data to  the computer, which in full-frame mode is 

approximately 0.25 s. However, the sampling rate was increased to 7.5 Hz by utilizing only 

a portion of the camera’s CCD sensor, effectively decreasing the to tal measurement time by 

almost a factor of 2 over the measurement time in full-frame mode. For the measurements 

presented in Chapter 6, the image resolution was reduced to 1280 x 480 pixels which was 

still sufficient to capture the shear layer developing over the airfoil surface. Although the 

CCD sensor for System 2 has a greater number of pixels, it is physically larger than tha t

Table 3.1: Details and com ponents of th e  LaVision Flowm aster P IV  systems

System 1 System 2

Processor Dual Intel Pentium  2 Dual Intel Xeon

RAM 256 MB 1 GB

Lasers New Wave Nd:Yag Big Sky Nd:Yag

C am era  R esolution 1280 x  1000 pixels 1600 x  1200 pixels

Lens Nikon 150-300mm zoom Nikon 300mm

Sampling Rate 4 Hz /  7.5 Hz 14.8 Hz

Maximum Samples per Run 45 83
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for System 1 and both provide almost identical spatial resolution in the captured images 

(«14,400 pixel/m  for the current experiments). As a note, fast-response PIV systems 

with sampling rates on the order of 1 kHz are becoming available as a result of new 

laser technology. However, these systems are much more expensive than their Nd:Yag 

counterparts and have issues related to reduced illumination of the seeding particles, with 

an associated uncertainty in the processed data.

DANTEC 20-/im polyamide particles have been used as the seeding material for the 

experiments, which result in particle-image diameters of approximately 2-4 pixels. The 

seeding particles are almost neutrally buoyant with a specific gravity of 1.03, which ensures 

tha t they closely follow the motion of the fluid.

3.2.4 Camera-Model Tracking-Error Correction

As a result of small vibrations of the camera-lens assembly combined with the notable 

distance between the camera traverse system and the tow-tank (see Figure 3.1), image-to- 

image variations in the location of the airfoil could not be neglected. The error introduced 

by this jitte r is on the order of the freestream particle displacements between two sequential 

images in any image pair. If not corrected for, this level of error would prevent a quantitative 

analysis of the PIV results. To correct for this error, a fixture containing light-emitting 

diodes (LEDs) is placed in a cavity inside the wing. Figure 3.5 shows a picture of the 

four-LED version of the fixture used for the SD7003 experiments. An eight-LED version 

has been used in the unconventional-airfoil experiments. The cavity in which the fixture 

is placed is open at the side of the wing allowing the camera to capture the image of the 

LEDs, whose spanwise location is coincident with the focus plane of the lens. A mask with 

an orifice of approximately 10 fim  diameter is placed over each LED, providing a marker of 

approximately 10 pixel diameter in the PIV images. For each measurement region examined,

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



Chapter 3 50

Figure 3.5: M arker fixture w ith forward second LED mask removed

two markers are selected as reference and a marker identification algorithm is used to locate 

the centroids of these markers within each image. From these marker-centroid locations, 

displacement and rotation corrections are performed to align the markers with a reference 

image. These algorithms are described in Chapter 5, Section 5.2.1. As a result of non

uniformity in the marker intensity distributions, uncertainty in the location of the airfoil in 

the corrected images is approximately 0.5 pixels.

3.2.5 Measurement Procedures

During the experiments, the motion system was controlled by a technician, and the data 

acquisition system was controlled by the author. Due to the short working length of the tow 

tank, quick acceleration to the model operating speed was required to ensure tha t the shear 

layers over the airfoil surface reach a “steady-state” condition prior to data  acquisition. By 

“steady-state,” it is implied th a t the ensemble-averaged statistics of the flow over the airfoil 

are unaffected by the period during which the measurements are made, and are therefore 

stationary and ergodic (Tennekes and Lumley, 1972). Based on an estimate of the time-
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to -“steady-state” for a laminar boundary layer, using an analytical solution described by 

Schlichting and Gersten (2000), the shear layers developing over the airfoil models were 

expected to reach “steady-state” during the first half of each measurement run. This was 

subsequently confirmed through a running-average analysis of the PIV measurements in 

the separated shear layers. The typical acceleration at the start of a measurement run was 

0.5 m /s2, which ensures tha t for the highest towing speed examined («0.36 m /s) the airfoil 

reaches the towing speed within 0.72 s, which corresponds to a distance of 0.13 m ( ~ l /2  of 

the unconventional-airfoil chord length). The same level of deceleration was used at the 

end of each measurement run. After each measurement run, the model was immediately 

returned to its start position and a minimum waiting time of ten minutes was required to 

allow the water in the tank to settle.

D ata acquisition with the PIV system was initiated once the airfoil passed the struc

tural member at the mid-portion of the tank (see Figures 3.1 and 3.2). This provided 

approximately 1 m of length over which measurements could be made. Depending on the 

PIV system used and the Reynolds number examined, anywhere from 24 to 83 image pairs 

could be captured during a measurement run. The lower limit represents the experiments 

using System 1 at the highest towing speed examined, whereas the upper limit represents 

the maximum number of images tha t could be captured by System 2 system during a 

measurement run constrained by random-access-memory (RAM) restrictions.

For each test case, multiple overlapping regions were examined over the suction surface 

of the airfoils. This was done in order to achieve adequate spatial resolution of the shear 

layer. The measurement regions, which are shown in Figure 3.6 for the two airfoils, were 

selected such th a t they provided overlap between adjacent regions, th a t they captured at 

least two markers within each image, and tha t the overall measurement time is minimized.
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a)
AFT Region TE RegionFR Region

b) R1 Region R2 Region

Figure 3.6: P IV  m easurem ent regions for a) th e  SD7003 airfoil and b) the  unconven

tional airfoil (LED m arker locations identified in body of airfoils)

3.2.6 Operating Conditions

The operating conditions examined for the two PIV studies are provided in Table 3.2, 

which includes the Reynolds number, angle-of-attack, towing speed, and time between 

laser pulses. For each of these operating conditions, the number of measurement regions 

examined, the number of measurement runs required, the number of image-pairs acquired 

during each run, the total measurement time, and the required data  storage capacities axe 

also identified in Table 3.2. The number of configurations for each operating condition is 

identified in Table 3.2 to  indicate tha t multiple flow-control configurations were examined 

with the unconventional airfoil. The noted measurement times assume a waiting time 

between runs of 11 minutes, as this is an average of the actual waiting time during the 

experiments. The storage capacities are based on the image-pair file sizes, which for the 

SD7003 experiments was 4 MB/file and for the unconventional-airfoil experiments was
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Table 3.2: O perating conditions and m easurem ent details for each experim ental te s t case

Case Re o[°] Uoo [m/s] A t  [ms] Regions Runs Samples/Run Meas. Time [hr] Storage [GB] Configs

R40a8 40,000 8 0.1793 2.25 3 27 40 14.6 13 1

R40al0 40,000 10 0.1793 2.25 2 14,25+ 42 7.2 7 1

R65ai4 65,000 4 0.2967 1.5 3 27,44* 24 17.2 9 1

R28 28,000 -0.4 0.1008 10.5 2 10 83 3.7 20 6

R39 39,000 -0.4 0.1412 7.5 2 10 83 3.7 20 6

R51 51,000 -0.4 0.1816 5.8 2 10 83 3.7 20 6

R101 101,000 -0.4 0.3630 2.9 2 8 40 2.8 8 6

t number of runs is dependent on number of image pairs acquired for a given region
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12 MB/file. The total measurement times required for the studies were 39 hr and 83 hr 

for the SD7003 and the unconventional-airfoil experiments, respectively. This however 

does not include the time required for setup and daily preparation, as well as the time 

taken for identifying the conditions to examine. The times allocated to  final measurement 

runs identified in Table 3.2 were approximately one-third of the total time spent for each 

experimental test case.

3.3 Car let on University Facility

Experimental results from wind-tunnel tests performed prior to the current research 

have been used for validation of the numerical simulations. This section briefly describes 

the experimental facility and measurement system used for these measurements. Greater 

detail regarding this facility and the experiments performed therein are provided in the 

thesis of Roberts (2005).

3.3.1 W ind Tunnel

Over the past decade, numerous experiments on attached- and separated-flow transition 

have been performed in a closed-circuit wind-tunnel at Carleton University. The measure

ments of interest were performed using hot-wire anemometry over a flat-plate test surface 

of 1220 mm length and 762 mm width, in a test section of 1830 mm length, 762 mm width 

and 508 mm height. Streamwise pressure gradients were imposed on the test surface using 

a contoured wall tha t forms the ceiling of the test section. The test cases used for the 

present research have a streamwise pressure distribution similar to tha t encountered over 

the suction surface of a low-pressure-turbine airfoil, for which a separation bubble forms in 

a region of adverse pressure gradient. A schematic of the test section is shown in Figure 3.7. 

The level of freestream turbulence was increased in the wind tunnel by means of passive
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1. HOT-WIRE PROBE NOT TO SCALE
2. PERFORATED INCIDENCE CONTROL PLATE DIMENSIONS IN MM
3. INCIDENCE CONTROL FLAP

FLEXIBLE BLEED SLOT FOR
CEILING EQUALIZATION OF PRESSURE

H-55

1220

500

1830

Figure 3.7: Schematic of C arleton U niversity closed-circuit w ind-tunnel te s t section

turbulence-generating grids, providing various freestream turbulence intensities in the range 

0.5% to 9% at the test-plate leading edge.

3.3.2 Instrumentation

Boundary-layer measurements were made at mid-span of the test surface using a hot-wire 

probe with a single tungsten sensor of 5 jum diameter and 1.3 mm length. The separation 

bubble and the upstream and downstream boundary layers were measured through wall- 

normal traverses at multiple streamwise locations, complemented by streamwise traverses 

performed within the separation-bubble region.

Calibration of the hot-wire was performed for a velocity range of 0 to 18 m /s using 

a 9<h-order polynomial curve fit and was regularly verified to account for slight drifts in 

the output of the anemometer signal-conditioning circuitry. Uncertainty in the measured 

velocity has been estimated by Roberts (2005) to be ±2% of the local velocity except for 

small velocity magnitudes near the wall (<0.5 m /s) for which the uncertainty is estimated to
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be ±4%. Compensation for tem perature drifts were also accounted for in the measurements 

using the method of Bearman (1971).

The amemometer output was sampled using an Analog Devices RTI834-H data acquisi

tion system with a sampling rate of 8 kHz. The data was low-pass filtered at 3.8 kHz prior 

to A /D conversion. At each measurement location, 20 sets of 8192 samples were collected.
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C om putational Setup and 

Procedures

4.1 Chapter Overview

As noted in the introduction and literature review chapters, recent advancements in 

computational power have perm itted the use of direct numerical simulation (DNS) for 

studying transitional flows at Reynolds numbers typical of those encountered in the low- 

pressure turbine of gas turbine engines. This chapter documents the simulations performed 

during the present research, for which the ANSYS-CFX commercial software package was 

used. Section 4.2 presents the governing equations tha t are solved in the simulations, and 

Section 4.3 provides details of the numerical techniques implemented in the ANSYS-CFX 

solver. Descriptions of the computational setup for the present simulations are provided in 

Section 4.4.

57
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4.2 Governing Equations

The major benefit of DNS is the ability to capture all the dominant spatial and temporal 

scales of a flow, without the use of modelling assumptions for sub-grid turbulence. Therefore, 

only solutions of the time-dependent continuity and Navier-Stokes equations, which govern 

the physics of the flow of interest, are required.

For the present simulations, the Mach numbers are sufficiently low (M  «  0.02) tha t the 

incompressible form of the continuity and Navier-Stokes equations can be solved without use 

of the energy equation. Constant fluid properties can also be assumed such tha t modelling 

of the density, p, and dynamic viscosity, p, is not required. The incompressible, time- 

dependent form of the continuity and Navier-Stokes equations are:

=  °  (4-i)

d d dp d dui duj 
^  ' dxj dxi

(4.2)

The ANSYS-CFX solver uses a finite-volume approach to solve the above equations. 

Integrating these equations over a control volume and using Gauss’ divergence theorem 

for converting volume integrals into surface integrals, Equations 4.1 and 4.2 become:

J  pujdrij =  0 (4.3)
s

 ̂j  pUidV + J  pUjUidrij = -  J pdrii + J  p dni (4.4)
V S  S  S  3  1

where S  and V  represent the surface and volume regions of integration, respectively, and 

drij denotes the outward-normal surface vectors associated with each integration surface.
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4.3 Solution M ethod

4.3.1 Basic M ethodology

ANSYS-CFX provides solutions of the governing equations using a  coupled, unstruc

tured, finite-volume method (ANSYS, 2004). Solution of the linearized equations is acceler

ated by use of an algebraic multigrid strategy. For the present simulations, which are time- 

dependent, the discretized forms of the governing equations are converged through multiple 

iterations within each time-step. The ANSYS-CFX User Manual (ANSYS, 2004) provides 

brief descriptions of the discretized equations and numerical techniques implemented in the 

code. Greater detail regarding the techniques and the derivations thereof are provided in 

the Theory Documentation Manual for CFX-TASCflow (AEA-Technology, 2001). ANSYS- 

CFX and CFX-TASCflow share the same discretization schemes and therefore the CFX- 

TASCflow Theory Documentation Manual, with its greater detail, is an informative source 

for understanding the numerical techniques implemented in the solver.

4.3.2 Discretization

Discretization of the volume-integral form of the governing equations (Equations 4.3 

and 4.4) is performed by generating a finite volume for each of the nodes associated with the 

computational mesh. An example mesh is shown in Figure 4.1, which identifies the points, 

surfaces, and regions of importance for a given computational volume. A collocated-grid 

technique is used such tha t the solution variables (u , v, w, and p) are all stored at the
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finite volume surface
element face centroid

elements

integration points

Figure 4.1: Two-dimensional representation of finite volume definition

nodes. The discretized forms of the governing equations are given as:

Y  (p u jA n j)^  =  0
ip

F A(put) + Y m ip(ui)ip = Y ( P Ani)ip + Y l
ip ip ip

dui duj 
dxj dxt

A  n-i

(4.5)

(4.6)
ip

where V  is the volume of the discrete control volume, A t is the time step, A ri j  is the discrete 

outward surface vector, and ip denotes the integration points at the volume surfaces.

For the present simulations, the temporal derivative in Equation 4.6 is solved using the 

following second-order accurate formulation:

A (puj) =  J _  
A t  A t

3 1
2 ( p u i ) t  -  2 ( p U i ) t - A t  +  7>(Pu i ) t - 2 A t (4.7)

which makes use of the two previous time-steps (t — A t  and t — 2A t ) .

The mass-flow term  in Equation 4.6, rhiP, is the mass flow rate through the control
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volume surface associated with the particular integration point, and is defined as:

rilip =  (Puj ^ nj)ip\t-At (4-8)

This mass flow rate is based on data from the previous time-step. For an unsteady solution, 

such as those performed in this work, this mass flow term  is based on the previous iteration 

within a time-step, thus linearizing the discretized equation. Therefore, as the solution 

converges within a time-step, the mass flow terms will tend towards the current time-step 

values.

For the purpose of evaluating the velocities and pressures at the volume integration 

points, finite-element-based shape functions are used. The variation of any variable qi 

within an element can be expressed as:

Nnode
< j> = J 2 N n<l>n (4.9)

n = 1

where N n is the the shape function for node n  and (pn is the value of <j> at node n. The shape 

functions used in the code are linear in terms of parametric element-based coordinates. The 

same shape functions are also used to  calculate geometric properties, such as integration- 

point coordinates, within an element according to:

N n o d e  N n o d e  N .n o d e

x  =  ]T) N nx n , y = Y 2  Nnyn > z =  Y !  NnZn (4-10)
71=1 71=1 71=1

The velocities and pressures in the advection and pressure gradient terms in Equation 4.6 

are evaluated using the shape functions according to  a standard finite-element approach:

=  ^   ̂Nn{Tip, Sip, tip)(f)n (4.11)
n
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where the summation is performed over all the shape functions for the element under 

consideration. In Equation 4.11 (riP, SiP,tiP) represents the element-based coordinates of 

the integration points. For the advection terms, Equation 4.11 represents a  second-order 

central difference approximation.

The diffusion terms in Equation 4.6 are also evaluated using the shape functions. At a 

particular integration point, ip, the derivative of (f> with respect to  the coordinate direction 

Xi is given as:
d(j)
dxi = E

9N„

IP dxi
(4.12)

ip

The continuity and momentum equations are a coupled set, and are solved simultane

ously within each iteration of the solution. The coupling is performed through the continuity 

equation (Equation 4.5) using a formulation for the mass-carrying velocities derived from 

discrete forms of the momentum equation. These mass-carrying velocities are evaluated 

using the following expressions tha t make use of velocities and pressures at both the local 

integration point as well as the surrounding node locations:

^3 lip ^3 I nodes + f
dp
dxj ip

dp
dxj

where

/  =
Hp

1 — c ■ d,
c =

IP A t’

) ~ C ' f (  nodes /

and diP = —

u'3 I ip u'3 I n odes, t - A t
(4.13)

^elem ent

element

In the denominator of dip, the summation is performed for the absolute value of the mass 

flow rate through all integration points within the element. The term  |AniP|/A iP represents 

the magnitude of the local surface vector divided by the distance across the element, normal 

to  the local surface, and through the integration point location. Equation 4.13 shows tha t 

the mass-carrying velocities at the integration points are expressed as an average of the 

surrounding nodal velocities and adjusted by a redistribution of pressure gradients and
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previous time-step velocities. The derivation of Equation 4.13 is provided in the CFX- 

TASCflow Theory Documentation Manual (AEA-Technology, 2001).

Using the mass-carrying integration-point velocities defined by Equation 4.13 in the 

continuity equation (Equation 4.5) provides a velocity-pressure coupling tha t permits use 

of a single-cell, un-staggered, collocated grid. These velocities are also used to evaluate the 

momentum-equation mass-flow terms, defined by Equation 4.8.

4.3.3 Solution Strategy

The discrete linearized forms for the continuity and momentum equations (Equations 4.5 

and 4.6) are a set of coupled equations for the three components of velocity and the pressure, 

and can be cast in a matrix form as follows:

=  (4.14)
nbi

where

- - nb - - r  -|

du u Ojuv duw dup U bu

&vu Q>vv dyyj dyp
> 0 i  —

V
> hi —

by

&wu CLyjV dyjw dyjp w b-w

i

e dpv dpyj

1

#

i p i

--------,1

In Equation 4.14, i is the identifying number of the finite volume and nb represents the 

central node and all neighbouring nodes upon which the solution at i depends. The a and 

b matrices represent the equation coefficients for the left and right sides of the equation, 

respectively.

The linearized system of discrete equations, which includes Equation 4.14 for all nodes
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in the simulation, can be represented by:

[A] [<f>] = [6] (4.15)

This equation is solved iteratively within the ANSYS-CFX solver using an Incomplete 

Lower Upper (ILU) factorization technique. Starting with an approximate solution [<pn], 

the solution is to be improved by a correction [<j>'\ such that:

[^*+1] =  [^ ]  +  [0 '] (4.16)

Substitution of Equation 4.16 into Equation 4.15 provides the following equation represent

ing the solution for the correction term:

[A] [4,'] =  [6] -  [A] [*“] (4.17)

Iteration on the solution to this equation will reduce the correction term  such tha t it tends 

towards zero and the actual solution of the discretized equations is approached. The right- 

hand-side of Equation 4.17 represents the residual of the governing equation in question, 

and is used as a criterion for assessing convergence of the solution.

To improve the performance and convergence rates of the solution algorithm, a multigrid 

technique is applied. This technique performs multiple solution passes on subsequently 

coarsened grids such that, during these passes, the larger-wavelength errors are reduced more 

efficiently on the coarser grids, while the iterations on the finer grid levels serve to efficiently 

dissipate the shorter-wavelength errors. An algebraic multigrid scheme which makes use of 

the Additive Correction Method (ACM) of Hutchinson and Raithby (1986) for coarse-grid 

equation-generation is used in the ANSYS-CFX solver. This technique has been documented 

to  significantly improve the performance of the CFX-TASCflow solver (Raw, 1996).
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The basic idea behind algebraic multigrid is to coarsen the computational grid primarily 

in the direction for which small-wavelength errors are quickly dissipated. The method 

provides an automated process for coarsening which compiles the finer grids into larger 

grids based on the relative strengths of the coefficients a* multiplying the solution variables. 

In the ANSYS-CFX solver, the dppli coefficient from the continuity equation is used by the 

coarsening algorithm which, according to Raw (1996), best represents the behaviour of the 

coupled set of equations.

The method used to generate the coarse-grid equations (ACM), is based on conservation 

principles such tha t it represents an agglomeration of fine grid volumes into larger virtual 

grid volumes. The coarsened-grid equations can then be cast in an identical form to  those of 

the fine-grid equations such tha t their solution provides corrections to  the fine-grid solutions 

and ensures tha t conservation is enforced for all grid levels. The mathematical details of 

this technique are not given here, but they can be found in the paper by Raw (1996) and 

in the CFX-TASCflow Theory Documentation Manual (AEA-Technology, 2001).

A fixed W-cycle is used for the multigrid strategy implemented in ANSYS-CFX, which 

is represented schematically in Figure 4.2. During each solver iteration, the solution results 

are first passed down to subsequently coarser grids. For these “restriction” passes, one 

solution sweep is performed on the set of equations for each grid level. A coarsening rate, 

defined as the ratio of fine mesh-to-coarse mesh volumes during a coarsening pass, between 

9 and 13 is used after each of these steps, and is stopped once the number of coarse grid 

volumes is below 20. As the solution is passed back up to the finer grids, where three 

solution sweeps are performed for each of these “prolongation” passes, control is passed 

back to the next coarsest grid once before it is allowed to continue back up. This allows 

the solution to concentrate more on the coarser grids to reduce the large-wavelength errors. 

W ith more levels than those shown in Figure 4.2, the pattern is recursively repeated.

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



Chapter 4 66

Grid level Iteration Progression

Figure 4.2: Schematic of W-cycle in ANSYS-CFX multigrid (integers represent number 

of solutions sweeps at the given level)

4.3.4 Parallel Processing

As direct numerical simulation is computationally expensive, given the large number of 

nodes, parallel processing was used to reduce the simulation time. Parallel processing is 

implemented by partitioning, or dividing, the computational domain into smaller partitions 

such tha t the solution for each partition is performed by a different processor (CPU). A 

master process, performed by a single processor, manages the flow of data to the slave 

processes and ensures solution-connectivity between them.

The ANSYS-CFX solver makes use of the automated MeTiS partitioning method, 

which is an open-source partitioning package based on the Multilevel Graph Partitioning 

Algorithm (ANSYS, 2004). Other partitioning algorithms are available in the solver, 

because the MeTiS method requires significant memory resources. However, the MeTiS

m eth o d  is recom m ended and  was used for th e  p resen t sim ulations. P ara lle l processing m akes 

use of partition-overlap to  provide connectivity between the different partition-solutions. 

For the present simulations, the level of overlap varied between 5% and 20%, depending on 

the domain region associated with a particular partition.

For the low-freestream-turbulence simulation, which has 1.2 x 106 nodes, a cluster of four
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Intel Pentium 4 processors was used. For the elevated-freestream-turbulence simulation, 

which has 4.3 x 106 nodes, a cluster of six Intel Pentium 4 processors was used. For both 

simulations, 2 GB of RAM was dedicated to each processor.

4.4 Com putational Setup

Two simulations have been performed to examine the nature of transition in separation 

bubbles under different levels of freestream turbulence intensity. The simulations are based 

on experimental test cases examined in the closed-circuit wind tunnel at Carleton University, 

described in Section 3.3. The low-freestream-turbulence simulation has been performed 

using version 5.7.1 of the ANSYS-CFX solver, and the elevated-freestream-turbulence 

simulation using version 10.0. Also, each simulation has used a different computational 

domain tailored for the specific case under consideration.

4.4.1 Computational Domains

4.4.1.1 Low -Freestream -Turbulence D om ain

The computational domain for the low-freestream-turbulence simulation was selected to 

capture a separation bubble developing in a region of adverse pressure gradient over a flat 

plate with an imposed streamwise pressure distribution. To reduce the computational effort, 

experimental measurements were used as inlet conditions to the domain and therefore only 

the region from slightly upstream of the suction peak to downstream of the separation bubble 

was modelled. A schematic of the domain is shown in Figure 4.3. The domain width is 

60 mm, and was selected based on the assumption th a t the transition process occurs through 

either the production, growth, and merging of turbulent spots, or breakdown of spanwise- 

oriented vortices resulting from the Kelvin-Helmholtz instability in the separated shear
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Figure 4.3: Schematic of com putational dom ain for the low-freestream -turbulence

simulation

layer. Based on the experimentally determined transition length, this width was selected 

by assuming tha t a turbulent spot generated at the experimental location of transition onset 

would span half the domain once it has convected to the experimental location of transition 

completion. As spanwise-periodic boundary conditions are applied to the domain, this 

would ensure minimal spanwise influence of a spot on itself through these boundaries. The 

boundary conditions are discussed in greater detail in Section 4.4.2. For the purpose of 

sizing the domain, the width of a turbulent spot was estimated based on Gostelow et aV s 

correlation for the spot spreading angle (Equation 2.5 in Section 2.4, page 35). The domain 

inflow plane is located 0.4 m downstream of the test-plate leading edge. This location is 

slightly upstream of the suction peak, and therefore allows for the growth of instabilities in 

the adverse-pressure-gradient boundary layer prior to separation.

In the experimental setup upon which the simulation is based, the pressure distribution 

was imposed upon the flat test surface through the use of a contoured shape for the 

ceiling of the wind-tunnel test section. For computational efficiency, the computational 

domain does not extend up to  this contoured ceiling in the y-axis direction. Instead, the 

upper boundary of the computational domain has been set to an outflow condition with 

a prescribed static pressure distribution (described in the section on boundary conditions, 

Section 4.4.2). The upper boundary was shaped such tha t fluid does not enter the domain 

through this boundary. This shaping was accomplished by first estimating the contraction
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and expansion required by a wall-bounded domain based on the desired freestream velocity 

distribution, using a one-dimensional flow assumption. The surface shape selected for 

the upper domain boundary provides a greater contraction than tha t estimated by the 

one-dimensional flow assumption, ensuring no streamlines enter the upper domain surface. 

The upper surface shape consists of a series of streamwise-distributed polynomials and flat 

sections. The polynomial coefficients tha t define this upper domain boundary are provided 

in Appendix C. The slight contraction near the domain inlet prevents fluid from entering 

the domain as the freestream flow is accelerated prior to  encountering the adverse pressure 

gradient at around x  = 0.45 m (0.05 m into the domain). The second contraction is required 

as a result of reattachm ent of the separated shear layer to the surface. If not contracted, 

the quick reattachm ent th a t results from transition in the separated shear layer, where 

streamlines move closer to the surface, would cause inflow through the upper boundary.

4.4.1.2 Elevated-Freestream-Turbulence Domain

As with the low-freestream-turbulence simulation, the domain for the elevated-freestream- 

turbulence simulation is based on experimental measurements over a flat plate with an 

imposed streamwise pressure distribution. However, this simulation required physically- 

representative turbulence to prevail in the freestream flow. Initially, several ways of 

imposing freestream turbulence on the inlet-plane flow for the domain in Figure 4.3 were 

considered, including the use of random fluctuations imposed on the mean velocity, the 

use of a mathematical representation for isotropic turbulence superimposed on the mean 

flow, and the use of simulated turbulence from a separate simulation of grid-generated 

turbulence. This last method was attempted, however due to the mathematical nature 

of the subsonic inlet boundary condition applied in ANSYS-CFX, which allows only the 

specification of a velocity distribution. The solver was thus unable to resolve the small-scale 

pressure fluctuations associated with the turbulence. Based on the promising results from
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Figure 4.4: Schematic of com putational dom ain for the  elevated-freestream -turbulence 

sim ulation

the grid-generated-turbulence simulation, it was decided to extend the domain upstream to 

include an inlet plane representing the turbulence grid in the experiments, with a region for 

turbulence decay upstream of the flat plate, and with the entire flat plate up to  the same 

outlet position as in the low-freestream-turbulence simulation. This computational domain 

is shown in Figure 4.4. The inlet plane of the domain consists of a 4x4  array of square 

openings th a t simulate a turbulence-generating grid used in the wind-tunnel experiments. 

These openings are 13 mm wide with a spacing of 18 mm.

The computational domain shown in Figure 4.4 consists of three sub-domains: the 

IN L E T  domain, the A C C ELE R A T IO N  domain, and the BU BBLE domain. The 

A C C ELE R A T IO N  and BU BBLE domains extend over the wall region, and the INLET 

domain provides a region where the turbulence intensity can decay to the desired level 

near the flat-plate leading edge (approximately 5% turbulence intensity at x  = 0). The 

shape of the upper domain boundary over the “wall” region was selected, as with the low- 

freestream-turbulence case, such tha t fluid should not enter these domains over the length 

of the flat plate. The acceleration required over the upstream portion of the flat plate
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was the defining reason for the strong streamwise contraction of the A C C ELE R A T IO N  

domain. Also, it was desired tha t the BUBBLE domain have approximately the same shape 

as the low-freestream-turbulence domain. The polynomials tha t define the upper domain 

surface are provided in Appendix C. The width of the domain is greater than tha t of the 

low-freestream-turbulence domain (72 mm as opposed to 60 mm) based on the geometric 

requirements for the square openings at the inlet plane of the computational domain.

4.4.2 Boundary Conditions

Many of the boundary conditions are similar between the two simulations. As the 

experimental test-section upon which the simulations are based has a much greater spanwise 

extent than the computational domains, periodic boundary conditions were imposed on the 

surfaces bounding the domain in the spanwise direction. The selected domain widths are 

sufficient to prevent the artificial influence of a given flow structure, such as a turbulent 

spot, by its periodic neighbour (effectively itself) through the periodic boundary.

The flat-plate test surface from the experiments has been simulated by applying a no-slip 

wall to the lower surface of the low-freestream-turbulence domain and the lower surfaces 

of the A C C ELE R A T IO N  and BU BBLE domains in the elevated-freestream-turbulence 

simulation.

An area-averaged constant static pressure condition was specified for the outflow 

boundary at the downstream end of the computational domains. The location of these 

boundaries was chosen such th a t  th e  absence of a  convective b o u n d ary  condition, which 

allows transient flow structures to leave the domain with minimal deformation, does not 

affect the flow field within and immediately downstream of the region of interest.

Velocity-based inlet boundary conditions have been applied for both simulations. For 

the low-freestream-turbulence simulation, where the inlet is located 0.4 m downstream of
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the flat-plate leading edge, an experimentally-measured wall-normal velocity profile has 

been used for the inflow condition (provided in Appendix C). The ANSYS-CFX solver 

linearly-interpolates the specified distribution over the computational mesh at the inlet 

plane. The freestream turbulence and laminar boundary layer fluctuations associated with 

this measured velocity profile were not explicitly imposed on the inflow and freestream 

boundaries of the computational domain. Instead, the simulated freestream turbulence of 

0 .1% intensity was allowed to  develop through round-off errors associated with the finite- 

precision computations. In the experiments, the turbulence intensity in the freestream flow 

over the separation bubble was 0.7%. Based on earlier experimental studies (Yaras, 2002), 

the effect of this difference in freestream turbulence intensity on the transition process is 

expected to  be small. The integral length scale associated with this simulated freestream 

turbulence is 20 mm, which is on the same order as the measured value of 40 mm. As well, 

the simulated freestream-turbulence frequency spectrum has a distribution similar to  tha t 

of the experiment, albeit with a lower energy content.

The inflow boundary condition for the elevated-freestream-turbulence simulation con

sists of a 4x4  array of square, uniform-velocity jets of 13 mm width and 18 mm spacing to 

simulate the flow through a turbulence-generating grid tha t was used in the experiments. 

The je t velocity was set to  8.13 m /s which provides a mixed-out mean velocity of 4.24 m /s 

upstream of the plate leading edge. The leading edge of the flat-plate was placed 

325 mm downstream of the inflow boundary. Over this streamwise distance, the simulated 

grid turbulence decayed to  5% intensity with an integral length scale of 7 mm, thereby 

approximating the conditions measured at the test plate leading-edge in the experiments. 

Over this initial turbulence-decay region, the computational domain is bounded in the 

y (wall-normal) and z (spanwise) directions by surfaces with periodic flow conditions.

In both simulations, a streamwise static pressure distribution was imposed on the 

upper surfaces of the domains with no-slip walls as their lower surfaces. This was done
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through the use of an outflow boundary condition. As already noted, these upper domain 

surfaces were shaped such tha t fluid should not enter the domain over its length. The 

imposed pressure distributions for both simulation are provided in Figure 4.5, in pressure- 

coefficient form, with the actual discrete pressure distributions provided in Appendix C. 

These distributions were inferred by fitting polynomials through data from surface static-

pressure measurements obtained from the experiments upon which the simulations are

based. The pressure coefficient plotted in Figure 4.5 is defined as follows:

f  — P ~  PSP (A ION
Cp -  I „r/2 (4-18)2P x=0

where psp is the suction peak pressure and Ux=o is a reference velocity at the leading edge 

of the flat plate. For the low-freestream-turbulence simulation, Ux = 0 is inferred from the 

measurements upon which the simulation is based.

2.5- Low- F reestream-T u rbu lence Simulation 
Elevated-Freestream-Turbulence Simulation

2 .0-

1.5-

ao

1.0-

0 .5-

0.0-
0.3 0.60.0 0.1 0.2 0.4 0.5 0.7 0.8

x[m]

Figure 4.5: Streamwise pressure distributions imposed on the  upper dom ain boundaries 

for bo th  simulations
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For the low-freestream-turbulence simulation, the effect of the separation bubble on 

the pressure distribution was not modelled, and the pressure distribution provides a 

smooth change in pressure gradient along the upper domain boundary. This decision was 

made because the effect of the bubble on the streamwise pressure distribution diminishes 

with increasing distance from the surface, and it was desired tha t the separation bubble 

result from an effective streamwise expansion of the simulated flow passage. This is 

similar to the approaches used by Ripley and Pauley (1993), Alam and Sandham (2000), 

and Marxen et al. (2003) in their simulations of separation bubbles, and has resulted in a 

separation bubble tha t closely resembles the experiments.

For the elevated-freestream-turbulence simulation, the use of a continual adverse 

pressure gradient over the separation-bubble region produced some numerical challenges 

due to the presence of freestream turbulence. Therefore, the effect of the separation bubble 

on the streamwise pressure distribution was modelled for this case. As the influence of the 

bubble diminishes with increasing distance from the surface, a combination of the surface 

pressure measurements and the shear-layer-edge velocity measurements were used to  develop 

a streamwise pressure distribution tha t would better represent tha t at the upper domain 

boundary. This is the distribution shown in Figure 4.5.

4.4.3 Computational Meshes

The low-freestream-turbulence domain shown in Figure 4.3 was discretized using a 

structured grid of 381, 61, and 51 nodes in the streamwise, spanwise, and wall-normal 

directions, respectively (total of 1.2  x 106 nodes). Equal node spacing of 1 mm was used in 

the streamwise and spanwise directions, and the nodes were distributed with an expansion 

factor of 1.1 in the wall-normal direction. Based on the resulting turbulent boundary layer 

near the domain outlet, y+ of the first node off the wall is about 0.6. The corresponding
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A x + and A z + value is 24. A grid refinement study was performed, whereby the spanwise 

spacing was reduced to  A z + =  16, the streamwise spacing in the transition region was 

reduced to  A x + =  12, and the nodes were clustered towards the separated shear layer. 

This refinement did not yield any significant changes in the characteristics of the separation 

bubble.

For the elevated-freestream-turbulence domain shown in Figure 4.4, different node 

spacings and numbers were used in each of the sub-domains, with a total node count of 

4.3 x 106. At the interface between the A C C ELER A TIO N  and BU BBLE domains, a 

one-to-one node correspondence was used, whereas the nodes on interface planes between 

the INLET and A C C ELE R A T IO N  domains do not match. This was done to  maintain 

the rectilinear node distributions for the decaying turbulence in the IN L E T  region while 

clustering the nodes towards the wall in the A C C ELER A TIO N  domain where the 

boundary layer begins to  grow. The ANSYS-CFX solver provides a means for interfacing 

two dissimilar mesh distributions by interpolating the results across the domains to  conserve 

the flow properties. This interface is called a General Grid Interface (GGI) connection. The 

results were checked to  ensure continuity in the flow properties across this interface.

The IN L E T  sub-domain was discretized using 262, 57, and 57 nodes in the streamwise, 

spanwise, and wall-normal directions, respectively. Equal node spacing of 1.25 mm was 

used in the streamwise direction for the first 315 mm and a reduction factor of 0.977 was 

used in the last 10 mm to ensure minimal streamwise node-spacing discontinuity at the 

plate leading edge. A near-uniform node spacing of 1.263 mm was used in the transverse 

directions, with slight variations in spacing to conform to the boundaries of the jets at the 

inflow plane.

The A C C ELE R A T IO N  domain was discretized using 401, 73, and 59 nodes in the 

streamwise, spanwise, and wall-normal directions, respectively. Equal node spacing of 1 mm
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was used in the streamwise and spanwise directions, and nodes in the wall-normal directions 

were clustered closer to  the wall to  ensure a sufficient number of nodes in the boundary 

layer.

The B U BBLE domain was discretized using 404, 73, and 59 nodes in the streamwise, 

spanwise, and wall-normal directions, respectively. The streamwise node spacing in the 

regions 0.40 m <  x  <  0.55 m and 0.64 m <  x  <  0.78 m was set to 1 mm, and was reduced 

to 0.75 mm in the region 0.576 m < x  <  0.626 m. Between these regions, a node-spacing 

stretch factor no greater than 2% was used. The wall-normal spacing was varied along the 

streamwise direction to ensure nodes were clustered within the shear layer. This variation in 

the wall-normal spacing distributions is evident in Figure 4.6 which shows the computational 

x-y mesh in the B U BBLE domain. The y-axis coordinate has been stretched in Figure 4.6 

to allow better visualization of the node distributions.

For the elevated-ffeestream-turbulence simulation y+ of the first node off the wall is 

about 0.5, based on the turbulent boundary layer near the domain outlet. The corresponding 

A z + value is 19 and the A x + value varies between 14 and 19 through the separation bubble 

region.

0.40 0.45 0.50 0.55 x [m] 0.60 0.65 0.70 0.75

Figure 4.6: C om putational x — y mesh for BUBBLE sub-domain (3x stretching in y- 

direction)
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Table 4.1: Node spacings used in DNS studies involving separation bubbles (all have

vt < 1)

Simulation/Investigators A x+ Az+

Low-Freestream-Turbulence 24 24

Elevated-Freestream-Turbulence 19 19

Na and Moin (1998) 18 11

Alam and Sandham (2000) 14,20 6

Michelassi et al. (2002) 10 3

Kalitzin (2003) 28 19

Table 4.1 provides the mesh spacings for the two present simulations in wall-coordinates, 

and compares them to  the spacings in other published DNS studies involving separation 

bubbles. The streamwise node-spacings are comparable to the other studies and the 

spanwise spacing is slightly greater. However, the selected spatial resolution has been found 

to be adequate in resolving the transitional flow structures associated with the separation 

bubbles, as will be discussed in Chapter 7.

4.4.4 Simulation Time-Step and Duration

Time steps of 0.20 ms and 0.15 ms were used for the low- and elevated-freestream- 

turbulence simulations, respectively, which correspond to  a Courant number (U A t/A x )  

in th e  sep a ra ted  shear layers of app rox im ate ly  1.0. T h e  sim ulations were s ta r te d  on two- 

dimensional grids with slip-walls replacing the no-slip walls to establish the freestream 

velocity and pressure fields, which were then used as initial conditions for the computations 

in the three-dimensional domains. W ith these initializations, the solutions reached a 

“steady-state” within approximately 2000 and 5600 time steps for the low- and elevated-
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freestream turbulence simulations, respectively. Here, “steady-state” refers to the condition 

for which the large-scale properties of the separation bubble did not change. After reaching 

“steady-state” , the simulations were continued for another 2048 and 4100 time steps, 

respectively.

Averaging for the low-freestream-turbulence case was accomplished through spanwise 

and time averaging of data  from five evenly-spaced x  — y planes over 2048 time steps. For 

the elevated-freestream-turbulence case, spanwise and time averaging was accomplished over 

the entire BU BBLE domain over 3200 time steps. Over these periods, running averages of 

the auto- and cross-correlation of velocity fluctuations within the transition regions show 

variation by no more than a few percent, providing confidence tha t the dominant physical 

aspects of the transition processes were captured.

4.4.5 Solution Convergence

Solutions of the continuity and momentum equations at each time step were converged 

within eight iterations such tha t the maximum residuals at the end of each time step were 

lower than 6 x 1 0 -5 , except very near the inlet boundaries where the maximum residuals 

were on the order of 10-4 . RMS residual levels were on the order of 10- 6  after each 

time step. As a check on the effects of convergence level on the simulation results, the 

elevated-freestream-turbulence simulation was restarted from an intermediate time step 

and continued for 300 time steps using 15 iterations within each time step. There were no 

significant differences in the solution after 300 time steps, providing further confidence in 

the results. The multigrid method implemented in ANSYS-CFX required 5 grid levels for 

the low-freestream-turbulence simulation (with 1.2  x 106 nodes on the finest grid) and 6 

grid levels for the elevated-freestream-turbulence simulation (with 4.3 x 106 nodes on the 

finest grid).
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The spatial and temporal resolutions described in the last section were chosen such tha t 

the turbulence scales in the turbulent boundary layer downstream of the separation bubbles 

are resolved down to about 35 times the Kolmogorov scale. Through comparison with 

experimental data, Chapter 7 shows this resolution to be adequate for capturing the turbu

lence associated with transition and reattachment of separated shear layers. The selected 

spatial and temporal resolutions are also consistent with recent direct numerical simulations 

involving separation bubbles, performed by other research groups (Na and Moin, 1998; 

Alam and Sandham, 2000; Kalitzin, 2003).
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D ata R eduction Procedures

5.1 Chapter Overview

This chapter describes the data reduction procedures used for analysis of the experi

mental and computational results. Section 5.2 provides descriptions of the procedures used 

for reducing the experimental particle image velocimetry (PIV) measurements, along with 

estimates of the experimental uncertainties. The data reduction procedures for the direct 

numerical simulation (DNS) results are presented in Section 5.3.

5.2 D ata Reduction o f Experim ental PIV  M easurements

O f th e  experim en tal stud ies p resen ted  in  th is  docum ent, tw o sets of experim ental 

measurements were performed during the research program. The first study, described 

in Chapter 6 , was performed early in the program to assess the effectiveness of applying 

PIV in studying separation bubbles. The second was the last study performed during 

the program, described in Chapters 8 and 9, approximately two years after the first, and

80
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utilized a different PIV system, with variations in the analysis procedures. Section 3.2.3 has 

already described the two PIV systems used; each uses a variant of the LaVision DaVis data 

reduction software (versions 6  and 7, respectively). This software was used to  perform the 

image corrections required as a result of the relative motions between the camera and model, 

and to evaluate the image data, from which particle displacement vectors were extracted. 

The extracted particle displacement fields were then analyzed using custom data reduction 

programs developed specifically for the respective studies.

In the following, the image correction algorithm is first described (Section 5.2.1), 

followed by descriptions of the image analysis procedures (Section 5.2.2), the post-processing 

data  reduction procedures (Sections 5.2.3 through 5.2.5), and the uncertainty estimates 

analysis (Section 5.2.6).

5.2.1 Image Correction Algorithms

As noted in Section 3.2.4, image-to-image variations in the location of the airfoil model 

are caused by small vibrations of the camera-lens assembly combined with the notable 

distance between the camera traverse system and the tow-tank. If unaccounted for, errors 

in the particle-displacement vectors would be on the order of the true freestream particle 

displacements and would therefore negate the use of the reduced data for reliable statistical 

analysis. Section 3.2.4 described a marker fixture tha t is mounted inside the models and 

provides a reference from which corrections can be made to align all measurement images. 

The markers consist of light-emitting-diodes (LEDs) over which masks are placed. These 

masks have an orifice of approximately 10  /jm diameter, such tha t the light perm itted 

through the mask provides a marker in the image with a diameter of approximately 10 pixels. 

At least two markers were active for each measurement region examined.
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The intensity distribution of each marker peaks at its centroid, and identification of 

this centroid is required for performing the image corrections. Identification of a marker 

centroid is accomplished through an intensity-weighted average of the spatial coordinates, 

as follows:

and (Xmin '■ X max, Ymin '■ Ymax) defines the search-area over which the averaging is 

performed, in pixel coordinates. In Equations 5.1 and 5.2, I ' ( i , j ) is defined as:

to filter any background noise in the images. Although typical background noise associated 

with the CCD sensors is below an intensity value of 100 (total dynamic range is 4096), 

a threshold value of 500 was used as reflections from particles near the marker generally 

provide a wide, non-uniform intensity distribution around the marker.

Once the locations of two markers in an image are known, the intensity distribution 

can be shifted and rotated to align the marker centroids with those of a reference image. 

For the SD7003 experiments in Chapter 6 , the reference marker locations were selected 

by averaging the centroid locations calculated from all images in the first measurement 

run (typically 20-40 image pairs). For the experiments conducted with the unconventional

max

min

(5.1a)

max

(5.1b)

where
max

min

(5.2)

0 if /(*,_))< Ifhresh
(5.3)

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



Chapter 5 83

airfoil (documented in Chapters 8 and 9), the reference locations were selected such tha t 

once corrected, the images were oriented to  coincide with the airfoil coordinate system. 

That is, the X-direction has been aligned with the flat sections over the upper and lower 

surfaces of the airfoil.

Three coordinate parameters are required to align each image with the reference. These 

are the X  and Y  coordinates of one marker, and the angle of the line tha t connects the two 

markers in an image, 9. This angle is defined as:

6 = *“ ' 1 ( 1 ^ )  <5-4>

where subscripts 1 and 2 represent the respective markers. The following coordinate 

transformation can then used to align the image with the reference image:

X '  =  X ref  + (X  — X ci) ■ cos(6ref  — 6) — (Y  — yci) • sin(0ref — 9) (5.5a)

Y '  = Yref + ( Y - Y cl)-cos(9r e f - 9 )  + { X - X cl) - sm(9r e f - 9 )  (5.5b)

In the above equations, X ref ,  Yref,  and 9ref  represent the coordinates in the reference 

image to which the marker # 1  location will coincide and the angle to which the marker 

connecting-line will be oriented.

To maintain sub-pixel accuracy in the PIV image analysis procedure, discussed in the 

next section, the transformation of the image intensity distribution is done such tha t 

the intensity centroid of a shifted pixel is placed at the correct sub-pixel location in the 

transformed image. This is accomplished by “smearing” the original pixel intensity over the 

four surrounding pixels in the transformed image. The intensity at each of the surrounding
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pixels is given in terms of the original unshifted pixel intensity, I q , by:

I { X~ ,  Y~) = ( X + - X ) ( Y + - Y ) I 0 (5.6a)

I ( X +, Y~ ) = (X - X - ) ( Y + - Y ) I 0 (5.6b)

I ( X ~ , Y +) =  (X + - X ) ( Y - Y - ) I o (5.6c)

I ( X + , Y + ) =  ( X - X ~ ) { Y - Y - ) I o (5.6d)

where X  and Y  are the coordinates of the intensity centroid and the superscripts +  and - 

denote the bounding integer values, representing the surrounding pixels.

The above-described image-correction algorithms were implemented in the LaVision 

DaVis software through user-defined macros. Predefined macros for image shifting and 

rotation were used, which perform the intensity-smearing algorithm defined in Equation 5.6.

5.2.2 Image Analysis

Particle-image analysis was performed using the LaVision DaVis software provided with 

the data acquisition systems. For the present experiments, a double-frame cross-correlation 

technique has been used to evaluate the pixel displacement fields for each image pair. 

Table 5.1 identifies im portant parameters for the analysis of each of the two experimental 

studies.

For the SD7003 experiments of Chapter 6 , Version 6 of the DaVis software was used. 

A pprox im ate ly  500 im age pairs were collected in  th e  FR  region of th e  airfoil w here th e  

boundary layer remained laminar, and approximately 1000  image pairs were collected for 

the other measurement regions. The time between laser pulses was selected such tha t 

the freestream particle displacements for each image pair were approximately 8-10  pixels. 

To ensure adequate spatial resolution while maintaining minimal cross-correlation errors,
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Table 5.1: Image analysis details for PIV measurements

Parameter SD7003 Study Unconventional-Airfoil Study

freestream particle displacements 8 -1 0  pixels 15-20 pixels

final interrogation window size 16 x 16 pixels 32 x 32 pixels

final window overlap 75% 75%

final vector spacing 4 pixels (0.116% C) 8 pixels (0 .2 2 2 % C)

intermediate multigrid techniques

smoothing 

filtering 

window deformation

smoothing 

filtering 

image reconstruction

an iterative multigrid processing technique has been used, similar to  tha t described by 

Scarano and Riethmuller (2000). For each image pair, three cross-correlation passes were 

first performed using 32x32 pixel interrogation windows with 75% overlap, followed by ten 

passes using 16x16 pixel windows with 75% overlap. Window deformation, intermediate 

smoothing, and intermediate filtering has been used to reduce errors in the particle- 

displacement vector fields. The final grid spacing is 4 pixels (0.116% of chord length), 

which results in at least ten  velocity vectors across the transition region of the shear layer, 

in the wall-normal direction, for the three cases examined.

The suction surface of the SD7003 airfoil is curved, over which a stepped vector grid 

is produced by the PIV image analysis. This can be undesirable, particularly for the thin 

boundary layers tha t develop near the leading edge of the airfoil. To reduce errors associated 

with this stepping effect, sub-regions of the image pairs were extracted and rotated prior 

to processing such tha t the surface appears horizontal in the analyzed images. Figure 5.1 

shows an example of the sub-regions used for the SD7003 experiments in the case for which
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AFT Region TE RegionFR Region

Figure 5.1: Sample sub-regions ex tracted  for image analysis of SD7003-airfoil experi

m ents (dashed lines indicate sub-regions used for i?e=40,000, a = 8 ° conditions)

,Re=40.000 and q = 8°. For the unconventional-airfoil experiments, the images were aligned 

correctly to  airfoil-coordinates during the image correction phase of the analysis, described 

in Section 5.2.1, and the airfoil was designed such tha t sub-region extraction is unnecessary 

since the curved ramp is located in the region of stagnant flow beneath the separated 

shear layer. The unconventional airfoil was also designed such tha t the boundary layer 

near separation is sufficiently thick at the desired Reynolds numbers tha t the stepping 

effect would not cause undesired uncertainty in the resulting vector fields and integrated 

boundary-layer parameters.

For the experiments with the unconventional airfoil presented in Chapters 8  and 9, ap

proximately 300 PIV image pairs were collected for the highest Reynolds number (101,000) 

and approximately 500 image pairs were collected for the remaining three Reynolds numbers 

(28,000, 39,000, and 51,000). Initial checks were performed to  ensure tha t the number of 

samples collected were sufficient for reliable statistical averaging. Version 7 of the DaVis 

software was used to  evaluate the recorded image data. The time between laser pulses 

for these experiments was selected such tha t the freestream particle displacements for each 

image pair are approximately 15-20 pixels. This increased displacement, over tha t of the 

SD7003 experiments, was selected to  ensure th a t the low-velocity flow in the reverse-flow 

region of the separation bubble was adequately captured as difficulties arose in capturing this
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region for the previous SD7003 experiments. An iterative multigrid processing technique was 

also used for the new-airfoil experiments. For these experiments, approximately 50 image 

pairs were evaluated prior to detailed processing and the average of the resulting vector fields 

were then used as an initial condition for the detailed processing. Using the initial averaged 

vector field as a start, four cross-correlation passes were performed using 32x32 pixel 

interrogation windows with 75% overlap. A new feature in Version 7 of the DaVis software 

is an image reconstruction technique tha t replaces the window deformation technique used 

in Version 6 , both of which are used to  reduce errors associated with shear across an 

interrogation window. The image reconstruction technique uses the pixel displacement 

field from the previous evaluation pass to deform the second image of an image-pair such 

tha t its new particle image field closely matches tha t of the first image. This process 

reduces correlation-peak identification errors associated with large particle displacements 

and strong shear, and allows for quicker convergence of the correlation algorithm. The 

final vector spacing for the unconventional-airfoil experiments is 8 pixels (0 .2 2 2 % of chord 

length), which results in at least 5 velocity vectors across the shear layer at the location of 

transition onset for the highest Reynolds number tested, and at least 15 velocity vectors for 

the remaining three Reynolds numbers.

5.2.3 Displacement-Vector-Field Data Reduction

The result of the particle-image analysis discussed in the previous section is a particle 

displacement field representing the motion of the fluid during the time interval between 

laser pulses. Particle displacements ( Ax ( x , y ) , Ay ( x , y ) )  are converted to velocities using 

the geometric scaling factor ( S F  =  #pixels/unit length) and the time delay between laser

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



Chapter 5 88

pulses (A t), as follows:

» (* ,„ ) =  (, 7a)

P-Tb)

The geometric scaling factor, SF,  has been evaluated based on the location of the LED 

markers in the image pairs. As the true locations of these markers are known a priori, both 

the image scaling and the true location of the airfoil in the images are readily assessed. For 

the purposes of the present study, the velocity magnitudes were reduced and normalized 

based on the airfoil towing speed, Uoo- The actual form of Equation 5.7 used in the data 

reduction procedures, is as follows:

u A x
(5.8a)

Uoo SF C ■ C ■ A t  ■ U, 

v A y
Uoo S F c - C - A t -  Uo

(5.8b)

where C  is the airfoil chord length and S F c  is the geometric scaling factor based on this 

chord length (S F c  — #pixels jC).

Conversion of the displacement-vector locations from image coordinates (pixels) to  airfoil 

coordinates (x / C ,y / C ) was accomplished using a similar transformation to  tha t used for 

the image corrections described in Section 5.2.1. However, the geometric scaling factor SF c  

is included to re-scale the vector locations:

+  (*  -cosW  -  { Y ~ £ e,) ■ sin(fl) (5.9a)

+  2 ^ ) . c o s W + ( ^ ) . s i n W (5, b)

where 9 is the angle through which the rotation is to be performed, and r e f  refers to

X X

C C r e f

y y
c c r e f
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a reference location tha t is known in both coordinate systems, typically an LED marker 

location.

If a rotation of the vector field is required, as it is for the SD7003 experiments, the 

velocity vector components are transformed into the new coordinate system orientation 

using the following:

5.2.4 Ensemble-Averaged Parameters

W ith the particle-displacement vectors converted to  normalized velocity components, 

averaging was then performed on the reduced vector fields. Aliasing can be a problem when

measurement runs required to  collect sufficient data for averaging purposes, the potential

resulting data. For the purpose of examining the flow-field and turbulence characteristics in 

the shear layers over the airfoils, ensemble averaging was performed to  calculate the mean

u

U o o  ro ta te d
jr~ • cos(0) -  JJ- ■ s in (0)
t>oo k 'o o

(5.10a)

v

U o o  ro ta te d

V //IN U , ns—  • cos(6>) +  —  ■ sin(0 )
U oo U oo

(5.10b)

the sampling rate is much lower than the time scales of the flow. However due to  the multiple

effects of aliasing are greatly reduced and have not caused any significant uncertainty in the

velocities and the velocity correlations associated with the turbulence Reynolds stresses. 

These parameters are defined as follows:

< u > (5.11)

< v > (5.12)

N

< u > (5.13)
i=i
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1 N
< u'v!  > = — ^ 2 ( u i - < u > ) 2 (5.14)

i=l 

N

N
1 N

< v'v' > = — ^ 2  (Vi-  < v > ) 2 (5.15)
i =1 

1 N
< u'v' > =  — ^ 2 ( u i — < u >)(vi— < v > )  (5.16)

1 = 1

where N  is the number of vector fields used in the averaging process. The RMS velocity 

was also calculated, according to:

U r m s  — \ i  Y ,  ( V i -  < U > ) 2 (5.17)
i= 1

For the SD7003 experiments presented in Chapter 6 , the streamwise and wall-normal 

fluctuations are presented in RMS form:

'U'TTYIS == ^ ^  ll'U' ^  (5.18)

Vrms = V < V'V1 > (5.19)

The above-identified definitions for the ensemble-averaged parameters require two passes 

of the data  to complete the averaging process: one pass to calculate the mean values (<u> , 

<v>, and <U>) and a second pass to calculate the RMS (Urms) and fluctuation correlations 

(< u V > , < v V > , and <u'v'>). As each vector field contains a large amount of information, 

it is computationally inefficient to read all of the data for a particular case into memory 

prior to processing. It is also inefficient to  individually read each vector-field data file into 

memory twice for the procedure. Another form of Equations 5.14 through 5.17 can be 

formulated such th a t the data for each file can be read into a single array and replaced for 

each subsequent data file, thus requiring only one pass of the data. These forms, the proof
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of which are not given, have been used in the data reduction procedures and are as follows:

<  u'u' >  -
1 N

- ^ u f - < u > 2  (5.20)
N  ■ i 1=1

< v'v' >  = ± Y , v ? - < v > 2 (5.21)
i= 1 

1 N
< u'v' >  =  j f ' Y 2 UiVi ~  < u  X  v >  (5.22)

i=1

Ur- \ 1=1

A parameter tha t is useful in examining turbulent shear layers is the rate of production

of turbulence kinetic energy, which takes its form from a specific term  in the turbulence

kinetic energy equation derived from the Navier-Stokes equations (White, 1991). For a two- 

dimensional shear layer developing in an x — y  plane, the production of turbulence kinetic 

energy can be described as the energy transfer facilitated by the <v!v’> Reynolds shear 

stress component through the strain rate, Sxy- This strain rate is defined as:

1 /  dv d u \
Sxy ~  2 ( f a  +  d ^ J  ( 5 ' 2 4 )

where the partial derivatives have been calculated using a second-order central-difference 

formulation:

^  (X, y) =  ^  +  (6  26a)

g ( x ,  y) = M(* 'a +  A ^ “ (X ,i,~ Ai/) (5.25b)

In Equation 5.25, A x  and A y  are vector spacings in the x  and y directions, respectively, 

and are equal for the PIV measurements. At the edges of the vector fields and at
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the airfoil surface, where the central difference formulation cannot be applied, first-order 

backward/forward differences are used. The production of turbulence kinetic energy is then 

defined as:

Ptke = <C U V > SXy (5.26)

which can be normalized using the airfoil towing speed and chord length as the characteristic 

velocity and length scales:

<5 -2 7 )u oo

Vorticity is another parameter of interest for shear flows and can readily be calculated 

from the spatially-resolved PIV data. As only velocities in the x-y plane are captured in the 

measurements, only the out-of-plane vorticity component can be calculated. The spanwise 

vorticity is thus defined as:
^  dv du

=  *  -  s»  <5-28>

where the partial derivatives are the same as those provided in Equation 5.25. As the 

velocity parameters reduced from the particle-displacement fields are normalized based on 

a characteristic velocity, the vorticity is similarly normalized. The airfoil speed and chord 

length have also been used here as the characteristic velocity and length scales for this 

normalization:

Cnz = (5.29)
k'oo

5.2.5 Additional Parameters of Interest

Apart from the ensemble-averaged parameters defined in the previous sections, several 

other parameters are of interest in the study of shear layers.
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The shear layer characteristics and growth can be evaluated by integral parameters 

tha t define the mass and momentum deficits in the layer as a result of viscous drag. The

layer. Similarly, the momentum thickness represents the momentum deficit in the shear 

layer and is defined as:

These thicknesses have been calculated from the velocity vector measurements using 

trapezoidal integration. The ratio of displacement thickness to  momentum thickness is 

also a useful parameter and provides a quantitative measure of the shear-layer shape, from 

which information regarding the susceptibility of the layer to separation and whether the 

layer is laminar or turbulent can be inferred, provided information regarding the streamwise 

pressure gradient is known. This shape factor is defined as:

One major benefit of using PIV to  study separation bubbles is the ability to resolve the 

reverse flow below the separated shear layer. In Chapter 6 , the effects of calculating the 

above-defined shear-layer parameters with and without accounting for the reverse flow are 

assessed. T h is  has been  done since m any  of th e  stud ies of sep ara tio n  bubb les in  th e  open 

literature have examined the flow using hot-wires tha t cannot properly resolve the reverse- 

flow due to  rectification errors.

displacement thickness defines the mass deficit in the shear layer, which for a wall-bounded 

flow is defined as:

(5.30)

where 6 is the thickness of the shear layer and Ue is the velocity at the edge of the shear

(5.31)

(5.32)
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The instability frequencies observed in separated-shear layers are often expressed as a 

non-dimensional Strouhal number based on conditions at separation, defined as:

S r 9s = (5.33)
Ues

Frequency analysis of the PIV measurements is not possible, as a result of the low sampling

rates. However knowledge regarding the nature of such instabilities can provide an estimate

based on measured properties of the flow. The instability frequency observed in a shear layer 

arises from the convection of vortical structures tha t roll-up as a result of the instability. 

Knowing the spatial wavelength in the streamwise direction, Ax, and the convection speed 

of the vortical structures, Uc, the frequency can be estimated by:

/ = ■ £  (5.34)

from which the Strouhal number in Equation 5.33 can be defined as:

S r°‘ = £ w ,  <s -35>

As the instability frequency arising in the shear layer is a result of the convecting 

vortical instability, its convection rate can be estimated as the velocity in the shear-layer 

corresponding to the maximum observed value of vorticity. This represents the location from 

the surface through which the cores of the vortical structures pass, and for thin inflectional 

velocity-profiles also corresponds to the location of maximum shear.

For the two experimental PIV studies performed during the course of this research, the 

instability wavelengths have been identified by different means. For the SD7003 experiments 

presented in Chapter 6 , the streamwise wavelengths have been inferred by identifying the 

core-to-core distance between the large-scale vortical structures developing in the transition
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region of the separated shear layers. The wavelengths identified in Chapter 6 are based 

on an average of the measured wavelengths after examining many instantaneous vorticity 

fields (N  >  50).

For the unconventional-airfoil experiments presented in Chapters 8  and 9, the streamwise 

wavelengths associated with the instabilities have been calculated by means of a spatial 

correlation of the wall-normal velocity fluctuations. This was done in order to automate 

the process as 24 test cases were examined for this study compared to  the 3 cases for the 

SD7003 experiments of Chapter 6 . Correlation using the wall-normal velocity fluctuations, 

v', was found to provide stronger and more distinct correlation peaks than those using the 

streamwise fluctuations, u '. The correlation coefficient ccv> is defined as:

/ a \ 1 V '' vi(x ) v'Ax + A x)  . .ccvi(x, x  +  Ax) =  — > , —7=  (5.36)
N  “  y f< v'v'{x) > y/ <  v'v'(x  +  A x)  >

where N  is the number of vector fields used in the ensemble average. Normalization of the 

instantaneous fluctuation values by the local ensemble-averaged RMS values is required since 

the fluctuation levels change with streamwise distance and this ensures tha t the correlation 

value remains below 1. From the correlation functions calculated using Equation 5.36, 

distinct peaks provide estimates of the dominant wavelengths prevailing in the separated 

shear layers. More details regarding the correlation functions and identification of the 

dominant wavelengths are provided in Chapter 8 .
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5.2.6 Uncertainty Estimates

There are multiple sources of uncertainty in the PIV measurements. This section 

describes these sources and the resulting uncertainty estimates for the reduced data. 

Uncertainties in the particle displacement vectors are due to two primary errors: camera- 

model tracking errors, and image-processing uncertainty.

The first source of uncertainty is a result of small errors in the image-correction algorithm 

described in Section 5.2.1. Although the algorithm significantly reduced the effect of camera- 

model tracking errors by co-locating the marker centroids of an image pair, non-uniformity 

in the marker intensity-distributions can cause an error in the calculated centroid locations. 

The net result is a maximum uncertainty in the image location, relative to the reference 

image, of ±0.5 pixel.

The second source of uncertainty in the particle-displacement vector fields is due to  the 

image-processing algorithm. The uncertainty in the cross-correlation algorithm is estimated 

to  be approximately ± 0 .1  pixel in the freestream flow, which is consistent with current 

state-of-the-art FFT-based PIV algorithms (Westerweel, 2000). This has been assessed 

by examining the variation in particle-displacement magnitudes along a line for which the 

mean velocity should not change (as a result of the zero intensity of freestream turbulence 

in the tow-tank). Small vector-to-vector variations in the displacement magnitudes along 

these lines are on the order of 0.1 pixel. In regions of high shear with negligible out-of- 

plane particle loss, the uncertainty is estimated to  be below 0.5 pixel based on exam ining  

im age pairs for w hich th e  im age reconstruc tion  technique n o ted  in  Section 5.2.2 has 

been applied using the converged particle displacement field. The use of iterative multi

pass, intermediate filtering, and intermediate smoothing techniques for image analysis 

provides reduced uncertainty in regions of poorly correlated displacements due to  out-of- 

plane particle motion. The resultant particle displacement vectors in these regions have
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magnitudes and directions similar to the surrounding well-correlated displacements. These 

techniques used for reducing errors in the particle displacement fields are discussed in 

Appendix A and greater detail can be found in the documents by Scarano and Riethmuller 

(2000), Raffel et al. (1998), and Meunier and Leweke (2003). Outlier vectors arising from 

incorrect correlation-peak-identification account for less tha t 5% of the to tal vector count 

in a given vector field. Using spatial filtering techniques within the DaVis software, the 

majority of outlier vectors were removed and replaced with locally-interpolated vectors. 

The final count of obvious outlier-vectors is less than 1% of the total number in each vector 

field.

In the SD7003 experiments of Chapter 6 , near-wall bias errors are also present as a result 

of strong reflections of the laser-light at the model surface. Masking of this near-wall region 

was required during image-processing which, combined with low seeding density near the 

surface for these measurements, provided a bias in the displacement-vector errors towards 

those of the higher displacements present further from the wall. These reflections were not 

as pronounced in the new-airfoil experiments (Chapters 8 and 9) as the unconventional 

airfoil was manufactured from a less reflective material (fibreglass as opposed to stainless 

steel). The two-step processing technique used for these newer measurements also aided 

in reducing these near-wall bias errors. The initial-analysis pass, with approximately 50 

image pairs, did not make use of a mask, and the self-correlated reflections provided near

zero velocities at the surface. The final-analysis pass, which did make use of a mask, was 

initiated using an average of the initial-pass results and therefore the analysis was started 

from a vector field with small displacements already present near the surface. The multigrid 

method used for the final-analysis-pass also made use of more strictly-defined allowances 

for the pass-to-pass change in particle displacement vectors, ensuring tha t the near-wall 

displacement vectors were representative of the true correlation-peak locations.

Table 5.2 provides estimates of the maximum expected uncertainties in the reduced
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Table 5.2: M axim um estim ated uncertainties for reduced experim ental P IV  d a ta

Parameter
SD7003 Unconventional Airfoil (Chapters 8 and 9)

(Chapter 6 ) Re  =  28,000, 39,000, 51,000 Re  =  101,000

Re ± 1 ,0 0 0 ± 2 ,0 0 0 ± 2 ,0 0 0

U, V, U |s/jea)— layer l^oo ±0.05 ±0.05 ±0.05

u, v , U\near_wa[[ /Uoo ±0.10/ -  0.05 ±0.05 ±0.10/ -0 .0 5

Uf  ree s tr  earn /  Uqc ±0.03 ±0.03 ±0.03

Urms/Uoo ± 0 .1 0 ±0.05 ± 0 .1 0

< u'u' >, <  v'v' > /Uoo ±0.005 ±0.005 ± 0 .0 1 0

< u'v' > /Uoo ±0.005 ±0.005 ±0.005

X s / C ±0.005 ±0.005 ±0.005

X t s / C ± 0 .0 1 0 ± 0 .0 1 0 ± 0 .0 1 0

x r/C ± 0.01 ±0.004 ±0.007

6*, e ±15% ± 10% ±15%

H ±0.5 ±0.3 ±0.5

S r6s ±0.005 ±0.003 ±0.005

experimental data, for both sets of experiments performed. For the unconventional-airfoil 

measurements, the uncertainties at the highest Reynolds number examined are greater than 

those at the lower Reynolds numbers as a result of the thinner shear layers and smaller 

number of vector fields used for averaging, and are therefore given as a separate set. The 

majority of the uncertainty in the velocity parameters, and the correlations thereof, results 

from errors in the camera-model-tracking correction. As these errors are uncorrelated, the 

uncertainty in <u'v'>  is not as significant as those for the other self-correlated parameters. 

Also, the near-wall bias errors are biased towards those of the higher velocities away from 

the wall, as reflected in asymmetric uncertainties for this parameter.
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5.3 D ata Reduction of Simulation Results

The direct numerical simulations performed during the course of this research provide 

temporal and spatial solutions of the flow-held developing over a flat plate in the presence 

of a non-uniform streamwise pressure distribution. The temporal and spatial resolutions 

of the simulations have been selected such tha t the length- and time-scales of the flow in 

the separation bubbles are adequately captured, permitting the use of time-averaging for 

all primary flow variables and fluctuation correlations thereof. Section 5.3.1 describes the 

time-averaging techniques used for data processing; Section 5.3.2 describes the vorticity- 

calculation algorithms implemented in the data  reduction procedures; Section 5.3.3 de

scribes the intermittency-calculation algorithm; Section 5.3.4 describes the spectral-analysis 

used; Section 5.3.5 describes the turbulence-length-scale calculations; and Section 5.3.6 

identifies other parameters of interest.

5.3.1 Time Averaging Techniques

The primary flow variables calculated by the ANSYS-CFX solver are the three com

ponents of velocity (u , v, w) and the static pressure (p). Table 5.3 provides a list of the 

averaged-variables calculated from the simulation results, of which not all were used for 

interpretation of the flow physics.

Table 5.3: Time- and spanwise-averaged variables calculated from sim ulation results

Variable Type Variables

mean U, U, U , p, po, fla,, fly, flz,

fluctuation correlations u'u', v 'v \  w'w1, u'v', v'v', w'w'

root-mean-square Urmsi Prmsi  Pdrm s i  rmsi ^y rmsi ^ z r m s i  Qrms
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For any variable <fi, the time-mean value is defined as:

t= t0+ T

<t>(x, V,z ) =  f  /  <j>(x,y,z,t)dt (5.37)
t=io

where the integration is performed over the time period T. For the present simulations, 

where the mean flow properties are two dimensional in the x — y plane, spanwise integration 

has also been performed, according to:

z= zq-\-Z t=tQ-^T

4>{x,y) = TZ I  I  <f>(x,y, z ,t)  dt ■ dz (5.38)
2 = 2 0  t=to

where Z  is the spanwise extent over which the integration is performed. If discretized 

based on a finite time interval A t and finite spanwise interval A z, Equation 5.38 can be 

numerically integrated according to the following formulation:

________ 1 Nz Nt

v )  =  (jVg +  i)(jvf +  i)  ^ 2/5 20 +  k A z ’ t o  +  i A V  (5-39)

where N z represents the number of discrete intervals over the spanwise extent Z, and N t

represents the number of time intervals over the time period T.

Correlations of the fluctuating components of velocity are also defined using a time-

averaging approach. For two variables, 0 and 0 , the correlation of their fluctuations is

defined as:
z—zq-\-Z t=to~\-T

0 '0 'O^y) = J  j  <\> • 0 ' dt ■ dz (5.40)
2 = 2 0  t=tQ

where the instantaneous fluctuations 0 ' and 0 ' are defined as:

0 ' =  4>{x,y, z , t )  — 4>{x,y)

0 ' =  ip (x ,y ,z , t)  -  ip(x,y)
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The discrete form of Equation 5.40 is given as:

( N z +  l ) ( N t  +  l )

N z Nt

E E * ' - * '
k=0 i —0

where the instantaneous fluctuations <p>' and ip' are defined in discrete form as:

(5.41)

cp' = <f>(x, y, zq +  kA z ,  to +  iA t)  — <p(x, y)

ip' = ip(x, y, z0 + kA z ,  t0 + iA t)  -  ip(x, y)

The root-mean-square variables are calculated in a similar manner:

(Prms — \

N z Nt ________
E  E  ^ (2 ; zo + kA z ,  t o  +  iA t)  -  (p[x, y)
fc=Qi=Q _________________________________

( N z +  l ) ( N t +  l )
(5.42)

To prevent the requirement of a two-pass data reduction algorithm for calculation of 

the fluctuation-based variables, a similar single-pass technique to tha t described in Section 

5.2.3 has been used. The time-averaged form of the mean, fluctuation-correlation, and RMS 

equations for this single-pass technique are defined as:

<p> =

(pr

mKsrnS*)

\
1 Nt (  1 Nz

( N t +  1 ) ( N Z +  1) <p2

(5.43)

(5.44)

(5.45)

A vast amount of data must be reduced in order to calculate the time- and spanwise- 

averaged mean, RMS, and fluctuation correlation parameters for the simulations. For
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the low-freestream-turbulence simulation, averaging was performed from data  extracted 

at five evenly-spaced, adjacent x-y  planes in the computational domain. As a result of 

the large spanwise spacing of these planes, the vorticity parameters Qx, Uy, Q and their 

respective RMS values could not be calculated. The data  for this simulation was processed 

as if the spanwise-separated planes were additional time periods and therefore only the 

time-averaged formulations were used. The elevated-freestream turbulence case, however, 

required data from the entire computational domain to be averaged and analyzed to  capture 

the significant three-dimensional effects occurring in the transition region of the separation 

bubbles. Therefore all parameters listed in Table 5.3 were calculated for this simulation. As 

the extracted data  files for each time-step were on the order of 100 MB each, and significant 

computing time was required to unzip the files prior to processing, a two-step approach 

was taken in order to  reduce the data. The first step was to perform a spanwise-average 

of the data at each time-step, the results of which were written to a file associated with 

tha t particular time-step. The parameters written to these spanwise-averaged files are those 

enclosed in parentheses in Equations 5.43 to 5.45. After the individual spanwise-averages 

had been performed for every time-step in the simulation, a time-average of the spanwise- 

averaged data  files was then performed, according to Equations 5.43 through 5.45. This 

two-step procedure perm itted the data reduction process to occur incrementally, as opposed 

to all-at-once.

5.3.2 Vorticity Calculation

Unlike the PIV measurements, for which the velocity-vector results are defined on a grid 

with equal x  and y  spacings, the computational elements in the simulations are skewed as 

a result of the domain-height contraction in the streamwise direction. This required a more 

detailed algorithm than tha t presented in Section 5.2.3 for calculating the three components
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of vorticity at the domain nodes. The required vorticity components are defined as:

^  dw dv ,
x = (5'46)

O 9U 9W (r
y ~  dz dx  (5>47)

^  dv du
-  9i~Ty ^

It =  ^ / f i i  -  ?!?, +  SI? (5.49)

where the partial derivatives must be evaluated numerically.

A sample sub-set of the computational grid is shown in Figure 5.2. For the domain 

regions from which data was extracted for processing, constant node spacings in the z- 

direction are found throughout, and all z-y planes are perpendicular to the ^-coordinate 

direction. However, spacings in the x- and y-directions are not constant and the contraction 

of the domain height in the ^-direction provides skewed computational elements. Therefore, 

basic finite-difference formulations for the spatial derivatives based on available velocity 

components at the node locations, such as those provided in Section 5.2.3, cannot be used. 

The following provides details of the finite difference formulations used for the spatial- 

derivatives found in Equations 5.46, 5.47, and 5.48.

The derivatives with respect to the spanwise coordinate, z, are evaluated using a 

standard central-differenee formulation, as the 2-spacings are equal and the z-y  faces of 

the elements are not skewed. The following estimates for the local derivatives are therefore 

second-order accurate:

du
! h

dv
~dz

=  Ui’j ’k+1 _  ^ (5. 50)
i,j,k zi,j,k+ 1 zi,j,k- 1

_  vi,j,k+ 1 ~  vi,j,k- 1 ^
i,j,k zi,j,k+ 1 — zi,j,k- 1
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Figure 5.2: Sub-set of com putational grid (<p represents any flow variable)

The derivatives with respect to the wall-normal coordinate, y, are evaluated using a 

weighted central-difference formulation to account for the unequal node distribution in this 

coordinate direction. The forward- and backward-difference formulations for a particular 

node are weighted according to the distance to the adjacent nodes, with the difference- 

formulation based on the closer node having a greater influence. As this method provides 

a w eighted-average of th e  first-o rder difference form ulations, it is therefo re  second-order
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accurate:

where

du
dy

dw
dy

i,j ,k

i,j,k

A„ =

B„ —

cv =

1 1

y i , j + l , k  y i , j —l,k yi , j ,k V i j  — l.k 

1 1

yi , j ,k y i , j —l,k Vi , j+ l ,k  Vi,j,k 

1 1

y i , j + l , k  Ui,j,k y i , j + l , k  Vi , j— l,k

(5.52)

(5.53)

Evaluating the partial derivatives with respect to the streamwise coordinate, x, is not as 

straight-forward as those for the y and z  direction due to the skewed mesh (see Figure 5.2). 

For the purpose of evaluating these derivatives, data from the adjacent z-y planes are 

interpolated on an x-z  grid tha t passes through the node of interest at location (i,j,k). These 

interpolated values are denoted in Figure 5.2 by (j), and are based on linear-interpolation 

between adjacent nodes:

a i —l ' l , j ,k T 1 ' 4*1— l j  — l,fc if Vi,j,k: < Vi—l,j ,k

Cj—1 ' $ i —l , j + l , k +  di --1 ' (fti—l j f i if Vi,j,k. > y i —l,j ,k

Q-i+1 • 4>i+l,j ,k + b i+ l if Vi,j,k: < Vi+l , j ,k

Ci+1 '1 $ i +  l,j+l,fc +  d i+1  • <j>i+l,j,k if Vi,j,k. > y i + l , j , k

(5.54)

(5.55)

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



Chapter 5 106

where

CLi—i  =  

bi—l = 

Ci—1 ~

d i - 1 =

a i + l  =

h+i — 

Ci+1 =

d i + i  =

y i —l,j ,k y i —l , j —l,k

y i - l , j , k — yi, j ,k

y i - l , j , k  — y i —l , j —l,k

ViJ,k ~ y i - l , j , k

y i —i ,j+i,fc y i —l,j ,k

Vi—1 , j+ l , k yi , j ,k

y i —l , j + l , k ~  y %—i ,j,k
yi , j ,k y i + l , j - l , k

y i+ l , j , k y i + l , j —l,k

y i+ l , j , k yi , j ,k

y i + l , j , k  ~ y i + l , j —l,k

ViJ,k ~ y i+ l , j , k

y i + l , j + l , k — y i+ l , j , k

y u —ij+ i ,k ~  yi , j ,k

y i + l , j + l , k  y i+ l , j , k

W ith the interpolated variables defined for the forward and backward x-directions, the 

partial derivatives with respect to x are evaluated based on a weighted central-difference, 

similar to  tha t for the y derivatives. Although the weighted central difference formulation 

is second-order accurate, the use of linearly-interpolated values in the positive and negative 

x-directions provides only first-order accuracy in these derivatives:

dv
dx

dw
dx

i,j,k

i,j,k

Ax ’ l , j ,k  "t" B x • A C x '

Ax ' Wi—lj,fc A B x  • W i j tk A Cx ■

(5.56)

(5.57)
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where

-n-x —

B . =

c x =   l— ------------------i --------
•Ei+l,j,k %i+l,j,k £i—l,j,k

Both f ly and Qz contain derivatives for the x-direction, and therefore only the Clx vorticity 

component can formally be considered second-order accurate. Despite this, the calculated 

vorticity fields provide sufficiently accurate results, both qualitatively and quantitatively, 

in regards to  the spatial distribution of vorticity such tha t the dominant vortical structures 

associated with the transition process are adequately resolved.

The production of turbulence kinetic energy is also calculated from the simulation results 

and, as defined in Equation 5.26, requires the above-defined partial derivatives in the x  and 

y  coordinate directions for calculation of the strain rate. The strain rate is calculated based 

on the averaged flow-field after the time-averaging procedure has been completed.

5.3.3 Interm ittency Calculation

An im portant parameter for studying transitional flows is the intermittency, 7 , defined 

as the fraction of time the shear-layer flow is turbulent at a particular spatial location. 

In laminar flow, 7  =  0, and in fully-turbulent flow, 7  =  1 . For the present study, the 

streamwise distribution of intermittency through the shear layer has been calculated from 

data  extracted at a constant wall-normal distance. Roberts (2005) discusses tha t for the 

experimental cases upon which the simulations are based, the streamwise intermittency 

distribution is insensitive to the location from the wall at which the measurements were 

performed, as long as the measurements are made within the shear layer.
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The calculation of intermittency is based on a temporal analysis of the velocity time- 

traces extracted from the DNS results. The method is based on an algorithm presented 

by Volino et al. (2001), which differentiates between turbulent and non-turbulent flow 

using the magnitudes of the first and second derivatives of the velocity time-traces (dU/dt 

and d2U /dt2). A central-difference method is used to calculate these derivatives and the 

algorithm uses defined thresholds of the derivatives to  identify whether the flow is turbulent 

or not. The use of the second derivative is required to ensure turbulence identification at 

local minima and maxima of the time-traces, since the first derivative is zero at these 

instances. A flow-state parameter, (3, is used to identify whether the flow is turbulent at a 

particular instant in time by setting its value to 1 if either of the derivatives has exceeded 

a specified threshold. Otherwise, if the flow is deemed non-turbulent, (3 is assigned a value 

of 0. Time-averaging of the resulting /3-distribution provides the intermittency, 7 .

In the present simulations, strong fluctuations have been identified in the laminar 

shear-layer as a result of instability growth or buffeting of freestream turbulence. To 

prevent the intermittency-algorithm from identifying these fluctuations as turbulent, high- 

pass filtering of the velocity time-traces is first performed, as the frequencies associated 

with these fluctuations are lower than  those associated with turbulence in the shear 

layer. Volino et al.’s algorithm provides an automated method for selecting the cut-off 

frequency, however the method was developed based on measurements in attached-flow 

boundary-layer transition. Although the transition mechanisms in a separation bubble 

share characteristics with those in attached-flow transition, as will be discussed in Chapter 7, 

there are differences in the time-scales of such phenomena and therefore the cut-off frequency 

identified by Volino et aV s algorithm has been deemed unreliable for the present results. 

Visual examination of the time-traces and associated spectral distributions have proved to 

be more reliable for identifying appropriate cut-off frequencies for the intermittency analysis.

The intermittency-calculation algorithm requires a single threshold input value, tha t
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for the first derivative, and Volino et al. have proposed tha t this threshold scale with the

local freestream velocity. This proposed threshold scale, as with the high-pass frequency 

cut-off scale, was based on measurements in attached-flow boundary-layer transition and 

the threshold values used have been modified slightly for the present simulation results. 

This adjustment of the threshold value was based on a visual comparison of the velocity 

time-traces with the calculated /3-distributions. The threshold for the second-derivative is 

set automatically by the algorithm such tha t the time-averages of the /3-distributions for the 

first- and second-derivatives are equal. The combined ^-distribution, where /3 is set to  1 if 

either of the two /3-distributions has a value of 1 , is then low-pass filtered to eliminate drop

outs in the signal, and subsequently time-averaged to provide the intermittency value, 7 .

5.3.4 Spectral Analysis

Spectral analysis of the simulation results has proved useful for identifying frequencies 

associated with the dominant physical mechanisms leading to transition in a separated 

shear layer. A Fast Fourier Transform (FFT) algorithm has been used to  calculate the 

Power Spectral Density (PSD) distributions of velocity and pressure time-traces at various 

locations in the separated shear layers.

5.3.5 Turbulence Integral Length Scale

The integral length scale of turbulence is a measure of the average size of the dominant 

energy-contain ing  vortica l s tru c tu re s , or eddies, in  a  turbulent flow. The longitudinal 

integral length scale is often used as a representative measure of the spatial scales of the 

turbulence in a flow. This length scale is defined by Hinze (1975) as:

(5.58)
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where
/(A x )  =  „'(x)u'jx +  Ax) ( 5  M)

u'2

is the longitudinal correlation-coefficient function. This correlation coefficient requires 

simultaneous velocity data  from two streamwise-separated locations. Although these data 

are readily available from the simulations, the approach taken to calculate the integral 

length scale is tha t most often used with single-point hot-wire measurements. This 

has allowed direct comparison of the calculated length scales from the simulations with 

those from the experiments upon which they were based. In a homogeneous turbulent 

flow, the longitudinal correlation-coefficient function (Equation 5.59) is equivalent to the 

autocorrelation coefficient function (Hinze, 1975), defined as:

R{At)  =  -  w  J ,  £ (5.60)
u'

and requires only data from a single spatial location. Although grid-generated turbulence is 

not homogeneous, as there is a streamwise change in the intensity and length scales of the 

turbulence, the autocorrelation-coefficient function (Equation 5.60) is commonly used as a 

means for measuring the integral length scale of such flows (Roach, 1987; Roberts, 2005). 

Taylor’s frozen-turbulence approximation, which assumes tha t the energy-containing eddies 

change very little in the time tha t it takes to be convected the distance Ay, allows an 

estimate of the integral length scale by means of the autocorrelation function (Pope, 2000). 

By assuming th a t the flow-field is a frozen structure moving at the local mean velocity, 

Taylor’s frozen-turbulence approximation states tha t R (A t)  ~  /(A x ), where Ax =  —UAt.  

The longitudinal integral length scale is then given by:

roc
A f  = U R (A t)d A t  (5.61)

Jo
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which has been used to calculate the integral length scales of freestream turbulence for 

both the simulations and the experimental measurements upon which the simulations were 

based.

5.3.6 Additional Parameters of Interest

As with the PIV measurement results, several parameters other than those described in 

the previous sections are of interest in the study of shear layers.

The shear-layer growth characteristics are examined based on the displacement thickness 

(6*, Equation 5.30), the momentum thickness (0, Equation 5.31), and the shape factor (H, 

Equation 5.32).

Dominant frequencies arising in the separated shear layer are expressed as a Strouhal 

number (Srgs, Equation 5.33). Unlike the PIV measurements, where the frequency is 

inferred based on an estimated wavelength and convection speed, the temporal resolution 

of the simulation results allows a direct assessment of these frequencies by spectral analysis.
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Separation-Bubble-Transition  

M easurem ents on a 

Low-Reynolds-Num ber Airfoil

6.1 Chapter Overview

This chapter presents results from an experimental study of the SD7003 airfoil performed 

in the low-Reynolds-number tow-tank facility at the National Research Council of Canada. 

The primary intent of this study was to  assess the effectiveness of using particle-image 

velocimetry (PIV) to examine the transition process in a separation bubble. The promising 

resu lts  in  th is  regard  have p rovided  insight in to  th e  n a tu re  of th e  coheren t s tru c tu re s  

tha t develop in the transition region of a separation bubble. Additionally, the study 

was conducted to  further validate the transition onset model of Roberts (Equation 2.1 

on page 33) at Reynolds numbers lower than those for which the model was developed, and 

for the effects of surface curvature. Section 6.2 describes the operating conditions under

112
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which the experiments were performed, and Section 6.3 presents the results and discussion of 

the PIV measurements made in the transition regions of the respective separation bubbles. 

Validation of the transition onset model of Roberts, as well as a comparison with other 

models from the open literature, is provided in Section 6.4.

6.2 O perating Conditions

The suction-surface boundary layer of the SD7003 airfoil was examined at three 

operating conditions, which are listed in Table 6.1. The freestream turbulence intensity 

is zero by virtue of the stagnant tow-tank conditions, and the Reynolds number for each 

case was kept constant to within ±1,000. Measurements were made at quarter-span, which 

provided a location free of any significant influence from the wing-tip vortices and free from 

any potential influence of the support stem, which was attached to the pressure surface of 

the wing at mid-span.

The boundary-layer-edge velocity distributions for each of the examined cases are 

presented in Figure 6.1. The three operating conditions result in separation bubbles ranging 

from a “short” time-averaged bubble length of 20% C  with separation slightly (5%C) 

downstream of the suction peak (R40al0), to a “long” time-averaged bubble length

Table 6.1: O perating conditions for SD7003 experim ents

Case Name Reynolds Number Angle-of-Attack

(Re) («)

R40q8 40,000 8 °

R 40al0 40,000 10°

R65q4 65,000 4°
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Figure 6.1: Boundary-layer-edge velocity d istributions

of 35% C  with separation 25% C  downstream of the suction peak (R65a4). Only regions 

upstream of, through, and slightly downstream of the separation bubbles were examined, 

due to the lengthy measurement process, which explains the truncated velocity distributions 

of Figure 6.1.

6.3 Discussion of M easurements

For each of the operating conditions examined, the PIY measurements were reduced 

according to the procedures described in Chapter 5. The detailed measurements presented 

in the following discussions are primarily from case R40a8, and are representative of all 

three cases examined.

Figures 6.2(a)-(e) show the velocity measurements for case R40a8. The separation 

point is located at approximately x / C  =  0.09. Due to near-wall bias errors in the PIV

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



Chapter 6 115
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 line of zero  s tream w ise  velocity (approx im ated  in ran g e  0 .0 9  < x/C < 0.18)
  line of m axim um  sh e a r

Figure 6.2: Statistical velocity fields for case R40a8 (contour intervals for (b),(c),(d) are 

0.03 with min. level of 0.08; contour levels for (e) are 0.003 with min. level of 0.001)
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Figure 6.3: In terp re ta tion  of separation point from PIV  image recording

measurements (biased towards higher velocities away from the surface) and due to the 

thin boundary layer at separation, the separation point cannot be evaluated from the 

averaged velocity vector fields. An alternative is to examine the raw PIV image recordings, 

which also provide information on possible time dependency of the separation location. 

Figure 6.3 shows one such image recording, where the dividing streamline between the 

stagnant/recirculating fluid within the bubble and the outer fluid is made visible by the 

lower seeding density inside the bubble. It is postulated tha t this is caused by an inertial lag 

of the seeding particles during the initial high-acceleration portion of the measurement run. 

Regardless of what causes the relatively low seeding density below the dividing streamline, 

extrapolating this line upstream to where it intersects the model surface provides an estimate 

of the separation point, to  within ±0.5% of the airfoil chord length. The separation point 

established through this procedure was found to be steady.

The time-averaged velocity field yields a reattachment point at x / C  = 0.417 with 

an uncertainty of ±1% of chord length. Although a single reverse-flow zone and a 

single reattachm ent point is observed in the time-averaged velocity field (see Figure 6.4), 

the temporal variation of the velocity field is substantial, as is evident from a  sample 

instantaneous velocity field displayed in Figure 6.5. Large-scale clockwise-rotating spanwise
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0.30 0.35 x/q 0.40

Figure 6.4: Time-averaged reattachm ent point for case R40o:8 (r-reattachm ent point)

0.30 0.35 x/q 0.40

Figure 6.5: Instantaneous velocity field in the  reattachm ent region (r - reattachm ent, 

s - separation)

vortices tha t are generated in  the transition region of the separated shear layer induce 

reverse flow near the wall as they are shed downstream, resulting in secondary or tertiary 

reverse-flow zones. One such vortex is clearly visible in the range 0.31 < x / C  < 0.36 in 

Figure 6.5. S im ilar flow p a tte rn s  have been  observed by B ao an d  D allm ann  (2004) in  P IV  

and hydrogen-bubble flow-visualization experiments of separation bubbles.

High velocity fluctuations are present in the rear portion of the separation bubble, as 

seen in Figures 6.2(b)-(e). These fluctuations are due to shear-layer instability growth, 

transition to turbulence, and unsteadiness of the reattachment process. Limitations in the
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spatial and temporal resolution of the PIV measurements do not allow the full spectrum of 

transition and turbulence activity to be captured. Nonetheless, correlations of the resolved 

velocity fluctuations, as shown in Figure 6.2, do provide qualitative information about the 

transition process, as well as some semi-quantitative data regarding instability growth and 

breakdown.

Velocity fluctuations first develop along the line of maximum shear (Figure 6.2(b)-(e)), 

with the streamwise fluctuations (urms) growing more quickly and attaining a higher magni

tude than the wall-normal fluctuations (vrms). In the rear part of the bubble (x / C  > 0.30), 

high streamwise fluctuations are present in the low-velocity reverse-flow region, and are 

due to the highly unsteady reattachm ent process with multiple reattachm ent regions 

occurring over a large streamwise extent at any given time, as labelled in Figure 6.5. The 

-< u 'v '>  velocity-fluctuation correlation presented in Figure 6.2(e) represents a Reynolds 

Stress generated by the PIV-resolved turbulent scales. Therefore, - < u V >  represents the 

strength of the large-scale turbulence in entraining freestream fluid towards the surface. 

The locations of maximum velocity fluctuation (Urms) and maximum streamwise velocity 

fluctuation (urms) occur downstream of the averaged reattachment point, whereas the 

maxima in both wall-normal velocity fluctuation (vrms) and velocity cross-correlation 

(-< itV > ) are centered in the vicinity of the reattachm ent point. The earlier maximum 

in vrms may be due to  attenuation of the wall-normal velocity fluctuations downstream of 

reattachment, caused by the proximity of the wall. Similar patterns are observed for the 

R65a4 and R 40al0  cases.

The onset of transition is defined as the location where small-scale turbulence is first 

generated. Although not all scales of this turbulence are resolved in the present measure

ments, their effects on the larger-scale structures can give an indication about the onset of 

the transition process. Figure 6 .6  presents the streamwise growth of maximum -<u'v'>.  

An exponential growth of disturbances is noted to take place within the separated shear
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Figure 6 .6 : G rowth of maximum -<u'v'>  for case R40q8

layer, despite the scatter in the range 0.21 < x / C  < 0.26 as a result of PIV evaluation errors. 

This growth can be predicted from linear stability theory, as was done by Lang et al. (2004) 

for a controlled-transition experiment in a separation bubble. As disturbances grow, a 

point is reached where the growth rate deviates from the exponential path. In attached 

boundary layers, this is typically associated with the appearance of three-dimensional 

structures which, soon afterwards, break down into small-scale turbulence (turbulent 

spots). In the experiments of Lang et al. (2004), the location where the growth rate of 

disturbances deviated from tha t predicted by linear stability theory also corresponded 

well with the location of three-dimensional breakdown within a separated shear layer. 

Since this three-dimensional breakdown initiates transition, its location in the present 

measurements will be taken as the onset of transition. For case R40o8, the location where 

the growth o i-< u 'v '>  deviates from exponential growth corresponds to x / C  = 0.32 (with 

an uncertainty of approximately ±1%), which is taken as the location of transition onset. A 

similar trend in the maximum fluctuation growth for the R65a4 case is shown in Figure 6.7, 

where transition onset is estimated to occur at x / C  =  0.65.
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transition onset
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Figure 6.7: G rowth of maximum —<u'v'> for case R65a4

For the cases examined in the present study, the Kelvin-Helmholtz (K-H) instability 

appears to  be the dominant transition mechanism. The vortex-pairing process associated 

with K-H transition is observed indirectly by comparing the distance, or wavelength, 

between vortices generated within the separated shear layer to  tha t between vortices 

downstream of reattachment. The vorticity roll-up within the separated shear-layer is 

clearly visible in the vorticity field of the reattachment region of the R40o:8 bubble, 

presented in Figure 6 .8  (black regions). In Figure 6 .8 (a) the spacing between all vortices 

is the same and is tha t of the fundamental instability wavelength (Ax). In Figure 6 .8 (b), 

which occurs at another unrelated instant in time, doubling of the fundamental wavelength 

between the second and third vortices indicates tha t vortex pairing has occurred. The close 

correlation between the streamwise locations of shear-layer roll-up and transition onset, and 

the subsequent vortex-pairing pattern suggest K-H instability as the dominant transition 

mechanism. The large-scale vortices shed from the bubble persist to the trailing edge of the 

airfoil. The same flow patterns were also observed in the remaining two test cases.

Instability frequencies have been estimated using the fundamental instability wave

length, Ax, and by noting tha t the instability convection speed, Uc, is equal to  the velocity
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vorticity

x/C

Figure 6 .8 : Shear layer roll-up a t two unrelated  instances in tim e, (a) w ithout K-H 

vortex pairing, and (b) w ith K-H vortex pairing

along the line of maximum vorticity (Yang and Voke, 2001). The Strouhal number based 

on the instability frequency ( /  =  Uc/A x), the momentum thickness at separation (9S), and 

the freestream velocity at separation (Ues) falls in the range 0.008 <  Sr$s <  0.013 for 

the examined test cases. This agrees well with the range observed by others for transition 

initiated via the K-H instability mechanism in a separation bubble, as indicated in Table 6.2.
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Table 6.2: Instability  S trouhal num bers identified in studies involving separation

bubbles

Investigators Sres = fe s /U es

Present study 0.008-0.013

Muti Lin and Pauley (1996) 0.005-0.008

Yang and Voke (2001) 0.005-0.011

Talan and Hourmouziadis (2002) 0.010-0.014

6.4 Transition Onset Prediction

For engineering purposes, the prediction of separation-bubble transition is im portant for 

designing airfoils tha t exhibit adequate performance throughout their operating regimes. 

This section compares the measured location of transition onset for the cases examined 

with several empirical transition-onset prediction models proposed in the open literature.

A list of parameters useful in developing or validating transition models are given in 

Table 6.3. It should be noted th a t boundary-layer integral parameters calculated from 

velocity profiles with reverse flow near the wall, as in a separation bubble, may differ 

depending on the measurement technique used. Many of the experimental separated-flow- 

transition data  published in the literature have been collected using single-sensor hot-wire 

anemometry, as noted in Section 2.3, which cannot capture reverse flow and may have 

significant rectification errors, as described by Watmuff (1999). Since PIV measurements 

can capture reverse flow, these rectification errors are not present and discrepancies between 

experimental data sets may exist. To estimate the potential discrepancy between boundary- 

layer integral parameters extracted from PIV and hot-wire measurements, the near-wall 

reverse-flow velocities for the R40a8 case were adjusted to simulate possible rectification 

errors. Figure 6.9 presents the streamwise distributions of displacement-thickness Reynolds
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Table 6.3: Separation bubble characteristics for the SD7003 airfoil

Case
Separation Transition Onset Reattachment

x s/C R es x 10 3 R̂ -Os H s X t s / C R ets x 1 0 ~ 3 Res-ts x  1 0 ~ 3 x r/C Rer x 10 3

R40a8 0.09 6.3 62 3.2 0.31 17.0 12.1 8.5 (7.0) 0.42 2 1 .0

R65a4 0.31 25.2 125 3.0 0.65 48.1 26.8 4.0 (4.0) 0 .6 6 48.4

R40al0 0.07 5.0 57 3.4 0.21 13.4 9.4 8.7 (6.7) 0.27 15.1

t H evaluated with reverse flow (H evaluated with zero velocity in reverse flow region)

to
CO

C
hapter 

6
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Figure 6.9: Integral parameters for case R40a8

number (Res*), momentum-thickness Reynolds number (Reg), and shape factor (H) for 

the R40«8 case using the averaged PIV data as well as with two variations on rectification 

errors. These variations consist of complete rectification (i.e. magnitude of velocity is used 

for calculation) and calculations neglecting any reverse flow. When fluctuations are present 

in the reverse-flow region of the bubble, hot-wire rectification errors are expected to  be 

somewhere between these two rectification variations examined (Watmuff, 1999). As seen 

in Figure 6.9, significant differences for the integral parameters in the reverse-flow region are 

observed between the measured PIV results and the two rectification variations examined,
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particularly for the shape factor, H .  In Table 6.3, two values are given for the shape factor at 

transition onset. The first is the value calculated from the averaged PIV measurements, and 

includes the reverse flow. The second value assumes zero velocity for any reverse flow near 

the wall, which is typically seen in hot-wire measurements up to  the location of transition 

onset (Volino and Hultgren, 2001; Volino, 2002a; Roberts and Yaras, 2003).

There have been many empirical or semi-empirical models proposed in the literature to 

predict transition in a separated shear layer. The models most commonly cited for the onset 

of transition are those by Roberts (1975), Davis et al. (1987), Mayle (1991), and Hatman 

and Wang (1999). More recently, models have been proposed by Volino and Bohl (2004), 

Roberts (2005), and Praisner and Clark (2007). Of the available models, those of Roberts 

(1975), Davis et al. (1987), and Volino and Bohl (2004) exhibit strong sensitivity at low 

freestream turbulence levels (due to  singularities at T u  =  0), which precludes them from 

being used to predict separation bubble transition at negligible freestream turbulence 

conditions. The models examined herein were described in the Literature Review chapter 

(Section 2.4), and the mathematical formulations are provided here for the sake of 

completeness.

In his critical review of transition research for gas turbine applications, Mayle (1991)

proposed two correlations to predict the onset of transition in a separated shear layer. In

these correlations the distance between separation and transition onset is related to the 

momentum thickness at separation:

R e s - t s  = 3 OOile0s7 (short bubble) (6 .1a)

Res- ts = lOOO-Rê 7 (long bubble) (6 .1b)

Hatman and Wang (1999) proposed a set of empirical transition models based a series of 

experiments aimed at examining the nature of separated-flow transition at low freestream
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turbulence levels (Hatman and Wang, 1998a; Hatman and Wang, 19986; Hatman and 

Wang, 1998c). Their model for transition onset in a separated shear layer is:

Reta = 1.0816Res +  26,805 (6 .2 )

which has been shown to  work well under low freestream turbulence conditions (Yaras, 2001).

Recently, Praisner and Clark (2007) re-examined the available models for separated-flow 

transition and proposed a correlation based on a new set of similarity criteria. Their model, 

which is based primarily on a database of axial turbomachinery-type experimental data, is 

formulated as:

— =  173Re^1227 (6.3)
Ss

This model is shown to  work well in predicting the separation characteristics of highly- 

loaded low-pressure turbine cascades (Praisner et al, 2007).

Roberts (2005) has proposed a set of semi-empirical transition-onset and transition-rate 

prediction models. His correlation for the onset of transition has the same functional form 

as those of Mayle (Equation 6.1) but also accounts for the effects of freestream turbulence 

and surface roughness, as described in Section 2.4 (Equation 2.1 on page 33). The smooth- 

surface form of Roberts’ correlation is given as:

Res-ts = [785 -  30TF{%)] Re°eJ  (6.4)

w here T F  is T ay lo r’s tu rb u len ce  facto r and  is set to  zero for p red ic ting  th e  p resen t te s t cases.

This model was developed from a large set of experimental measurements with systematic

variations in flow Reynolds number, pressure distribution, freestream turbulence levels, 

and surface-roughness geometry. It should be noted tha t the range of Reynolds numbers 

with which Equation 6.4 was developed are much higher than those examined in the present
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present measurements 
Equation 6.4

Figure 6.10: Com parison of results w ith transition-onset model of R oberts (2005)

experiments (169 <  Regs < 444 as compared to 57 < Regs < 125). Equation 6.4 is compared 

to the present experimental data in Figure 6.10 which, despite some differences, shows good 

agreement for all three cases. The differences between the actual and predicted transition 

onset locations, based on Roberts’ model, fall within the scatter of the data from which the 

model was developed (Roberts, 2005). Therefore, the reliable prediction under the present 

conditions provides an extension to  the Reynolds number range over which Equation 6.4 

was calibrated (57 <  Regs <  444). Also, as the model was developed from experiments 

made over a flat test surface, the present measurements provide confidence tha t convex 

surface curvature does not play a dominant role in affecting the transition onset location in 

a separation bubble, at least for the levels of curvature over the SD7003 airfoil.

The empirical correlations of Mayle (Equation 6.1), Hatman & Wang (Equation 6.2), 

Praisner & Clark (Equation 6.3) and Roberts (Equation 6.4) are compared with the present 

experimental data in Figure 6.11. The dependent parameter in Figure 6.11 represents the
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Figure 6.11: Comparison of various transition-onset prediction models

difference between the measured and predicted separation-to-transition lengths:

A x s —t s  X s —ts

c  c
% s—ts

p r e d  C
(6.5)

The models of Mayle-short and Praisner & Clark show reasonable agreement for the shortest 

bubble (R40ol0 case) yet show increased under-prediction for the longer bubbles. On the 

other hand, the Mayle-long and the Hatman & Wang models show over-prediction for the 

short bubble with good agreement for the long bubble. Of all the models examined, the 

model of Roberts provides the most consistent prediction of the transition onset location 

for the present experimental data.
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6.5 Conclusions

Transition in a separation bubble has been examined at low Reynolds numbers and low 

freestream-turbulence intensity using particle image velocimetry (PIV), and the results have 

provided confidence in using such techniques for separation-bubble-transition studies.

For a range of flow Reynolds numbers and streamwise pressure distributions, breakdown 

to turbulence in the separated shear layer over the SD7003 low-Reynolds-number airfoil is 

observed to  be dominated by the Kelvin-Helmholtz instability mechanism. The data has 

allowed detailed observation of vorticity roll-up in the shear layer and the downstream 

shedding of this vorticity. Breakdown to turbulence is noted to  occur at the most upstream 

location where instantaneous reattachm ent of the separated shear layer occurs. Secondary 

and tertiary reverse-flow zones, which are induced by vortices shed from the transition region 

of the separated shear layer, have been identified in the reattachm ent region. These shed 

vortices are generated by roll-up of spanwise vorticity within the shear layer and persist 

to  the trailing edge of the airfoil. In some instances, the frequency of vortex shedding is 

noted to be the first subharmonic of the primary instability frequency prevailing in the 

separated shear layer, suggesting the presence of a vortex-pairing process. The Strouhal 

number based on the instability frequency, the momentum thickness at separation, and 

the freestream velocity at separation corresponds well with values identified in published 

literature for Kelvin-Helmholtz-induced transition in separation bubbles. The measured 

locations of transition onset are predicted well by the empirical model of Roberts (2005), 

and therefore provide further validation of this model for an extended low-Reynolds-number 

range and for the effects of convex surface curvature.
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Num erical Study of Instability  

M echanisms Leading to  Transition  

in Separation Bubbles

7.1 Chapter Overview

Through numerical simulation, this chapter examines the nature of instability mech

anisms leading to transition in separation bubbles. The results of two direct numerical 

simulations are presented in which separation of a laminar boundary layer occurs over a flat 

surface in the presence of an adverse pressure gradient. The primary difference in the flow 

conditions between the two simulations is the level of freestream turbulence with intensities 

of 0.1% and 1.45% at separation. The flow conditions for both simulations are described in 

Section 7.2.

Separated shear layers and the process of laminar-to-turbulent transition occurring 

therein share characteristics with both boundary-layer and free-shear-layer flows. Despite

130
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the extensive background and references provided in Chapter 2 regarding separation-bubble 

transition, this chapter re-examines the literature in an effort to provide a context for 

the interpretation of the simulation results. This includes a comparative analysis of 

separated and free shear layers in Section 7.3, with regards to transition in a low-disturbance 

environment. Section 7.4 describes transition of a separated shear layer under elevated 

freestream turbulence, and provides comparisons with transition phenomena observed in 

attached boundary layers. A comparison of the two cases is given in Section 7.5, which 

includes a discussion regarding recovery of the reattached turbulent boundary layer to an 

equilibrium state.

7.2 Flow Conditions

The flow conditions and some characteristics of the separation bubbles for the two 

simulations are compared in Table 7.1. Details regarding the numerical setup and boundary

Table 7.1: Flow conditions and separation-bubble characteristics for th e  two simulations

Low-Tu Elevated-T u

Flow Reynolds number, Resp =  UspLp/ v 440,000 390,000

Time-averaged separation location, xs 0.514 m 0.518 m

Time-averaged bubble length, L& =  xr — xs 0.116 m 0.048 m

Transition onset location, xts 0.597 m 0.522 m

Transition length, Lt =  xte — xts 0.028 m 0.078 m

Turbulence intensity at separation, Tus 0.1 % 1.45 %

Turbulence integral length scale at separation, Afs 0.020 m 0.011 m

Displacement thickness Reynolds number at separation, Res-S 1006 1034

Momentum thickness Reynolds number at separation, Rees 267 335

Shape factor at separation, Hs 3.77 3.08
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Figure 7.1: Boundary-layer-edge velocity distributions for bo th  simulations in th e  region 

0.40 m < x  < 0.78 m

conditions tha t result in these flow conditions were provided in Chapter 4. The flow 

Reynolds number identified in Table 7.1 is based on the suction peak velocity and the 

computational wall length (Lp = 0.78 m). Figure 7.1 shows the boundary-layer-edge velocity 

distributions for both cases near and downstream of the suction peak, and provides the time- 

averaged locations of separation, transition onset, transition completion, and reattachment 

for the observed separation bubbles. The flow Reynolds numbers and streamwise pressure 

distributions are typical of the conditions encountered on the suction side of low-pressure 

turbine blades in gas-turbine engines. It is evident through the data in Table 7.1 and 

Figure 7.1 tha t the presence of freestream turbulence alters the transition process and 

the resultant separation-bubble characteristics. This chapter is intended to  describe the 

physical mechanisms resulting in these differences. It should also be noted tha t both of the 

separation bubbles observed in the simulations can be classified as “short-bubbles” in that, 

in the experiments upon which the simulations are based, they do not significantly alter 

the streamwise pressure distribution, upstream and downstream of the separation bubble, 

from that observed in the absence of separation at higher Reynolds numbers.
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7.3 Low-Freest ream-Turbulence Case

In the absence of any significant levels of environmental disturbances, transition of 

a separated shear layer has been shown to  occur through the Kelvin-Helmholtz (K-H) 

instability mode whereby receptivity of the layer to small disturbances results in grouping 

of spanwise vorticity at selective streamwise wavelengths. This was seen in the experimental 

results of Chapter 6 , and is analogous to Tollmien-Schlichting (T-S) instability growth in 

attached boundary layers under such conditions. The growth of this separated-shear-layer 

instability leads to roll-up of the vorticity contained in the layer into discrete spanwise vortex 

structures, which subsequently break down to small-scale turbulence, thereby initiating 

reattachment to  the surface. The process preceding reattachment closely resembles tha t 

which occurs in planar free shear layers, and further comparison to such processes is 

presented in Section 7.3.3.

As part of the ongoing transition-research at Carleton University, Roberts (2005) 

recently demonstrated, through a study with experimental and computational components, 

tha t transition of a separated shear layer through the K-H instability does not preclude 

the presence of T-S activity in the shear layer. Roberts highlighted the possibility of 

an interaction between the two instability modes, with the roll-up of shear-layer vorticity 

into vortical structures occurring at the dominant T-S frequency expected in the laminar 

boundary layer upstream of separation. The present effort is a follow-up of tha t study, 

focusing on numerical simulation of another separation-bubble-transition case tha t was 

expected to have, based on experimental measurements of Roberts, significantly more 

pronounced T-S activity. Analysis of the present findings within the context of those 

documented by Roberts, provides a better understanding of the relative roles of the T-S 

and K-H instability mechanisms in separation-bubble transition.
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7.3.1 Selection of Conditions

The freestream velocity distributions for two experimentally-measured separation- 

bubble cases axe shown in Figure 7.2. Test Cases 1 and 2 correspond to  the C pl and 

Cp4 pressure distributions, respectively, identified in Roberts’ experiments (Roberts, 2005). 

Test Case 2 is the case examined numerically by Roberts for which the potential interaction 

of the K-H and T-S instabilities was highlighted, and is noted to  have a stronger initial 

acceleration and a stronger deceleration prior to  separation, as compared to Test Case 1. 

For both cases, the flow Reynolds number based on the length of the test plate (1.22 m) 

and the midspan freestream velocity just downstream of the leading edge (approximately

4.2 m /s) is 350,000, and the freestream turbulence intensity at the test-surface leading edge 

is 0.7%.

Characteristics of the measured separation bubbles are summarized in Table 7.2. The 

momentum-thickness Reynolds number based on conditions at the point of separation is 

fairly similar for the two cases. The time-averaged bubble length, Tj, is notably shorter in 

Test Case 2 due to the differences in the adverse pressure gradient imposed on the boundary 

layer, as demonstrated by the lowest observed values of the acceleration parameter upstream

2.5'

2 .0 '

=> 1.0 -

Test Case 1 
Test Case 2

0.5'

0 .0 '
100 200 300 400 500 600 700

x [mm]

Figure 7.2: M easured freestream  velocity d istributions
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Table 7.2: Measured separation bubble characteristics

Test Case 1 Test Case 2

x s (mm) 498 525

L b (mm) 127 100

R e e s 258 309

Vmin X 10® -1.6 -2.3

f M A  { H z ) 170 200

J m a  (Eqn. 7.1) 150 120

n d 0.40-0.44 0.34-0.41

S res 0.0106 0 .0110

of separation (r)min). Figure 7.3 presents measured velocity-fluctuation time traces for the 

two cases at various streamwise locations through the separation bubble, at a fixed distance 

of 2 mm from the test surface. The streamwise co-ordinate used for comparison in this 

figure is the distance from the separation location, x' =  x  — x s, normalized by the time- 

averaged length of the separation bubble, L b- In Test Case 2 , presented in the right column 

of the figure, a periodic wave motion is observed to  develop slowly in the separated shear 

layer. The dominant frequency of this motion is approximately 200 Hz, which is somewhat 

larger than the value of 120 Hz predicted for the growth of T-S waves in the pre-separated 

boundary layer through the correlation of Walker (1989), defined by:

f M A  =  3 '2 U i n  (7.1)
2irvResl

However, Chandrasekhar’s stability parameter, zed, and the Strouhal number equivalent, 

Srgs, are both within the ranges observed in the literature for K-H dominated transition
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Figure 7.3: Sample hot-wire velocity-fluctuation tim e traces

(Section 2.2.1). The numerical study of Test Case 2 by Roberts demonstrated excellent 

agreement with experimental results, with respect to  the time-averaged size and shape 

of the separation bubble, the frequency spectra of streamwise velocity fluctuations, and 

the location of breakdown to  turbulence. Roberts used a numerical scheme similar to 

tha t used for Test Case 1 in the present study (the computational setup is described in 

Chapter 4). Through his simulation, the breakdown to turbulence noted in the range 

0.72 < x/Lb < 0.80 in the right column of Figure 7.3 was observed to be linked to the 

K-H instability. Specifically, transition to turbulence was noted to  be associated with the 

roll-up of vortical structures near the downstream end of the separation bubble, and shed 

downstream periodically, similar to  what was observed in the PIV measurements of the 

SD7003 airfoil documented in Chapter 6 . The frequency of vortex shedding was found to 

coincide with the frequency of maximum amplification rate of the instability waves in the 

separated shear layer.
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For Test Case 1, small-amplitude fluctuations are seen up to  x'/Lb  =  0.51, as with Test 

Case 2. Beyond this point, the two test cases begin to  differ, with isolated regions (packets) 

of amplified disturbances appearing more distinctly in the time traces of Test Case 1. The 

frequency of maximum amplification rate in these wave packets is approximately 170 Hz, 

which is in reasonable agreement with the correlation of Walker (Equation 7.1) for T-S 

waves, yielding a value of 150 Hz. The values of Chandrasekhar’s stability parameter, 

K,d, and the Strouhal number equivalent, S vqs, are noted to be within the range of K-H 

instability in both test cases (Table 7.2). The present numerical simulation of Test Case 1 

is intended to shed further light on the spatial and temporal development of the packets of 

strong instability amplification, and on their role in the breakdown of the separated shear 

layer into turbulence.

7.3.2 Validation of Simulation Results

Figure 7.4 presents the measured and computed velocity-fluctuation time traces at 

several locations along the separated shear layer for Test Case 1. The agreement between 

the two sets of velocity traces is good, with the exception tha t the packets of amplified 

velocity fluctuations appear somewhat later in the simulation than in the experiment. The 

fact tha t the simulated freestream turbulence intensity was slightly lower than the measured 

value may explain this discrepancy. Measured and predicted frequency spectra of velocity 

fluctuations are given in Figure 7.5 for several streamwise locations. These frequency spectra 

compare favorably, although the simulation results have more pronounced peaks at the 

dominant frequency. In both the measured and predicted spectra, the power spectral density 

(PSD) at the high end of the frequency range is observed to remain relatively low until 

about x' =  101 mm. This trend, and the fact tha t the streamwise-growth of disturbances at 

the dominant frequency remains close to  exponential until about x' — 90 mm (Figure 7.6), 

suggests tha t the isolated packets of high-amplitude velocity fluctuations observed in both
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Figure 7.5: D isturbance spectra  in th e  separation bubble
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Figure 7.7: Stream wise velocity fluctuation profiles in the  separation-bubble region

measured and computed velocity time traces (e.g. x' =  83 mm in Figure 7.4) are related to 

instability growth prior to  breakdown into turbulence.

As shown in Figure 7.7, simulated streamwise velocity fluctuations are in reasonable 

agreement with experiment through the separation-bubble region. The velocity fluctuations 

upstream and downstream of reattachm ent are more dispersed, and extend farther from 

the wall in the simulations. This is likely caused by the higher energy content about 

the dominant instability frequency (Figure 7.5), which yields an over-prediction of the 

power spectral density across the frequency spectrum downstream of breakdown into
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turbulence. The lower intensity of random fluctuations associated with the simulated 

freestream turbulence may have allowed for the greater concentration of energy about the 

dominant instability frequency.

The favorable comparison between the instability frequency and associated growth 

characteristics between the simulation and experiment provides confidence th a t the DNS 

results adequately capture the dominant physics of the transition process.

7.3.3 Instability Mechanisms

In planar free-shear layers, which share characteristics with separated shear layers, the 

process of laminar-to-turbulent transition is typically initiated through receptivity of the 

inflectional velocity profile to  environmental disturbances. In the absence of a bounding 

wall, the shear layer is unstable via the inviscid Kelvin-Helmholtz (K-H) mode. Growth 

of the most-amplified instability frequency results in the roll-up and formation of vortices 

with a direction tha t is consistent with the vorticity of the shear layer. The dominant 

instability frequency has been shown to scale with the shear-layer momentum thickness 

through a Strouhal number, Srg =  fO /A U ,  where A U is the velocity difference across the 

shear layer. Ho and Huerre (1984) have identified the frequency of maximum amplification 

in an unforced planar free shear layer to  correspond to Srg = 0.016.

The initial development of the separated shear layer in the present simulation exhibits 

the same characteristics as a planar free-shear layer. Downstream of separation, an 

in s tab ility  develops th a t  causes th e  v o rtic ity  in  th e  shear layer to  ro ll-up in to  d is tin c t 

spanwise vortical structures. An example of the transient vorticity roll-up tha t occurs 

in the separated shear layer is shown in Figure 7.8. Approximately two periods of the 

dominant instability frequency are shown in this figure, and the trajectories of two distinct 

vortices are identified. The observed structures are similar to those identified in the
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0.006

Figure 7.8: Vorticity roll-up of the separated shear layer caused by the Kelvin-Helmholtz 

instability (series of temporally-spaced plots, with trajectories of two roll-up vortices 

shown by white lines)
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PIV measurements of Chapter 6 . As the vortices saturate and are shed downstream 

of the separated shear layer, smaller-scale vortical structures are observed in Figure 7.8, 

indicating th a t transition to  small-scale turbulence has been initiated. The periodicity of 

the convecting instability is what causes a dominant frequency (170 Hz) to  emerge in the 

power spectra provided in Figure 7.5. For separated shear layers, the frequency associated 

with maximum amplification of the instability is generally in close agreement with tha t 

of planar free-shear layers and is conventionally presented as a Strouhal number based 

on conditions at separation (Sr$s =  f d s/Ues). Table 7.3 presents the dominant instability 

Strouhal number observed in the present simulation together with those of the experimental 

studies of Chapters 6 and 8 , and other experimental and computational studies of separated 

shear layers. The tabulated values are consistent with the most rapidly amplified instability 

frequency obtained through a stability analysis as presented by Dovgal et al. (1994) for 

analytical velocity profiles similar to those prevailing in separation bubbles. The variation 

observed in Table 7.3 is attributed to  differences in the level of reverse-flow and shape of 

the base-flow velocity profiles.

Table 7.3: Instability  Strouhal num bers identified in several experim ental and numerical 

studies involving shear layers w ith inflectional velocity profiles

Study/Investigators Srgs =  fds/Ues

Present simulation 0 .011

SD7003 airfoil experiments (Chapter 6 ) 0.008-0.013

Unconventional airfoil experiments (Chapter 8 ) 0.015-0.020

Muti Lin and Pauley (1996) 0.005-0.008

Yang and Voke (2001) 0.005-0.011

Talan and Hourmouziadis (2002) 0.010-0.014

Ho and Huerre (1984) (free-shear layer, Srg) 0.016
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Through analysis based on linear stability theory, Rist and Maucher (2002) examined the 

effect of profile shape on the stability of velocity profiles with reverse flow near the surface, 

and found two regions in which the associated instabilities show differing characteristics. 

The outer “separated” part of the shear layer is unstable via an inviscid-type instability, 

with minimal Reynolds number influence, while in the reverse-flow region near the wall 

a viscous Reynolds-number-dependent instability is present. The dominance of one mode 

over the other was found to depend on the distance of the zero-velocity point from the 

surface, and on the level of reverse flow prevailing near the wall. Increased distance from 

the surface promotes the outer-layer inviscid mode, as well as promoting an increase in 

the associated frequency and growth rates of this instability. Conversely, an increase in 

the level of reverse flow promotes the inner viscous instability, with an associated decrease 

in frequency and increase in growth rate. Comparing the velocity profiles of the present 

simulation (Figure 7.9a) and those of the studies outlined in Table 7.3 with those examined 

by Rist and Maucher, with respect to  distance of the shear layer from the wall and level 

of reverse flow, would indicate a predominance towards the outer-layer inviscid instability. 

In examining the fluctuation levels observed in the present simulation (Figure 7.9b), those 

associated with the inviscid instability in the separated shear layer appear to dominate, 

with co-existence of near-wall viscous instability as suggested by the near-wall fluctuation 

peak observed downstream of x  = 0.58 m. This near wall peak was also observed in the 

SD7003 experiments of Chapter 6  (Figure 6 .2 , page 115). In experimental results presented 

by Lang et al. (2004) for a separation bubble in which the most unstable inviscid frequency 

was forced by a vibrating wire upstream of separation, similar fluctuation peaks were found 

in the inner and outer regions of the separated shear layer, with fluctuation profiles tha t were 

in very good agreement with linear stability analysis of the base-flow profile. These results 

provide evidence tha t although the dominant instability in separation bubbles leading to 

transition in a low-disturbance environment is of the inviscid Kelvin-Helmholtz type, the 

influence of viscous instability near the wall should not be dismissed, particularly in very
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Figure 7.9: Separation-bubble characteristics under low-Tu freestream  conditions (wall- 

norm al coordinate stretched for b e tte r  visualization), a) Time-averaged velocity vector 

profiles w ith every 6th profile shown, b) velocity fluctuation levels

thin separated shear layers or in those with significant levels of reverse flow.

Increased levels of reverse flow in a separated shear layer can also lead to  an ab

solute instability for which associated fluctuations can propagate upstream and be

come self-sustaining. A criterion often used to assess whether an absolute instability 

is present in a separation bubble is the level of reverse flow in the near-wall region. 

Alam and Sandham (2000) identified a threshold of approximately 15-20% of the local 

freestream velocity, above which absolute instability prevails. However most studies, 

including the one presented here, indicate tha t laminar separation bubbles tha t occur over 

the surfaces of airfoils have reverse-flow levels much lower than this threshold, and the 

associated instability is therefore convective in nature. In our present simulation, for which 

the base-flow velocity profiles are presented in Figure 7.9a, the reverse-flow velocity in the
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separation bubble remained less than 10% of the local freestream velocity.

The evidence presented thus far, in regards to the present simulation and the results 

of others, indicates tha t the K-H instability is the dominant mechanism associated with 

transition in a separated shear layer, in the absence of any significant level of environmental 

disturbances to  which the shear layer is receptive. This leaves unanswered the question 

of whether or not the T-S instability plays a role in the process, as was proposed by 

Roberts based on his and others’ experiments (Roberts, 2005; Volino, 20026; Gostelow 

and Thomas, 2006). W hether or not instabilities arising in shear flows are deemed to be 

K-H or T-S has historically been determined by the the type of flow under consideration. 

Specifically, K-H is generally discussed in regards to  free shear layers as an inviscid 

phenomenon and T-S is generally discussed in regards to boundary layers as a viscous 

instability. Although the manner in which the instabilities are initiated differs, through 

either an inflectional velocity profile (K-H) or viscous effects (T-S), the general characteristic 

of both instabilities are very similar: amplification of infinitesimal disturbances leads to 

streamwise grouping of the spanwise vorticity contained in the shear layer, providing 

a convecting wave-pattern tha t amplifies, develops three-dimensional features through a 

secondary nonlinear instability, and eventually breaks down into three-dimensional, small- 

scale turbulence. These considerations indicate tha t there is a strong link between the 

two. Of course, the separate classification in regards to laminar-to-turbulent transition of 

boundary-layer and free-shear-layer flows has not been based solely on stability concerns 

alone. Breakdown to  small-scale turbulence in these flows differs in both its characteristics 

and its resulting flow structures. In boundary layers, transition is most often associated with 

the production, growth, and merging of turbulent spots, whereas free-shear-layer transition 

is often associated with the production and diffusion of small-scale turbulence within the 

large-scale roll-up vortices. These differences will be discussed later in regards to  the 

observed breakdown process seen in the simulations. As for the close agreement between
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the dominant K-H frequency in the separated shear layer and the expected T-S frequency 

in the upstream laminar-boundary-layer, based on Walker’s correlation (Equation 7.1), the 

above-noted considerations provide an argument tha t this would likely be expected under 

separation-bubble conditions. A Strouhal number based on the T-S frequency expressed by 

Equation 7.1 can be formulated as:

S t-q = L I
ue

3.2

2 - 7 T  • Reg 2 • H 2
(7.2)

which is plotted in Figure 7.10 for a range of Reg and H  tha t can be expected upstream of 

separation bubbles occurring over typical airfoils. The range of Strouhal numbers observed 

in Figure 7.10 is in very good agreement with the range of Strouhal numbers identified in 

Table 7.3 for K-H instability frequencies in separated shear layers. This provides further 

evidence to  indicate tha t the two mechanisms, K-H and T-S, share fundamental similarities 

in regards to  separation-bubble transition.
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Figure 7.10: S trouhal num bers based on the  correlation of W alker (Equation 7.2) for 

boundary layer param eters typically observed upstream  of separation bubbles
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One of the reasons for which Roberts (2005) assumed that there was pronounced T-S 

activity in the experimental test case upon which the present simulation was based was 

the observed “packets” of amplified instabilities, seen in the experimental velocity traces of 

Figures 7.3 and 7.4. It was believed tha t these packets were a result of turbulent spots being 

generated in the separated shear layer. Upon examining the results of the simulation for Test 

Case 1 , these packets, which are present in the simulation but occur further downstream, 

are not a result of turbulent spots but represent periods of time in which the instability 

waves are more strongly amplified. The fact tha t the packets are more pronounced in 

the experimental traces is likely caused by the higher level of freestream turbulence which 

provides a greater level of buffeting by the large-scale freestream eddies on the shear layer, 

and may periodically cause earlier amplification of the instability waves. To describe the 

physics associated with the subsequent amplification and damping of fluctuations within 

these packets, profiles of instantaneous streamwise velocity and u'v' during a period of 

amplified instability at x' =  85 mm are presented in Figure 7.11 along with the velocity- 

fluctuation time traces at 2 mm and 4 mm from the surface. The profiles shown are 

associated with peaks and troughs of the velocity signal at 4 mm from the surface. At the 

start of the period shown in Figure 7.11, the streamwise velocity profiles have relatively 

high levels of reverse flow (10-15% of edge velocity) with low levels of u 'v '. The inherent 

instability of this velocity profile causes an increase in the amplitude of fluctuations and 

also results in the shear layer moving closer to the surface. The peaks of these amplified 

fluctuations are noted to correspond to large negative values of u'v' in the region of highest 

vorticity, located near the velocity-profile inflection points, which facilitate cross-stream 

momentum exchange resulting in a diminished reverse flow, hence reduced inflectional shape 

of the velocity profile. This modification of the velocity profile then leads to  a reduction in 

the amplitude of the velocity fluctuations.

In planar free-shear layers, the spanwise vortices produced by the K-H instability are
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Figure 7.11: Effects of instability grow th on velocity profiles a t x' = 85mm (p-peak, 

t-trough)

unstable to subharmonic disturbances (Kelly, 1967). This subharmonic instability leads 

to  the vortex pairing phenomenon as observed in numerous experimental and numerical 

studies of such shear layers (Ho and Huerre, 1984; Huang and Ho, 1990; Estevadeordal and 

Kleis, 1999). This pairing of vortices is suggested as the dominant mechanism associated 

with growth of planar free-shear layers (Ho and Huerre, 1984). The same vortex-pairing 

phenomenon has been observed in separation bubbles (Malkiel and Mayle, 1996; Wissink 

and Rodi, 2002; Abdalla and Yang, 2004), including the SD7003 experiments of Chapter 6 . 

However, the presence of pairing has only been observed at lower Reynolds numbers (R&qs 

of about 100), and was not observed in the current simulation for which Reys =  267.
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7.3.4 Breakdown Mechanisms

In planar free-shear layers, a spanwise non-uniformity is often observed, which has been 

tied to the development of streamwise counter-rotating vortex pairs (Ho and Huerre, 1984; 

Huang and Ho, 1990). It is surmised th a t this three-dimensionality is associated with a sec

ondary instability superimposed on the primary two-dimensional instability (Pierrehumbert 

and Widnall, 1982), similar to tha t which occurs in boundary-layer transition when stream- 

wise stretching of T-S waves begins (Schlichting and Gersten, 2000). The generation of 

small-scale turbulence in a planar free-shear layer has been associated with the interaction of 

these streamwise vortices with the spanwise vortices originating from the primary instability. 

The data of Huang and Ho (1990) revealed tha t small-scale fluctuations more frequently 

occur near the core of the streamwise vortices as they interact with a merging spanwise 

vortex pair. Malkiel and Mayle (1996) suggest transition in a separation bubble occurs 

through this interaction of streamwise and spanwise vorticity. However this interaction has 

not yet been identified in either spatially-resolved measurements or in numerical simulations 

involving separation bubbles, including the present simulation. Numerical studies performed 

by Spalart and Strelets (2000), Wissink and Rodi (2003), Roberts (2005), and the present 

simulation, indicate tha t in a separation bubble exposed to a low-disturbance environment, 

breakdown to turbulence occurs very quickly over a short streamwise distance. It should 

be noted th a t vortex-pairing is not observed in any of these cases.

Given tha t the packets of instability waves within the separated shear layer do not 

amplify to  the point of bursting into turbulent spots, eventual breakdown into turbulence 

in the present simulation occurs as the separated shear layer rolls-up into vortical structures, 

as demonstrated in Figure 7.12. This figure presents instantaneous velocity vector fields 

in x-y and x-z  planes. The level of velocity fluctuation with respect to  the local time- 

mean velocity magnitude is illustrated through vector shading. The presence of small-scale

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



Chapter 7 150

y=4mm plane shown below

velocity fluctuation level U'/U

z=30mm plane shown above

x' [mm]

Figure 7.12: Instantaneous vector field through the  transition  region (x-y plane a t 

z = 30 mm and x-z plane a t y = 4 mm)

velocity fluctuations is found to correlate with the regions of high-shear th a t develop between 

pairs of spanwise-oriented vortical structures, an example of which is evident at x' — 95 mm 

in Figure 7.12. The most upstream location at which the smaller-scale structures have 

been detected is x' «  90 mm, which corresponds to deviation of the fluctuation growth 

rates from the exponential growth associated with the primary instability (Figure 7.6 on 

page 139). This breakdown to small-scale turbulence occurs in a time-periodic manner as 

the regions of high-shear, which convect with the spanwise vortices, travel through the 

separated shear layer, and complete breakdown occurs over approximately one wavelength 

of the primary instability. Figure 7.13a shows small distortions of the vorticity field, 

associated with this breakdown, in the roll-up region of the shear layer, and also shows the 

redistribution of the vorticity to  progressively smaller scales downstream of reattachment. 

This breakdown is also seen as an increase and redistribution of the frequency content over a

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



Chapter 7 151

a)
three-dimensional

fluctuations

b) hairpin structures

break in 
spanwise vortex

0.00

0.72

0.64

0.62

0.03 ^  
^  0.04

0.06

Figure 7.13: Transitional structures in the separation bubble under low-Tit freestream 

conditions, a) Vorticity iso-surface fl = 1500 s_1, b) Pressure iso-surfaces p' =-1 Pa 

(blue), p' =1 Pa (yellow)
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much wider range, as observed in the frequency spectrum near reattachm ent (x ' — 101 mm) 

in Figure 7.5. Despite this breakdown to  small-scale turbulence, coherence of the spanwise 

vortical structures is still observed downstream of transition, but their structure becomes 

distorted and stretched. These vortex structures are identified in Figure 7.13b by the 

blue low-pressure iso-contours. In the transition and reattachment region, stretching and 

reorientation of the vorticity contained in the vortical spanwise structures results in hairpin

like structures. These structures are reminiscent of those observed in turbulent boundary 

layers (Panton, 2001), and are also similar to  those observed by Abdalla and Yang (2004) as 

a result of vortex pairing. The reorientation of vorticity in the streamwise direction provides 

enhanced momentum exchange in the wall-normal direction, and is likely a key mechanism 

associated with the reattachm ent process. Similar structures have been observed in the 

reattachm ent region of turbulent separation bubbles as well (Kiya and Sasaki, 1985).

The transition process described thus far, in regards to a low-disturbance environment, 

is altered significantly in the presence of elevated environmental disturbances. The next 

section describes the mechanisms associated with transition in a separation bubble under 

such conditions.

7.4 Elevated-Freestream-Turbulence Case

Laminar-to-turbulent transition of a shear layer is promoted by the presence of elevated 

freestream disturbances. Under such conditions, disturbances tha t penetrate the shear 

layer undergo an algebraic growth followed by viscous decay, unless they manage to grow 

to sufficiently large amplitudes to yield a turbulent spot. This path to  transition is also 

referred to  as transient growth or non-modal growth, with the latter referring to  the fact 

tha t this mode is not predicted as one of the eigenmodes of the solution of linearized 

theories based on the Orr-Sommerfeld equation (Saric et al., 2002). There is no definitive
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threshold for when this transient-growth mechanism begins to dominate but it is strongly 

influenced by the magnitude of the disturbance as well as the receptivity of the shear layer 

to  this disturbance. Once turbulent spots are produced, they grow and merge to form a 

fully-turbulent shear layer in a manner originally proposed by Emmons (1951). Bypass 

transition has been observed experimentally in separation bubbles by many researchers 

(e.g. Volino, 2002a; Roberts, 2005), and several studies have examined the growth of 

turbulent spots induced by a traveling wave-packet (Watmuff, 1999; D’Ovidio et al,  2001a). 

In these “forced spot” cases, selectively amplified frequencies emerge from the wave packet, 

forming a convecting wave pattern within which breakdown to turbulence occurs. However, 

descriptions regarding the local flow development tha t leads to the creation of turbulent 

spots under elevated freestream turbulence conditions are scarce. Analysis of the second 

simulation of the present effort provides further information in this regard.

7.4.1 Selection of Conditions

As with the low-freestream-turbulence case, the present discussion of separation-bubble 

transition under elevated levels of freestream turbulence is focused on results of a direct 

numerical simulation for which the streamwise pressure distribution and flow Reynolds 

number are representative of those observed over the suction surface of low-pressure- 

turbine airfoils. The streamwise pressure distribution imposed on the upper surface of 

the computational domain was selected based on a test case of Roberts (2005) for which the 

freestream turbulence level was increased by means of a turbulence-generating grid placed 

at the inlet to the test section.

Figure 7.14 presents the freestream velocity distribution and turbulence-intensity lev

els observed in the simulation. The streamwise rate-of-decay of freestream turbulence 

downstream of the simulated turbulence grid at the inflow boundary is consistent with
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Figure 7.14: Stream wise distributions of freestream  velocity and turbulence intensity

grid-generated turbulence in wind tunnels (Roach, 1987), and a slight anisotropy of the 

turbulence is observed. Above the plate leading edge (x — 0 m, y =  0.015 m) where 

the turbulence intensity is 5.1%, the streamwise fluctuation levels are 10% higher than 

those in the other two coordinate directions, which is consistent with the observations 

downstream of turbulence-generating grids of similar configuration (Roach, 1987). The 

strong streamwise acceleration imposed over the forward part of the flat plate causes a 

reduction in this streamwise turbulence intensity, providing a streamwise turbulence level 

over the separation bubble tha t is 10% lower than those associated with the wall-normal 

and spanwise components of velocity. As a result of the accelerating flow over the forward 

part of the surface, the turbulence intensity at the time-averaged streamwise location of 

separation is 1.45%, with a corresponding integral length scale of 0.011 m. Most studies 

presented in the literature, for which turbulence-generating grids were used, quote the level 

of turbulence intensity a t the inlet of the test configuration. However, continual decay of the 

grid-generated turbulence, combined with the streamwise acceleration typically observed in 

similar turbomachinery flows, would tend to decrease the turbulence intensity upstream of 

separation to  levels more comparable to those observed in the present case.
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In the present simulation, transition in the separated shear layer is observed to  occur 

through a transient-growth or bypass mode, whereby turbulent spots are generated as a 

result of disturbance growth in the laminar shear layer. Averaged velocity profiles through 

the bubble region, along with a line containing the reverse-flow region, are shown in the 

upper plot of Figure 7.15, with the coordinate normal to the surface having been stretched 

to  better illustrate the structure of the separation bubble. The bubble is shorter and has 

a much thinner region of reverse flow than the low-freestream-turbulence case presented 

earlier. The lower plot in Figure 7.15 shows a histogram of turbulent-spot origins along 

with the streamwise intermittency distribution. The vertical height of bars in the histogram 

represents the fraction of observed spots tha t are produced within the streamwise range 

defined by the bar width. This histogram is based on the observation of more than 

50 distinct turbulent spots in the separated shear layer, which is on the same order as

0 .01 - 

¥

0 .00- 
0

1 .0 -

0 .8 -

0 .6 -

0.4-

0 .2 -

0 .0 - 
0

Figure 7.15: Velocity profiles, in term ittency  distribution, and spot origin histogram  

through th e  bubble region of the  elevated-Tw simulation
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the number of spots required for statistical averaging as identified by Yaras (2007) in 

an experimental analysis of artificially-generated turbulent spots. Turbulent spots are 

noted to be produced along the entire length of the reverse-flow region. This streamwise- 

distributed breakdown is consistent with experimental results on bypass transition in 

attached boundary layers (Johnson and Ercan, 1999). These observations suggest tha t 

extending the concentrated breakdown hypothesis, often utilized in the modelling of natural 

transition in attached boundary layers, to apply to  the transient-growth or bypass modes of 

transition in separated shear layers cannot be readily justified, despite its widespread use. 

It is also noted tha t transition completion occurs approximately 50% of the time-averaged 

reverse-flow length downstream of reattachment.

7.4.2 Comparison W ith Experiment

As with the low-freestream-turbulence case, the elevated-freestream-turbulence simu

lation was based on an experimental test case of Roberts (2005). However, the present 

simulation provides some differences in the freestream flow conditions from those in the 

experimental test case. Therefore, detailed validation with the experiment cannot be 

performed, as was done for the low-freestream-turbulence case in Section 7.3.2. The 

following paragraphs discuss the two dominant effects tha t result in the different flow 

conditions.

The use of square, uniform-velocity jets at the inlet plane of the domain does not exactly 

mimic the flow through a turbulence-generating grid placed in a uniform flow. Although the 

simulated turbulence-intensity decay is consistent with tha t observed downstream of such 

grids, its decay rate is slightly higher than would be expected for the grid geometry used, but 

is consistent with the the use of a smaller “effective” bar-width, based on the correlations of 

Roach (1987) developed from experimental measurements of grid-generated turbulence in
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a wind tunnel. This difference in “effective” bar-width can be explained by noting tha t the 

expected streamline pattern through such a grid would provide some contraction of the core 

flow, as a uniform velocity profile would require infinite acceleration around the upstream 

edges of the openings. Despite this, the characteristics of the turbulence, including the 

observed anisotropy, are consistent with grid-generated turbulence. The higher decay rate 

of the simulated turbulence provides a turbulence intensity over the separation bubble of 

about 1.5%, compared with 2% in the experiments.

The second reason for differences in the simulated freestream flow properties from 

those in the experiments is a result of the domain-height contraction used over the initial 

region of the wall (0 m <  x < 0.2 m). Over this region, the domain height does not 

contract sufficiently to ensure complete outflow at the upper domain surface. The velocity 

fluctuations associated with the freestream turbulence provide conditions tha t would require 

some inflow at the boundary. However, the specification of an outflow boundary does not 

allow inflow and hence there is an additional loss of mass-flow tha t is not offset by inflow. 

This decreases the level of freestream acceleration upstream of the suction peak, and causes 

a reduction in the suction-peak velocity by approximately 10% of tha t expected from the 

prescribed streamwise pressure distribution. The net effect of reduced acceleration upstream 

of the suction peak is a higher momentum thickness at the time-mean separation location. 

In the simulation, Re$s — 335, compared to a value of 285 in the experiments.

Despite these differences, the transition process proceeds as would be expected under 

the resultant flow conditions. The transition onset location is upstream of tha t for the 

experiment as a result of the higher momentum thickness, but is still downstream of 

the time-averaged separation location. Detailed velocity time-trace validation with the 

experiment can therefore not be performed, as was done for the low-freestream-turbulence 

case. However, some comparison is possible to  assess whether the im portant flow patterns 

tha t result under such conditions are captured in the simulation. A velocity time-trace
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Figure 7.16: Com parison of sim ulated and m easured velocity tim e-traces w ith an 

in term ittency  of 0.5 (experim ental d a ta  from a te s t case of R oberts, 2005)

from within the transition region is shown in Figure 7.16 and compared with a time-trace 

from the experiment. The two traces in Figure 7.16 are representative of signals from 

their respective cases with an intermittency level of approximately 0.5. Good agreement is 

observed for both the occurrence, time duration, and frequency content of turbulent spots 

convecting past the particular location.

7.4.3 Instability Mechanisms

Unlike separated shear layers in a low-disturbance environment, where separation gener

ally occurs at a fixed streamwise location, the instantaneous separation point under elevated 

freestream turbulence varies both in time and in the spanwise direction. This variation is 

demonstrated in Figure 7.17a which shows an x  — z plane corresponding to the location of 

the first node off the wall, and in Figure 7.17b which shows a z  — y  plane at the time and 

spanwise averaged streamwise location of separation. Figure 7.17a shows streamwise streaks
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of alternating forward and reverse flow along the averaged streamwise location of separation, 

with the latter represented by the white contour regions. These streaks are associated with 

streamwise vorticity in the shear layer which transfers low-momentum fluid away from the 

wall and high-momentum fluid towards the wall. The fluctuations and vortical structures 

associated with these streamwise streaks are identifiable in the y —z  plane of Figure 7.17b by 

the v' and w' fluctuation vectors. In this plane, the white contour regions near the surface 

represent reverse flow. Variation in time of the spanwise-averaged separation location 

is observed to  occur over a range of 0.02 m (42% of time-averaged reverse-flow length). 

A similar variation was observed by Alam and Sandham (2000) in their DNS study of 

a separation bubble where perturbations were introduced through the wall upstream of 

separation, providing a disturbance condition similar to  freestream turbulence. Figure 7.18 

shows velocity fluctuations associated with the streamwise streaks in an x  — 2 plane where 

U ~  l /2U e. The strong spanwise variation and larger amplitude of the u' component 

compared to the v' component prior to transition is a clear indication tha t the streaks are 

comprised predominantly of fluctuations in the streamwise direction.

The streaks shown in Figures 7.17 and 7.18 have also been observed in attached 

laminar boundary layers exposed to  freestream turbulence, starting with the work of 

Klebanoff (1971), hence the identification of these flow structures as “Klebanoff modes” 

in some of the published literature. They originate near the leading edge of the flat 

plate, as this is a receptivity site where the mean flow changes rapidly (Saric et al, 2002). 

The mechanism through which the streaks are produced in a laminar boundary layer is 

described by Jacobs and Durbin (2001) and the references therein, and has been referred 

to  as “shear sheltering.” In this process, the time-mean shear in a laminar boundary layer 

acts to filter perturbations from the freestream turbulence. Viscous stresses are able to 

withstand much of the perturbation spectra associated with the freestream turbulence, 

however low-frequency components can penetrate and are then amplified by the mean shear.
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Figure 7.18: Streamwise streaks in th e  shear layer observed in a plane where U «  1/2Ue, 

a) stream wise fluctuations, b) wall-normal fluctuations

This results in the energy spectrum shifting to lower frequencies. Figure 7.19 provides 

the frequency content of velocity fluctuations at various streamwise locations through the 

separation bubble region, and shows the elevated levels of low-frequency fluctuations near 

separation (x  =  0.52 m) which are of similar magnitude to  those downstream of the bubble 

where transition is near completion (x  — 0.58 m). The elevated fluctuation spectra in the 

10-20 Hz range are also observed in the laminar boundary-layer well upstream of separation, 

and are also apparent in the experimental measurements of Roberts (2005) under similar
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Figure 7.19: Power spectra  of velocity through the  bubble region under elevated 

freest earn turbulence (at y = 0.00125m)

freestream-turbulence conditions. This low-frequency range is much lower than the most 

energetic range associated with the freestream turbulent eddies, and is also much lower 

than  the frequency of maximum amplification for Tollmien-Schlichting waves, based on 

the correlation of Walker (Equation 7.1 on page 135). It is therefore assumed tha t these 

amplified low-frequencies are a result of the “shear sheltering” effect which generates the 

streamwise streaks in the boundary layer. This is contrary to what is observed under low- 

freestream-turbulence conditions, as seen earlier in Figure 7.5 (page 138), where much lower 

amplitudes of this low-frequency range are observed in the laminar separated shear-layer 

compared with those downstream of transition.

Although the laminar streaks have a long streamwise wavelength, they have a much 

shorter spanwise extent (Figure 7.18) which is on the order of the boundary-layer thickness 

(«  10 mm). This is consistent with the simulation results of Jacobs and Durbin (2001), the 

experiments referenced therein, and the observations of M atsubara and Alfredsson (2001). 

The streaks result in both forward and backward jets, relative to  the mean flow profile. In 

Figure 7.18, a predominance towards forward jets is noted upstream of the suction peak,
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however there is no bias towards either direction within the separated shear layer. This is 

likely a result of the adverse pressure gradient which promotes reverse flow. In this region, 

the laminar streamwise fluctuation levels associated with the streaks are very high, and 

can exceed 25% of the local edge velocity. Asai et al. (2 0 0 2 ) provide evidence tha t this 

level of streamwise fluctuation is enough to  bring a streak in a laminar boundary layer 

into a sinuous unstable mode, and initiate a secondary instability in the form of spanwise 

waviness of the low-speed streaks. The present simulation data provides no indication tha t 

a sinuous wavering of the streaks is a precursor to turbulent spot production, nor is the 

varicose wavering pattern which requires higher fluctuations levels.

As the aforementioned streamwise streaks convect through the separated shear layer, a 

secondary instability develops and provides conditions tha t are favorable for turbulent-spot 

generation. As a low-speed streak passes through the shear layer, a localized roll-up of 

vorticity occurs around the streak, resulting in a series of vortex loops which provide an 

exchange of momentum in the wall-normal direction. In the early stage of spot development, 

these vortex loops closely resemble those generated by Watmuff (1999) by way of a low- 

disturbance wave packet convecting through a separated shear layer. Figure 7.20 shows 

the structure of one such spot. The vortex loops are identified by iso-surfaces of negative 

pressure fluctuation (blue iso-surfaces). The small-scale structures apparent to the sides and 

downstream of the spot are associated with turbulence activity downstream of reattachment.

Jacobs and Durbin (2001) associate the generation of a turbulent spot with strong 

backward jets being lifted from near the surface towards the freestream. The present 

simulation results provide evidence tha t the generation of turbulent spots evolves more 

generally as a result of the strong shear associated with the streamwise streaks. The 

evolution of a turbulent spot is shown in Figure 7.21 in a series of vector and vorticity plots 

in the x  — y  plane along the spot centreline. The wall-normal coordinate has been stretched 

to allow better visualization of the spot development, and only every fourth velocity vector
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Figure 7.20: Vortex loops w ithin a tu rbu len t spot

profile is included in the figure as well. The planform structure of this particular spot is 

apparent in the x  — z  plots in Figure 7.18 centered at about x  =0.56 m and 2 =0.05 m. The 

uppermost plot in Figure 7.21 presents the time-averaged flow-held in which a discontinuity 

in the trajectory of maximum vorticity is observed as the shear layer transitions from a 

laminar separated shear layer to a turbulent reattached boundary layer. This discontinuity 

is caused in part by a redistribution of the spanwise vorticity to  smaller scales as transition 

and reattachment progresses. At t' =  0 s, a separated laminar shear layer is present with 

vorticity confined to  a much thinner layer than in the time-averaged case. The smaller scales 

observed downstream of x  =  0.57m are associated with the turbulence in the reattached 

shear layer (time-averaged reattachment is at x r =  0.566m). As the flow field evolves in 

time, a wave pattern becomes apparent resulting in roll-up of the vorticity contained in 

the shear layer. As this secondary instability grows, fluid is entrained towards the surface, 

resulting in a patch of reattached flow which convects downstream. The roll-up occurs in 

a three-dimensional manner and a series of vortex loops defines the topology of the newly 

formed turbulent spot, as was observed in Figure 7.20. At t' =  0.006s, smaller scales are 

present in the shear layer indicative of the young turbulence within the spot.
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Figure 7.21: Evolution of a tu rbu len t spot th rough a tim e sequence of flow in an  i -  

y plane along the  centreline of th e  spot (averaged vectors and spanwise-vorticity in 
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The instability tha t develops along the centreline of the spot is reminiscent of Kelvin- 

Helmholtz vorticity roll-up, as observed in Figure 7.8 (page 141) under low-freestream- 

turbulence conditions, and is in fact such an inviscid instability despite the locally three- 

dimensional nature of the shear layer. The Strouhal number associated with this instability, 

based on local conditions (Srg =  f6 /A U ) ,  varies between 0.014 and 0.017 which is in 

good agreement with tha t for the Kelvin-Helmholtz instability in plane shear layers (see 

Table 7.3). Watmuff (1999) also observed similar agreement with the Kelvin-Helmholtz 

instability for the wave frequency from which vortex loops roll-up in his wave-packet- 

induced turbulent-spot study. This would suggest tha t turbulent spot production in a 

separated shear layer is the result of a local inviscid instability of the shear generated 

by the streamwise streaks convecting through the shear layer. A similar roll-up has been 

observed by Jacobs and Durbin (2001) and Wu et al. (1999) during the initial stages of 

turbulent-spot formation in simulations of freestream-turbulence-induced bypass transition 

and wake-induced bypass transition of a zero-pressure-gradient boundary layer, respectively.

The eventual breakdown to  small-scale turbulence, which occurs as a result of the growth 

and development of the turbulent spots, is discussed in the next section.

7.4.4 Breakdown Mechanisms

Once a turbulent spot is initiated through the formation of vortex loops, the spot grows 

in the streamwise and spanwise directions as it convects downstream. W ithin the spot, 

the vortex loops provide the mechanism for momentum exchange across the shear layer. 

In a series of y — t and z  — t  plots, the internal structure of a turbulent spot is presented 

in Figure 7.22. The spot shown in Figure 7.22 is the same spot identified previously in 

Figures 7.21 and 7.20. A low-speed streak, or backward jet, passing through the shear 

layer is apparent as dark-blue regions in both the y — t  and z — t planes. A roll-up of
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Figure 7.22: Turbulent-spot grow th as observed in the y — t and z — t planes
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vorticity occurs around this low-speed streak which pulls fluid inwards, resulting in a patch 

of reattached fluid tha t convects through the separated shear layer. This patch is identified 

by the time interval in the y — t plots during which green contours are observed very close 

to  the surface. The structure within the spot is dominated by the vortex loops, which 

can be identified by the pressure perturbation contours in the z  — t  plots of Figure 7.22. 

Although the spot originates near x  — 0.54 m, the primary vortex loop located at the leading 

edge of the spot is not clearly identified until after x  = 0.55 m. In the z  — t  plot for 

x  — 0.559 m, this vortex loop is identified and the legs of the other two dominant vortex 

loops are visible. As the spot propagates downstream into the reattached boundary layer, its 

structure begins to contort and break down due to vortical diffusion within the surrounding 

boundary layer and freestream. However, the basic vortex-loop structure of the spot remains 

coherent downstream of reattachment, with loop legs still being identifiable at x  =  0.574 m 

in Figure 7.22.

Of the spots observed in the simulation, generally three dominant vortex loops develop 

about the low-speed streak, similar to the particular spot shown in Figure 7.20. A schematic 

illustrating the topology of a newly-formed turbulent spot is shown in Figure 7.23. This 

schematic has been interpreted from examining multiple spots occurring in the present 

simulation. While the most frequently observed configuration consists of three vortex loops 

as is shown in Figure 7.23, there are also occurrences with only two distinct loops, and others 

with a weak fourth loop appearing on the upstream side of the spot. The primary vortex 

loop located at the leading edge of the spot is lifted away from the surface where it convects 

at a high rate due to the higher freestream velocity, thus contributing to  the streamwise 

growth of the spot. This vortex loop is reminiscent of the hairpin vortex structures observed 

in near-wall regions of turbulent boundary layers (Panton, 2001). The legs of the primary 

vortex loop extend towards the wall where they point in the upstream direction. The 

downstream orientation of the legs of the secondary and tertiary loops is a result of the
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Figure 7.23: Schematic of th e  vortex loop s truc tu re  during the  early development of a 

tu rbu len t spot

blockage created by the column of low-momentum near-wall fluid ejected away from the 

wall by the induced effect of the primary vortex loop. Regions within the spot tha t provide 

the greatest contribution to turbulent shear stresses (—u'v1) are identified in Figure 7.24. 

Q2 events (u ' <  0, v' > 0), also referred to  as “ejection” processes, appear to dominate the 

process of wall-normal momentum exchange over the Q4 events (u' > 0,u' <  0) which are 

commonly referred to  as “sweep” processes (Panton, 2001). The internal structure identified 

here for a turbulent spot in a separation bubble shares similarities with the vortex-loop 

patterns observed by Watmuff (1999) in an experiment of artificially-generated spots in a 

separated shear layer, and apart from consisting of vortical structures, does not show a 

strong resemblance to  a turbulent spot developing in an attached boundary layer (Schroder 

and Kompenhans, 2004; Yaras, 2007).
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Figure 7.24: Turbulent shear stress contributions during the  early development of a 

tu rbu len t spot

Transition in the present case occurs through the production and growth of turbulent 

spots. However, the Kelvin-Helmholtz (K-H) instability mechanism, associated with the 

separated shear layer as a whole, is still active. Near and downstream of the time-averaged 

reattachm ent location, there are no distinct turbulent spots produced (as observed in the 

spot origin histogram of Figure 7.15 on page 155), but turbulence is still observed in the

in te r-spo t regions. T h is  tu rb u len ce  m ay be linked to  th e  rap id  breakdow n process th a t  is

typical of K-H dominated transition, as discussed earlier in Section 7.3.4. The distinct large- 

scale spanwise-oriented vortices generally associated with K-H instability growth are difficult 

to discern within the spatial structure of the shear layer. However the frequency of the K-H 

instability is observed in a spectral analysis of the separation bubble. Figure 7.25 presents

primary
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power spectra of both velocity and static pressure at several streamwise locations through 

the separation bubble region, with x' representing the streamwise distance from the averaged 

separation location (xf = x  — x s). Shortly downstream of separation (x ' =  0.016m), during 

the early stages of transition, several peaks are observed and identified in the power spectra. 

These peaks are more pronounced in the spectrum of static pressure (Figure 7.25b) and the 

four most dominant peaks are identified. The frequencies about which these peaks appear 

are 180 Hz, 270 Hz, 360 Hz and 630 Hz and are associated with the maximum amplified 

frequency of the K-H instability (180 Hz) along with its harmonic (360 Hz), the vortex loop 

passing frequency (270 Hz) and the frequency corresponding to the integral time scale of 

freestream turbulence (630 Hz). The K-H frequency observed in Figure 7.25 corresponds 

to a Strouhal number, based on separation conditions (Sr$s = f0 s/U es), of 0.018 which is 

in close agreement to the values provided in Table 7.3 (page 142) for separated- and free- 

shear layers in which the K-H instability mechanism dominates. Observance of the frequency 

associated with the integral time scale of freestream turbulence was not expected, as the 

power spectrum of the freestream turbulence is smooth with no distinct peaks. The integral 

time scale of freestream turbulence is a representative scale of the most energetic turbulent 

structures in the freestream flow, and it is conceivable that, despite the shear-sheltering 

effect tha t acts to filter frequencies at this higher range, this energetic scale may provide 

some penetration of fluctuations into the shear layer. There is also an additional peak at 460 

Hz in the spectrum of velocity at x' =  0.016m. In examining the spectra for the individual 

velocity components, this peak is only present in tha t for the streamwise component of 

velocity, u, and it is yet unknown what causes this peak to emerge. Downstream of the 

time-averaged reattachm ent {x' >  0.048m), a broad spectrum is observed with no distinct 

peaks. It should also be noted tha t the frequency associated with the passing of vortex 

loops through the shear layer, as a result of the local inviscid instability discussed in the 

previous section, is approximately 50% higher than tha t of the K-H frequency associated 

with the large-scale properties of the shear layer.
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Figure 7,25: Power spectra  of a) velocity, b) sta tic  pressure in th e  separated  shear layer
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7.4.5 Validation of Turbulent-Spot Growth Models

One objective of the present study was to  validate the turbulent-spot growth models of 

Gostelow et al. (1996) and D’Ovidio et al. (20016) used in the semi-empirical intermittency- 

based transition model of Roberts (2005). These spot-growth models are based on 

measurements of artificially-generated turbulent spots under accelerating and decelerating 

freestream conditions, and it is desired to assess their validity for the growth characteristics 

of turbulent spots generated by the presence of freestream turbulence.

The model proposed by Gostelow et al. (1996) for the spot spreading half-angle is

22-14
+  0.79 +  2.72e(47-63̂ )  ( '

which is a function the local pressure gradient parameter, \q. D’Ovidio et al. (20016) 

extended the range of applicability of Equation 7.3 to include spots developing in a separated 

shear layer (—0.12 <  Xg < 0.06). Figure 7.26 shows the variation in spot spreading half

angles observed in the simulation, as compared with the value obtained from Equation 7.3. 

The “effective origin” , xqef f ,  plotted on the abscissa is the streamwise location from which 

lines emanating at ±  the spot spreading half-angle align with the spot extremities. This is 

upstream of the true streamwise origin which, as identified earlier from Figure 7.22, is not 

a point source. However, the use of an “effective origin” allows an assessment of any spot 

spreading variation with downstream distance. The spot extremities have been identified 

using the wall-normal component of velocity fluctuation (v'), with a threshold value of 

±0.2 m /s (3% of U e ). For the levels of Thwaites’ pressure gradient parameter observed in 

the initial part of the separation bubble (Xg & —0.2), Gostelow et al.’s model predicts a spot 

spreading half-angle, a, of 32 degrees, whereas the average value in the present simulation 

is 22 degrees. Although the threshold used by Gostelow et al. in identifying the spot edge 

is slightly different (4% of U e ),  they observed negligible sensitivity to this threshold over
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Figure 7.26: Spot spreading half-angles

a range of 2% to 15% of Ue. The spot spreading half-angles identified in the current case 

are consistently lower than tha t predicted by the model, and do not show an apparent 

trend with streamwise distance. In the present case, the spot spreading angles have been 

extracted while the spot propagates and grows in a non-turbulent region of the separated 

shear layer. Identifying the spot extremities in a turbulent surrounding is difficult and highly 

subjective. Upon closer inspection of the data from which D’Ovidio et al. extracted a  for 

their separation bubble cases, the spreading angle prior to the spot entering the turbulent 

part of the undisturbed separation bubble is observed to  be lower than tha t in the turbulent 

region by about 5 to 10 degrees. Thus, in the region of the separated shear layer where 

the turbulent spots grow in the absence of any other turbulence activity in the inter-spot 

regions, the spreading rate observed in the present simulations and tha t extracted from the 

experimental data of D ’Ovidio et al. are in good agreement. On this basis, the present 

simulation results are judged to be supportive of the use of Equation 7.3 for estimating the 

transverse spreading rate of turbulent spots in separated shear layers.
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The spot propagation parameter is defined as

a  =  tan (a ) ( ^  ~ ) (7.4)

where a =  Uie/Ue and 5 = Ute/U e are the leading-edge and trailing-edge celerities of 

the spot, respectively. These leading- and trailing-edge celerities for the turbulent spots 

observed in the simulation were extracted to assess the spot propagation param eter model 

of D’Ovidio et al. (20015):

a  = 0.024 +  ° ‘6 ° 4  . . (7.5)
1 4 - 5e(66A<d v '

The experiments from which this model was developed used phase-averaged measurements 

of artificially-generated turbulent spots, from which distinct spot boundaries can be 

identified. Such phase-averaging is not possible for the present case due to  the range in 

streamwise spot origins and the difficulty in identifying and matching a specific phase during 

the spot growth period. Identification of the leading and trailing edges of the spots in the 

present case is therefore more difficult and subjective. Figure 7.27 shows x —t  plots along the 

centreline of a particular turbulent spot. The celerities shown as dashed lines in Figure 7.27 

are a “best fit” based on many of the spots identified in the simulation, and happen to 

provide a very good match to  the spot shown through the flood plots. The spot leading 

edge has been identified as the downstream side of the primary vortex-loop head, which is 

convected through the shear layer at the highest rate of any point in the turbulent spot. 

In Figure 7.27a, the primary vortex loop head is identified by high, negative, values of the 

spanwise component of vorticity (dark blue regions). The leading edge celerity based on 

this criterion is 0.8 ±  0.05.

Gostelow et al. (1996) and D’Ovidio et al. (20015) identified the spot trailing edge based 

on RMS fluctuation levels within the spot. In examining their data, the trailing edge is noted 

to  be consistent with the trajectory of the high-velocity phase-locked perturbation peak
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Figure 7.27: Identification of spot celerities, a) leading edge, b) trailing edge

leading the calmed region. From the spots identified in the present case (see Figure 7.27b), 

a distinct trajectory can be identified upstream of which near-wall streamwise velocity levels 

are significantly reduced from those observed within the turbulent spot. The spot trailing- 

edge celerity is quantified on the basis of this trajectory. While the vortex loops within 

the spot convect at a higher rate than the spot trailing edge, which was also observed by 

D’Ovidio et al, weaker vortex loops and/or random fluctuations are evident between the 

tertiary vortex loop and the spot trailing edge. The “best fit” trailing-edge celerity of the 

present case is 0.35 ±  0.05

The spot propagation parameter for the present case is a = 0.65 ±  0.2. The high 

uncertainty in o  is due to  subjectivity associated with identifying the leading edge and 

trailing edge celerities. However, the extracted value agrees well with Equation 7.5 which
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predicts a value of 0.63 for the pressure gradient parameter observed through the bubble 

region of the present investigation (A# =  —0 .2 ). Therefore, the present simulation results 

are also supportive of the use of Equation 7.5 for estimating the spot propagation parameter 

in separation bubbles under elevated-freestream-turbulence conditions.

7.5 Comparative Assessm ent

The two transition mechanisms identified in the two simulations of the present effort 

yield some differences in the characteristics of the shear-layer development and the turbulent 

boundary layer downstream of the separation bubble. Figure 7.28 presents a comparison 

of the streamwise intermittency distributions, the boundary-layer growth characteristics, 

and the x  — y distributions of velocity-fluctuation correlations, turbulence kinetic-energy 

production, and pressure fluctuation levels over the aft region of the flat plate for the two 

cases. Under conditions of low freestream turbulence, the bubble is long and breakdown 

to turbulence occurs over a very short distance, with transition being complete very near 

the time-mean reattachm ent point. Conversely, the transient-growth mechanism associated 

with elevated freestream turbulence results in a shorter and thinner bubble with breakdown 

occurring over a much larger streamwise distance, and with transition being completed 

approximately 50% of the bubble length downstream of reattachment. This provides a 

more gradual change in the shear-layer growth characteristics through the bubble region.

The contour plots in Figure 7.28 also show differing characteristics between the two cases. 

Under low-freestream-turbulence conditions, fluctuation growth is initiated in the separated 

shear layer with peaks of u'u', w 'w ', and u'v' apparent in the separated shear layer and 

in the inner reverse-flow region of the bubble, consistent with the dual-mode instability 

discussed earlier in Section 7.3.3. The highest fluctuation levels are observed slightly 

downstream of the time-mean reattachment point, and the streamwise fluctuations apparent
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Figure 7.28: Com parison of stream wise in term ittency distribution, boundary layer 

growth characteristics, and velocity-fluctuation correlations for the  two cases examined

prior to transition onset are due to growth of the spanwise-oriented vortices resulting 

from the Kelvin-Helmholtz instability. The rate of growth of wall-normal fluctuations 

(v'v') with streamwise distance reaching a peak along the rear portion of the t ime-mean 

dividing streamline of the separation bubble is consistent with the substantial cross-stream 

momentum exchange tha t should prevail in this region to reattach the separated shear layer. 

Peak levels of v'v' and w'w' are of similar magnitude to tha t of u'u', indicating strong three- 

dimensionality of the resulting breakdown process. Conversely, under elevated-freestream 

turbulence the peak values of v'v' and w'w' are much lower than tha t for u’u', and occur
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at a greater distance downstream of time-mean reattachment. The high levels of u'u' in 

this case are associated with the streamwise streaks generated in the upstream laminar 

boundary layer tha t provide the conditions under which turbulent spots are generated in 

the shear layer. A more gradual streamwise growth and decay of velocity fluctuations is 

observed under this elevated-freestream-turbulence condition.

The effects of turbulence within a wall-bounded shear layer can be characterized by an 

increase in the net momentum transfer towards the wall due to turbulent mixing, for which 

the Reynolds shear-stress component —u'v' is a measure. For the low-freestream-turbulence 

case, this Reynolds-shear-stress component begins to increase within the rear portion of the 

separated shear layer at about x  = 0.59 m and peaks at the streamwise location of the 

time-mean reattachm ent point. In the elevated-freestream turbulence case, a small level 

of —u'v' is present in the laminar boundary layer prior to transition, indicating tha t the 

streamwise-oriented vortical structures associated with the streamwise streaks provide some 

cross-stream momentum exchange. Much higher levels of —u'v1 are observed through the 

transition region of the separation bubble; however they are not as strong as those associated 

with the shorter transition process in the low-freestream-turbulence case.

The energy transfer facilitated by the u'v' Reynolds shear stress component is quantified 

by —u'v'SXy which is the work done by this shear stress on the time-mean flow field 

through the strain rate Sxy. In regards to turbulent boundary-layers, this term  is commonly 

referred to  as the production of turbulence kinetic energy (Schlichting and Gersten, 2000; 

Panton, 2001). For the low-freestream-turbulence case, this energy transfer is noted to 

reach its peak on the line of maximum vorticity, at the streamwise location of the time- 

mean reattachm ent point. The fact tha t the magnitude of —u'v'Sxy begins to  increase in the 

separated shear layer a t about x  =  0.59 m, which is upstream of the location of transition 

onset (x rs 0.60 m), suggests tha t the packets of amplified instability waves observed 

within the separated shear layer are also instrumental in the cross-stream momentum
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exchange. The mechanism associated with this cross-stream momentum exchange was 

discussed earlier in Section 7.3.3 and illustrated through instantaneous velocity profiles 

in Figure 7.11 on page 148. For the elevated-freestream-turbulence case, the cross-stream 

momentum exchange associated with the streamwise-oriented vortical structures in the 

laminar boundary layer provide some level of —u'v'Sxy prior to  transition onset; however 

this level is more than an order of magnitude lower than tha t observed in the transition 

region.

As expected, the strong velocity fluctuations in the transition region of the separation 

bubbles are accompanied by pressure fluctuations (C p r m s )• For both cases, these pressure 

fluctuations are observed to decrease at a faster rate downstream of reattachment than 

do the velocity fluctuations. The level of pressure fluctuations is also observed to  be much 

higher in the low-freestream turbulence case, likely a result of the strong pressure variations 

associated with the large-scale vortical structures tha t develop from the Kelvin-Helmholtz 

instability.

In order to  compare the turbulent boundary layer for the two cases, an effective bubble 

length has been selected such tha t the trailing end of this length corresponds to  the location 

of minimum displacement thickness downstream of the bubble. This effective bubble length 

is representative of the region over which the bubble affects the freestream flow and its use 

in normalizing the streamwise coordinate provides a reasonable match in the streamwise 

rate of growth of the turbulent boundary layer. Figure 7.29 shows the boundary-layer 

velocity profile and the distribution of turbulence kinetic energy production for both cases, 

at various locations downstream of the time-mean point of reattachment. The distributions 

are plotted in wall-coordinates, with the inner layer (u+ =  y+) and logarithmic law-of-the- 

wall (u+ = 1 /0A llog(y+) +  5.0) profiles plotted for reference.

For the low-freestream-turbulence case, only profiles up to 50% of the effective bubble

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



Chapter 7 181

Low-Tu Elevated-Tu

  x'/x's-^l-OO
 x'/x‘5. mill=1.25
 x'/x1,. min=1.50
 x7x',.mi =2.00

8-

'</>

3
I0.

10® 103

20

+D
10

1Cf1

8-

't/i

! / ' \ \

o.

1031 0 ’

Figure 7.29: Turbulent boundary-layer properties dow nstream  of th e  separation bubble

length downstream of the bubble are shown due restrictions in the length of the compu

tational domain. At both 25% and 50% of the effective bubble length downstream, the 

velocity profiles show close agreement with the velocity levels of the logarithmic law-of-the- 

wall. The majority of turbulence kinetic energy is produced very near the wall, around 

y+ & 10 (see lower left plot in Figure 7.29). This is in close agreement with the location of 

maximum production in an equilibrium turbulent boundary layer (y + =  12, Panton, 2001). 

The large-scale vortical structures shed from the separation bubble are also a source of 

turbulence kinetic energy, as indicated by the humps observed in the region 50 <  y + <  300. 

Alam and Sandham (2000) observed tha t these humps are similar to those occurring in 

a plane mixing layer. The humps disappear with increasing downstream distance, again 

indicating recovery towards a conventional turbulent boundary layer. It should also be 

noted tha t the turbulence kinetic energy production is highest in the reattachm ent region, 

and decreases with downstream distance.
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Under elevated-freestream-turbulence conditions, recovery to a turbulent boundary layer 

occurs in a manner similar to  th a t observed under low-freestream-turbulence conditions. 

The velocity profiles in Figure 7.29 are all below tha t for the logarithmic law-of-the-wall, 

but a slow relaxation toward this equilibrium state is observed. The peak in turbulence 

kinetic energy production also occurs near y + & 10. In this case however, higher 

production levels are observed in the outer region (50 <  y+ <  300) than those observed 

in the low-freestream-turbulence case. This is likely due to the longer transition length, 

resulting in transition completion being much closer to the streamwise location of minimum 

displacement thickness.

An assessment of the full recovery length is not possible due to limits in the length 

of the computational domain. However, the results presented herein are consistent with 

those observed by others in separation bubbles. For example, Alam and Sandham (2000) 

found re-establishment of the log-law required seven bubble lengths downstream of time- 

mean reattachm ent. This can be attributed to a slow decay of turbulence kinetic energy 

in the outer part of the layer, resulting from the larger-scale structures produced during 

transition of the separated shear layer, be it the large hairpin vortices observed under 

low-freestream-turbulence conditions or the vortex loops within a turbulent spot under 

elevated-freestream-turbulence conditions.

7.6 Conclusions

The mechanisms associated with laminar-to-turbulent transition in separation bubbles, 

and the resulting breakdown processes, have been examined in the context of direct numer

ical simulations performed under conditions with low and elevated freestream turbulence. 

The simulation results are in good agreement with experimental measurements of similar 

flows.
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Under low-freestream-turbulence conditions, transition is initiated through receptivity 

of the laminar separated shear layer to  small disturbances through the inviscid Kelvin- 

Helmholtz mechanism. Two regions of instability growth were observed, one in the 

separated shear layer and one in the reverse-flow region near the surface, and are consistent 

with the results of linear stability theory presented in the open literature. The outer 

inviscid mode was observed to  be dominant for velocity profiles typical of those observed 

in laminar separation bubbles on airfoil surfaces. The frequency of this instability was 

found to  be consistent with the dominant instability frequency of planar free shear layers. 

Packets associated with amplified periods of instability growth were shown to provide a 

mechanism for cross-stream momentum exchange prior to transition onset. Amplification 

of the spanwise-oriented vortex structures associated with the instability leads to  small-scale 

fluctuations tha t develop within the braid region between vortices. Complete breakdown 

to turbulence occurs in a time-periodic manner over a short distance, corresponding to 

approximately one wavelength of the primary instability. The fluctuations associated with 

this breakdown process then lead to stretching and reorientation of the large-scale spanwise 

structures into hairpin vortices which are shed downstream.

The possible interdependency between the Kelvin-Helmholtz instability, generally as

sociated with free shear layers, and the Tollmien-Schlichting instability, observed in wall- 

bounded shear layers, was discussed. The strong similarity in the primary-instability-growth 

phases was noted, and close agreement between the expected instability frequencies was 

demonstrated, providing further evidence tha t these two mechanisms share fundamental 

similarities in regards to separation-bubble transition.

Under elevated-freestream-turbulence conditions, the receptivity mechanism leading to  

shear-layer roll-up is bypassed as a result of streamwise streaks convecting through the 

shear layer. These streaks originate near the leading edge of the test surface and are a 

result of shear-filtering, which allows only low-frequency perturbations from the freestream
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turbulence to enter the laminar boundary layer. The streaks are elongated in the streamwise 

direction, and have a spanwise length comparable to  the boundary-layer thickness upstream 

of separation. Neither sinuous nor varicose instability of these streaks was directly observed 

as a precursor to  the formation of turbulent spots. However, the strong shear associated 

with these streaks appears to provide the conditions under which turbulent spots form 

through a localized secondary instability, the frequency of which closely matches tha t of 

the inviscid Kelvin-Helmholtz mechanism. In this bypass mode of transition, a distributed 

streamwise breakdown was observed, with turbulent spots produced along the entire length 

of the separated shear layer. Transition completion was observed approximately 50% of the 

time-averaged bubble length downstream of the time-averaged reattachment location.

The internal structure of a turbulent spot in the separated shear layer has been identified 

as a series of vortex loops, which develop around low-speed streaks within the separated 

shear layer. The primary vortex loop has a structure similar to the hairpin-vortex structures 

observed in the inner regions of turbulent boundary layers. Unlike the primary vortex loop 

whose legs extend in the upstream direction, the legs of the secondary and tertiary vortex 

loops extend in the downstream direction as a result of being dragged and stretched around a 

column of low-momentum fluid ejected upwards between the legs of the primary loop. Once 

the spot convects into the turbulent boundary layer, much of the coherence in the vortex 

loops is lost due to vortex stretching, mixing with other turbulent spots, and/or mixing 

with turbulence generated through the Kelvin-Helmholtz breakdown process. While in this 

present case of elevated freestream turbulence the transition process in the separated shear 

layer appears to  be dominated by the production of turbulent spots through the bypass 

mechanism, in the rear portion of the separation bubble there is evidence of breakdown in the 

inter-spot regions tha t resembles the pattern observed in Kelvin-Helmholtz type instability 

of separated shear layers in low-disturbance environments. In each turbulent spot, a distinct 

frequency has been identified with the passing of vortex loops, which in the current case
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is approximately 50% higher than tha t associated with the Kelvin-Helmholtz instability of 

the separated shear layer. Agreement with the spot spreading half-angle model of Gostelow 

et al. (1996), which was subsequently validated by D ’Ovidio et al. (20016) to  be applicable 

in separated shear layers, is expected to  be good. The spot-spreading half-angles observed 

in the simulation, which are based on spots developing in the absence of surrounding 

turbulence, are consistent with the early stages of spot-development in the measurements 

presented by D’Ovidio et al. for a similar level of the pressure gradient parameter. Good 

agreement with the spot propagation param eter model of D’Ovidio et al. (20016) has also 

been observed. These models are therefore further recommended for use in semi-empirical 

intermittency-based transition models, such as the one developed by Roberts (2005).

The vortex structures resulting from transition in the separated shear layer remain 

coherent downstream of reattachment, and provide a source for turbulence kinetic energy 

production in the outer part of the boundary layer. Slow recovery towards an equilibrium 

turbulent-boundary-layer state was observed, and is consistent with observations of long 

recovery lengths identified in the open literature.
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Transition in Separation Bubbles 

at Low R eynolds Num bers

8.1 Chapter Overview

Through experiments using two-dimensional particle-image velocimetry (PIV) per

formed in the low-Reynolds-number tow-tank facility at the National Research Council 

of Canada, this chapter re-examines the nature of transition in a separation bubble under 

low-Reynolds-number conditions. A newly-designed, unconventional airfoil tha t provides 

minimal variation in the separation location over a wide operating range was used, and 

the study was conducted under low freestream-turbulence conditions over a flow-Reynolds- 

number range of 28,000 to 101,000 based on airfoil chord. Details regarding the selection and 

design of the unconventional airfoil are discussed in Section 8 .2 . The spatial nature of the 

measurements has allowed identification of the dominant vortical structures associated with 

transition in the separated shear layer. Discussion of the results, which highlight additional 

flow features not identified in the SD7003-airfoil measurements of Chapter 6 , is provided
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in Section 8.3. The results of this study provide baseline conditions for examining passive 

manipulation of the transition process in a separated shear layer. This flow-manipulation 

study is discussed in the next chapter.

8.2 Airfoil Design

For the purpose of examining passive manipulation of the transition process in a 

separation bubble, it was desired to  have a test configuration tha t would provide minimal 

movement of the separation location over a wide operating range. Based on the SD7003- 

airfoil measurements presented in Chapter 6 , as well as measurements at other operating 

conditions not presented therein, it was observed tha t the use of a conventional low- 

Reynolds-number airfoil would not provide sufficient control of the separation location for 

examining the effects of transition manipulation over a wide operating range. A design 

study was thus undertaken to select a suitable test configuration for the flow-manipulation 

study.

In examining the open literature, various test-configurations could potentially provide 

the flow conditions necessary for the flow-manipulation study. Eight possible concepts were 

identified, and are shown schematically in Figure 8.1. Concept 1 is a high-lift airfoil with a 

profile similar to  those designed by Liebeck (1978), which would provide a laminar-rooftop 

pressure distribution over the forward part of the suction surface, with a controlled-diffusion 

pressure distribution thereafter. Under moderate-to-high Reynolds-number conditions, 

this type of design has been used to ensure tha t laminar flow prevails in the freestream- 

acceleration region over the suction surface, with transition occurring at the start of the 

controlled-diffusion region. An airfoil of this type could potentially be designed such tha t, 

for the Reynolds numbers examined in the present study, separation would occur slightly 

downstream of the junction between the laminar-rooftop and controlled-diffusion regions.

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



Chapter 8 188

C oncept 1 - High-Lift Liebeck-Type Airfoil C oncept 5 - Flat Plate with Elliptic Leading Edge and  Flap

Concept 6 - Backward Facing Ram p AirfoilConcept 2 - Flat Plate with Circular Leading Edge

Concept 3 - Flat P late with Circular Leading Edge and Flap C oncept 7 - Backward Facing Ram p Airfoil with Flap

C oncept 8 - Contraction and  Expansion P a ssag eC oncept 4  - Flat Plate with Elliptic Leading Edge

Figure 8.1: Concepts for new test model

Concept 2 is the configuration used by Malkiel and Mayle (1996) for their study of 

separation-bubble transition, and consists of a flat plate with a circular leading-edge. By 

forcing separation to  occur by means of a change in surface curvature between the circular 

leading-edge and the flat surface, minimal movement of the separation location could be 

ensured over a large range of Reynolds numbers and angles-of-attack. Concept 3 is a 

variation on Concept 2, with the addition of a trailing-edge flap th a t can be used to vary 

the circulation, and hence the pressure distribution, over the airfoil. This configuration was 

used by Arena and Mueller (1980) to examine the flow characteristics typical of airfoils with 

separation bubbles.

Concepts 4 and 5 are similar to Concepts 2 and 3, respectively, but have elliptic rather 

than  circular leading edges. The reduced surface-curvature change at the junction of the
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leading-edge with the flat surface may provide delayed separation, with boundary-layer 

characteristics prior to separation th a t more closely resemble those over low-Reynolds- 

number and low-pressure-turbine airfoils. However, elliptic leading edges are generally 

used to suppress leading-edge separation and may provide difficulty in obtaining a fixed 

separation-location on the flat upper-surface over a wide range of operating conditions. 

The trailing-edge flap of Concept 5 would likely provide better control in this regard.

Concept 6 , which is the chosen configuration for the present study, is similar to the 

airfoil used by Bao and Dallmann (2004) in their study of separation-bubble transition by 

means of hydrogen-bubble flow visualization and PIV. The region of the airfoil over which 

separation bubbles are observed consists of a backward-facing curved ramp fitted between 

two flat surfaces. A seventh-order polynomial describes the shape of the curved ramp, and 

provides a continuous change in surface slope and curvature over the upper surface of the 

airfoil. The continuous change in surface curvature at the intersection of the forward flat 

segment with the ramp ensures tha t separation occurs as a result of the induced pressure 

field and not due to a discontinuous change in surface curvature, as would be the case 

for Concepts 2 and 3. Also, to  simulate the separation and transition characteristics of 

conventional airfoils, the continuous change in surface curvature near separation ensures 

tha t instability growth in the separated shear layer results from amplification of small- 

disturbances generated upstream of separation, as opposed to disturbances generated at 

separation by a discontinuous change in curvature. Concept 7 consists of the same airfoil 

shape as Concept 6 , but with a trailing-edge flap to  provide greater control of the pressure 

distribution over the upper surface of the airfoil.

Concept 8 is the most complex of any concept considered, and was modelled after the 

flat-plate test-section configuration used in the wind-tunnel a t Carleton University, upon 

which the simulations of Chapter 7 were based. This concept consists of two surfaces, a 

curved upper-surface and a flat lower-surface, through which contraction and expansion of
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the flow would provide a pressure distribution similar to  that encountered over the suction 

surfaces of low-pressure-turbine airfoils. As the test configuration would have to  be towed 

through the working medium in the NRC tow-tank facility, the lower surface must be 

supported by the upper surface while still providing optical access from the side for particle- 

image capture. As well, the lower surface would have to consist of a transparent material to 

allow illumination of the seeding material, by the laser light-sheet, in the passage between 

the two surfaces.

The selected configuration, Concept 6 , was chosen based on a weighted trade-study of 

the eight concepts presented in Figure 8.1. Three criteria were used to  assess the capability 

of the configurations for achieving the desired flow conditions. These criteria were: 1) the 

ability to  provide flow conditions upstream of separation with characteristics similar to 

those observed over low-Reynolds-number and low-pressure-turbine airfoils, 2) the ability to 

provide minimal variation in the separation location over a wide operating range, and 3 ) the 

ability to  provide a wide range of separation-bubble sizes and characteristics. Design and 

manufacturing considerations were also evaluated for the various configurations. The three 

criteria assessed in these regards were: 1) the time required to design the test model, 2) the 

simplicity and cost of manufacturing the test model, and 3) the ease with which the test 

model could be mounted in the tow-tank facility. As PIV was the intended measurement 

technique for use in this study, optical-access considerations were also im portant in the 

design study. The two criteria assessed in regards to  this were: 1) the access and visibility 

of the LED marker-fixture, and 2) the ease with which the flow region of interest could be 

illuminated by the laser-light sheet and viewed by the camera. Based on the weighted trade 

study, Concept 6 was found to  best meet the requirements for the design.

Concept 6 , from here on referred to as the “unconventional airfoil,” provides the best 

compromise between achieving the desired flow characteristics and ease of design. As shown 

by Bao and Dallmann (2004), this configuration can provide minimal movement of the
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separation location while providing a large potential variation in separation bubble sizes 

for the Reynolds-number-range tha t can be realized in the tow-tank facility. It can also be 

manufactured in one piece and, as it does not require an elevated angle-of-attack to  promote 

separation, does not require much initial study to select suitable operating conditions.

The shape of the unconventional airfoil differs from tha t used by Bao and Dallmann, 

in tha t it has a much shorter flat-surface section upstream of the curved backward-facing 

ramp. This change was made because of the following competing requirements: limits in the 

chord length for ensuring steady-state operating conditions over the measurement length of 

the tow-tank; and the ability to capture closed separation-bubbles over the aft section of 

the airfoil. The short working length of the tow tank (3 m) limits the chord length of the 

airfoil, as a longer chord would require a  greater distance of travel before the shear-layers 

reach a steady-state condition (Schlichting and Gersten, 2000). The selected chord length 

for the airfoil model is 0.25 m. To ensure tha t a closed separation bubble forms over the 

airfoil, the distance of the flat surface downstream of the backward-facing ramp was selected 

such that transition and reattachm ent were expected to occur over this surface for any flow 

Reynolds numbers greater than 10,000. This aft-section sizing was performed using the 

separation-bubble transition-onset model of Roberts (Equation 2.1, page 33), to  predict the 

length from separation to transition onset, with the momentum-thickness Reynolds-number 

at separation estimated by assuming the boundary layer upstream of separation develops 

in the same manner as a zero-pressure-gradient Blasius boundary layer. Based on this 

analysis, the required aft-surface length reduced the fraction of chord-length available for 

the forward-section. Although the short forward-section of the airfoil was a result of the 

above-noted requirements, its short length has provided conditions tha t better represent 

the upstream flow conditions over low-Reynolds-number and low-pressure-turbine airfoils. 

The short length provides conditions such that, for the lower Reynolds numbers examined 

in this study, an adverse pressure gradient is present over the entire distance between the
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leading-edge suction peak and separation. The shape used by Bao and Dallmann provided 

relaxation of the leading-edge boundary layer to a zero-pressure-gradient Blasius profile 

prior to  being influenced by the ramp.

The height of the backward-facing ramp of the unconventional airfoil is 0.015 m, and was 

selected such tha t it is at least twice the expected boundary-layer thickness at separation for 

any flow Reynolds numbers greater than 10,000. The surface shape parameters, including 

polynomial coefficients, ellipse lengths, and ellipse axis-ratios, along with excerpts from the 

engineering drawings of the airfoil, are provided in Appendix B.

8.3 Discussion of M easurement Results

For the range of flow-Reynolds-numbers examined with the unconventional airfoil, 

separation bubbles are observed on the upper surface of the airfoil over the curved backward- 

facing ramp. The basic flow characteristics of the separation bubbles are discussed in 

Section 8.3.1, which includes descriptions of the shear layer growth properties. The 

mechanisms associated with laminar-to-turbulent transition of the separated shear layers 

are then described in Section 8.3.2, followed by a discussion of the ensemble-averaged 

flow statistics in the transition and reattachm ent regions of the separation bubbles in 

Section 8.3.3.

8.3.1 Shear-Layer and Flow Characteristics

At all Reynolds numbers examined, a separation bubble develops over the airfoil surface 

in the region of the backward-facing ramp. Figure 8.2 shows streamlines associated with 

the ensemble-averaged flow-fields over the airfoil for all Reynolds numbers examined, and 

provides an indication of the range of separation-bubble shapes and sizes observed in the
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x/C

Figure 8.2: Ensemble-averaged streamlines over the unconventional airfoil

present study. Separation occurs around x /C  =  0.3, and the reattachment length decreases 

with increasing Reynolds number as expected. Large clockwise recirculation regions are 

observed in the downstream region of the bubbles. As will be shown, this large-scale 

reattachment vortex evident in the averaged flow field is not readily identifiable in the 

instantaneous flow field where the many smaller-scale vortical structures tha t originate 

from instability of the separated shear layer prevail. At the three lower Reynolds numbers, 

a small ensemble-averaged forward-flow region is observed near the surface at the upstream 

end of the strong recirculation region, and is indicated by streamlines emanating from the 

surface with a component in the downstream direction. This occurs in the region of the
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separation bubble tha t is often called the “dead-air” or “dead-water” region, where the 

velocity is much lower than tha t of the freestream flow, and is not a phenomenon associated 

with typical separation bubbles tha t occur over conventional airfoils. This forward flow is 

associated with a secondary vortex tha t has been observed in the lower corner behind sharp 

backward-facing steps (Hall et al., 2003). As with the large-scale reattachm ent vortex of 

the separation bubble, this secondary vortex is not discernable in the instantaneous velocity 

field which is dominated by smaller scale transient flow structures. The strength and size of 

this secondary vortex are driven by the relative magnitudes of the shear generated by the 

reattachment vortex and the separated shear layer, and this averaged-vortex phenomenon is 

generally not observed in separation bubbles th a t develop over conventional airfoils. Based 

on comparison of these results with those for the SD7003 airfoil presented in Chapter 6  

and the low-freestream-turbulence simulation in Chapter 7, the presence of an ensemble- 

averaged secondary vortex in the separation bubble does not appear to alter the transition 

process in the separated shear layer in any significant manner.

For all four Reynolds numbers, the freestream velocity distributions measured at the 

edge of the shear layer are presented in Figure 8.3a. This edge is easily identified in the 

laminar part of the shear layer, as the streamline-curvature induced by the airfoil geometry 

provides a maximum in the velocity profiles at the edge of the shear layer. Over the turbulent 

part of the shear layer, this edge has been identified as the dividing line outside of which the 

<u'v'>  velocity correlation values are negligible. Upstream of separation (x s/C  «0.3), the 

freestream velocity and acceleration magnitudes change over the Reynolds number range 

examined. As the Reynolds number is reduced, the thicker boundary layer developing over 

the elliptic leading edge provides reduced streamline curvature and hence a reduced suction- 

peak velocity magnitude. The change in lift distribution as a result of the Reynolds-number- 

dependent separation-bubble size also contributes to this effect. It is also noted that, for 

all cases, freestream acceleration is observed over the aft region of the airfoil.
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Figure 8.3: Shear layer property distributions over the unconventional airfoil, a) shear 

layer edge velocity, b) displacement and momentum thicknesses, c) shape factor
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The shear-layer integral parameters are presented in Figures 8.3b and 8.3c. Downstream 

of separation, the displacement thickness increases at a high rate due to the thick “dead- 

water” region resulting from the the shear layer moving away from the surface. The 

momentum thickness, however, remains low until the effects of transition in the separated 

shear layer become pronounced. The high displacement thicknesses prior to  transition result 

in high shape factors, as observed in Figure 8.3c. The peak shape factors for the three 

lower Reynolds numbers (H  & 8  — 10) are indicative of the separated shear layers being 

located far from the surface, and are consistent with values observed over the SD7003-airfoil 

measurements of Chapter 6 .

8.3.2 Transition Mechanisms

Transition of shear layers in low-disturbance environments occurs through receptiv

ity of the shear layer to  infinitesimal disturbances. According to  the classification 

by Saric et al. (2002), regarding receptivity sites over aerodynamic bodies, two distinct 

receptivity sites are encountered prior to separation over the airfoil. The first receptivity 

site is the leading-edge region where the boundary layer is thin and grows rapidly, and 

where streamwise pressure gradients are strong relative to the boundary-layer scales. The 

second receptivity site is localized at x /C  = 0.12, where a discontinuity in surface curvature 

occurs as the leading-edge ellipse, with a major-to-minor axis ratio of 3.333, joins the fiat 

surface segment upstream of the curved ramp. Upon penetrating the boundary layer, the 

disturbances grow in the shear layer, which is promoted by the inflectional cross-stream 

velocity distribution owing to the adverse streamwise pressure gradient (Schlichting and 

Gersten, 2000).

In the present experiments, transition of the separated shear layer occurs in a manner 

similar to  tha t which occurs in planar free-shear layers and in separation bubbles over
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conventional airfoils under low levels of freestream disturbances, such as those documented 

in Chapters 6  and 7. Under these conditions, the small disturbances tha t penetrate the 

boundary layer at the upstream receptivity sites grow up to the point of separation at 

the beginning of the backward-facing ramp, and amplify further in the separated shear 

layer which is inviscidly unstable due to the inflectional velocity profile. Amplification of 

the most unstable frequency associated with this Kelvin-Helmholtz instability mechanism 

leads to  roll-up of the vorticity contained in the shear layer to produce a train  of discrete 

vortices which grow as they convect downstream. Figure 8.4 presents a series of x  — y plots 

of normalized spanwise vorticity (Cqz = £lzC/Uoo) which show the formation and growth 

of these spanwise-oriented vorticies over one period of the dominant instability frequency, 

a t a Reynolds number of 39,000. The plots correspond to a series of instants in time, 

with time stated in a normalized form (t* =  t Uoo/C). The Strouhal number associated 

with the formation frequency of the spanwise vortices, based on conditions at separation 

(Sr$s = fd s/U es), is in the range 0.015 to 0.016 for the three lowest Reynolds numbers 

examined. This is consistent with the value of 0.016 identified by Ho and Huerre (1984) 

for an unforced planar free shear layer. A slightly higher value of 0.020 is observed for 

the highest Reynolds number. However, the uncertainty in this value is approximately 

0.005, and is much higher than tha t for the lower Reynolds numbers due to the relatively 

thin boundary layer at separation. For this case, a resolution of only six vectors across 

the boundary layer at separation yields larger uncertainties in the momentum thickness at 

separation and the inferred frequency of vorticity roll-up.

Once the roll-up of vorticity is initiated in the separated shear layer, the amplification 

rate is very high in the streamwise direction. As seen in Figure 8.4, over a distance of 

approximately two wavelengths, the spanwise-oriented vortices grow to  a level where the 

wall-normal extent is approximately equal to tha t of the streamwise wavelength, and small- 

scale fluctuations in the vorticity contours near x /C  — 0.5 indicate tha t breakdown to
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Figure 8.4: Instability  grow th in th e  separated  shear layer for R e=39,000
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small-scale turbulence has been initiated. In the region 0.45 < x /C  < 0.50 the vortices 

grow to  a sufficient strength tha t they provide a significant level of cross-stream momentum 

exchange and initiate the process of reattachm ent of the shear layer to the surface.

The transition point in a shear layer can be defined as the location where small- 

scale fluctuations, smaller than those associated with the dominant instability waves, are 

initiated and provide a mechanism for dissipation of energy at the Kolmogorov scale. In 

the simulation results of Chapter 7 for which transition occured in a separation bubble 

under low-freestream-turbulence conditions, it was observed tha t this small-scale breakdown 

to  turbulence is initiated in the high-shear braid region between sequential large-scale 

spanwise vortices. Due to convection of the vortices through the shear layer, the small-scale 

breakdown occurs in a time-periodic manner. Through the results of Chapter 7, it was also 

observed tha t the most upstream location where small-scale breakdown occurs corresponds 

with deviation of the fluctuation growth rates from the exponential growth associated with 

amplification of the dominant instability. This has therefore been used as a means for 

identifying the transition onset location in the present study, and was also used in the 

SD7003 study of Chapter 6 . Figure 8.5 shows the growth of <v'v'>  and <u'v’> fluctuation 

correlations in the shear layer for the case presented in Figure 8.4 (Re = 39,000). In 

Figure 8.5, the fluctuation-correlation levels are presented as an integration of the ensemble- 

averaged values across the shear layer. As compared to  the method used in Chapter 6 , where 

data were extracted along the line of maximum amplification within the shear layer, this 

new method was found to provide lower uncertainty and scatter in the fluctuation growth 

curves, with the integration acting to filter localized errors in the correlation parameters. 

This is observed by comparing the fluctuation growth curves in Figure 8.5 with those in 

Figures 6 .6  (page 119) and 6.7 (page 120), for which greater scatter is observed in the latter 

figures at the upstream end of the exponential-growth regions. In Figure 8.5, deviation from 

exponential growth occurs at about x /C  =  0.44, and is identified as the location of transition
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Figure 8.5: Fluctuation growth rates and transition onset location for _Re=39,000

onset. It was also confirmed tha t this location corresponds to deviation from exponential 

growth of data  extracted along the line of maximum instability growth of the separated shear 

layer, thus validating the method using cross-stream-integrated values. Although both the 

<v'v'>  and <u'v'>  distributions deviate from exponential growth at the same streamwise 

location, the <v'v'>  curve exhibits exponential growth further upstream than the <u'v'>  

curve, thus providing a greater streamwise extent of observed exponential growth. This has 

also been identified at all other Reynolds numbers, and therefore the <v'v'>  distributions 

have been used in identifying transition onset. Uncertainty in the location of transition 

onset for the present measurements, and those of the flow-manipulation study presented 

later in Chapter 9, is ±0.01 C.

In planar free-shear layers, the spanwise vortices produced by the Kelvin-Helmholtz 

instability are susceptible to subharmonic disturbances (Kelly, 1967), which results in
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a vortex-pairing phenomenon. This pairing phenomenon is observed in the present 

experiments at all Reynolds numbers, and is shown for Re  =  28,000 in Figure 8 .6  through a 

series of x —y  plots of normalized spanwise vorticity. At t* = 0, a large vortex resulting from 

roll-up of the separated shear layer is observed at approximately x /C  =  0.55. In the next 

frame, at t* — 0.0544, an upstream vortex enters the field of view and the subharmonic 

instability causes it to  shift towards the higher velocity side of the shear layer. As this 

upstream vortex convects at a higher rate and catches up to the downstream vortex, the 

two become stretched and elongated as they rotate about each other due to mutual induction 

of their vorticity fields. The trajectories of the two vortex cores are traced out in Figure 8 .6  

and clearly show the difference in convection rates of the two vortices due to the subharmonic 

instability. As the vortices merge, the production of smaller-scale turbulence is observed 

near the core of the new vortex, indicated by the stronger vorticity fluctuations, and at 

t* = 0.2722 the new vortex is dominated by small-scale fluctations. The same vortex- 

pairing phenomenon has been observed in other studies of separation bubbles (Wissink 

and Rodi, 2002; Abdalla and Yang, 2004; Malkiel and Mayle, 1996), including tha t of 

Chapter 6 . However, the presence of pairing has only been observed at lower Reynolds 

numbers (Re# 0(100)), similar to  those of the present study. It is conceivable tha t the 

presence of this subharmonic instability is also dependent on the distance of the separated 

shear layer from the surface, and the closer proximity of the surface in a thinner bubble, 

like tha t of the low-freestream-turbulence simulation of Chapter 7, may suppress its effects.

The new vortices produced as a result of vortex pairing have approximately double 

the spacing of the primary vortices. As described by Ho and Huang (1982) in regards 

to  planar free-shear layers, the change of the local length scale of the shear layer as a 

result of the vortex merging makes the original subharmonic become neutrally stable, 

and the new subharmonic becomes the wave of most rapid amplification. This process 

leads to a secondary pairing phenomenon, and is suggested as the dominant mechanism
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Figure 8 .6 : Vortex pairing phenom enon observed a t iZe=28,000
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associated with growth of planar free-shear layers (Ho and Huerre, 1984). In the present 

measurements, this secondary pairing is sometimes observed in and downstream of the 

reattachm ent region. However this secondary pairing process does not occur in as coherent 

a manner as tha t which occurs in free shear layers. Some indications of this secondary 

pairing are seen in the downstream regions of Figure 8 .6 , but the process is more distinct 

at a Reynolds number of 39,000 as shown in Figure 8.7. In this figure, two occurrences 

of the secondary pairing phenomenon are identified and the trajectories of the pairing 

vortices are shown. The vortices do not have a distinctive structure but are identified by 

clusters of strong vorticity fluctuations. The most interesting observation of the current 

measurements is the inter-vortex regions with negligible velocity and vorticity fluctuations 

(apparent for 0.3432 < t * <  0.6864 in Figure 8.7). These regions are comprised of freestream 

fluid entrained towards the surface by the large-scale vortices generated in the transition 

region. The boundary layers in the inter-vortex regions have velocity profiles similar to  time- 

averaged turbulent profiles, despite the low fluctuation levels, with vorticity concentrated 

to a thin region near the surface. The occurrence and streamwise extent of this laminar-like 

inter-vortex region decrease with increasing Reynolds number, and is scarcely observed at 

a Reynolds number of 101,000.

As observed in some large-eddy and direct-numerical simulations of transition in sepa

ration bubbles (Yang and Voke, 2001; Wissink and Rodi, 2002; Abdalla and Yang, 2004), 

including the results of Chapter 7, the large-scale spanwise vortices generated in the 

transition region become stretched and reoriented as they convect downstream, due to 

a secondary spanwise instability, resulting in hairpin-shaped structures similar to the 

dominant structures observed in turbulent boundary layers (Panton, 2001). Some of the 

streamwise-elongated turbulent structures observed in the present measurements, such as 

tha t observed in the lower plots of Figure 8.7, may be a result of the two-dimensional 

measurement plane cutting through the upstream-oriented legs of one of these hairpin-
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shaped structures and may not be a result of a secondary pairing instability. Despite this, 

the more distinct occurrences of large-scale vortex merging, like tha t observed in the upper 

plots of Figure 8.7, is a strong indicator tha t the secondary pairing instability is active. 

However, the presence of the wall provides damping for this process as the reattached shear 

layer slowly recovers towards the structure of a turbulent boundary layer. As shown by 

Alam and Sandham (2000) and the simulation results of Chapter 7, this recovery takes 

place over a distance of many bubble lengths.

As mentioned above, the secondary pairing process is not a consistent phenomenon, 

and most often the vortices generated from the primary pairing event remain relatively 

coherent as they convect downstream of the separation bubble. The dominant streamwise 

wavelengths associated with the large-scale vortices have been identified by means of a 

spatial correlation of the wall-normal velocity fluctuation. The correlation coefficient ccv> 

is defined as:

/ a x 1 v - ' vi (x ) v'Ax + A x)  .ccv>(x, x  + A x) = — y  —-=  (8.1)
N  “  y j< v'v'(x) > yj<  v 'v '(x  +  Ax) >

where N  is the number of vector fields used in the ensemble average and i is an index 

identifying the instantaneous vector fields. Normalization of the instantaneous fluctuation

values by the local ensemble-averaged RMS values, %/< v'v' >, is required since the 

fluctuation levels change with streamwise distance and this ensures tha t the correlation 

value remains below 1 . Figure 8 .8  provides an example of the correlation function at a 

location of x /C  =  0.426 and y /C  = 0.061 for Re  =  39,000. Apart from the autocorrelation 

peak centered at the location about which the correlation is being performed (x /C  =  0.426), 

two distinct correlation peaks are observed in Figure 8 .8 , and provide estimates for the 

dominant wavelength prevailing in the separated shear layer. Since the dominant length 

scale changes with streamwise distance due to  changes in the vortex convection rates and the 

vortex pairing phenomenon, the length scales identified by the correlation function are not
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Figure 8 .8 : Streamwise correlation function of wall-normal velocity fluctuations a t 

x/C  = 0.426, y/C  = 0.061 for iZe=39,000

indicative of the dominant wavelength at the location about which the correlation is being 

performed. Differences in the forward- and backward-correlated wavelengths in Figure 8 .8  

provide evidence of this discrepancy. It can be assumed tha t the observed dominant 

length scale is more representative of those tha t occur at a distance half-way between 

the correlation location and the location of the respective correlation peak. Wavelengths 

extracted in this manner provide a clear picture of the change in length scale with streamwise 

distance due to  the vortex pairing phenomenon, and are shown in Figure 8.9a. There is a 

slight discrepancy in the length scales extracted using the forward and backward correlation 

peaks, but the general trend of increasing length scale is captured well. Over the aft region of 

the airfoil, the dominant length scale is approximately double tha t of the primary instability 

wavelength tha t develops in the separated shear layer, providing evidence tha t the primary 

pairing event is dominant and the inconsistency of the secondary pairing phenomenon 

provides minimal influence on the spatial correlation. The correlation peak values associated
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Figure 8.9: Stream wise correlation of dom inant wavelengths for Re = 39,000,

a) wavelength d istribution, b) correlation peak distribution

with the dominant wavelengths are shown in Figure 8.9b, and show the decay in coherence 

of these dominant length scales with downstream distance. The highest level of coherence 

is observed near transition onset (Xts/C  — 0.44), downstream of which the combined effect 

of small-scale breakdown to turbulence and distortion of the large-scale vortices results in 

lower correlation values.
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8.3.3 Ensemble-Averaged Flow Statistics

For practical purposes, the ensemble-averaged statistics associated with the velocity 

fluctuations in separation bubbles are important, particularly for validation and develop

ment of transition models and turbulence-closure models for use in computational fluid 

dynamics (CFD) software (Roberts, 2005). In Figure 8.10, contour plots of velocity 

correlations are shown for Re  =  39,000 with the averaged streamline patterns provided in 

the upper plot of the figure, and with the dividing streamline tha t bounds the averaged 

reverse-flow region overlaid on the subsequent contour plots. On the contour plots of 

Figure 8.10, a slight discontinuity in the fluctuation fields is observed at x /C  «  0.51 which 

is at the interface of the two measurement regions from which the data  has been processed. 

Velocity fluctuations are first observed to  grow along the line of maximum vorticity in the 

separated shear layer, which is consistent with growth of vorticity fluctuations by means of 

the inviscid Kelvin-Helmholtz instability, as observed in Figure 8.4. The highest fluctuation 

levels are observed near the ensemble-averaged reattachment location, and decay with 

downstream distance as a result of damping due to the presence of the wall. In the plots of 

Urm,s and <u'u'>, a secondary fluctuation peak is observed inside the bubble along the line 

of maximum reverse-flow velocity. This is consistent with other measurement and simulation 

results of separation bubbles (Volino, 2002a; Spalart and Strelets, 2000; Lang et al., 2004) 

and is predicted by linear stability theory (LST). As discussed in Chapter 7 by means of 

LST results presented by Rist and Maucher (2002), this inner peak is a result of a viscous 

instability associated with the reverse-flow below the separated shear layer.

Of the statistical parameters presented in Figure 8.10, the Reynolds shear-stress 

component <u'v'>  provides a measure of the wall-normal momentum exchange occurring 

as a result of the transition process, and also has peak levels near the ensemble-averaged 

reattachm ent location. The energy transfer facilitated by the <u'v'>  Reynolds shear-stress
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Figure 8.10: Mean streamlines and contour plots of velocity correlations at Re = 39,000 

(dividing streamline overlaid on contour plots)
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component is quantified by -< u 'v '>  Sxy which is the work done by this shear stress on the 

time-mean flow field through the strain rate Sxy. This energy transfer is noted to occur 

predominantly in the outer part of the separated shear layer as a result of the high rates of 

strain occurring in tha t region. Downstream of the bubble, significant levels of -< u 'v '>  Sxy 

are observed across the reattached shear layer.

Although not presented in this chapter, for the sake of conciseness, similar velocity- 

correlation plots to  those of Figure 8.10 have been examined for all the measurement cases, 

including those for the flow-manipulation study presented in the next chapter. The detailed 

measurement results for each of these cases are included in Appendix D.

8.4 Conclusions

In an effort to  further examine the mechanisms and processes involved in transition 

and reattachment of a separated shear layer, and to  provide baseline conditions for the 

flow-manipulation study of the next chapter, an airfoil has been designed th a t provides 

a suction-side pressure distribution similar to tha t occurring over typical low-Reynolds- 

number airfoils while minimizing the streamwise movement of separation over a range of 

operating conditions. Measurements were performed using PIV over the upper surface of 

this airfoil at four Reynolds numbers, based on chord length, in the range 28,000 to  101,000 

and under negligible freestream turbulence conditions.

At all Reynolds numbers, the Kelvin-Helmholtz instability has been observed as the 

dominant transition mechanism in the separation bubbles measured over the newly- 

designed, unconventional airfoil. This instability leads to roll-up of the vorticity contained 

in the shear layer into discrete spanwise-oriented vortices tha t grow and shed from the shear 

layer, initiating small-scale breakdown to turbulence. The normalized frequency of shedding
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is noted to  be consistent with tha t observed in planar free shear layers. A pairing process has 

been identified whereby a subharmonic instability causes two sequential vortices to rotate 

about each other and merge to form a train of larger vortices with double the spacing of the 

primary vortices. A secondary pairing of these larger vortices is sometimes observed. When 

this secondary pairing occurs, a region of laminar flow is observed between the large scale 

vortices. This laminar inter-vortex region consists of freestream fluid entrained towards 

the surface as a result of the strong circulation associated with the large-scale vortices. 

A data-processing method based on a spatial-correlation of the velocity fluctuations has 

been examined, and proven reliable, for extracting the wavelength of the vortical structures 

originating in the separated shear layer.

The overall structure of the separation bubble developing downstream of the backward- 

facing curved ramp of the airfoil is noted to  be generally consistent with th a t observed 

previously on conventional airfoils. In the separation bubble over the curved backward- 

facing ramp configuration, a secondary recirculation zone is observed to  develop ahead of the 

primary recirculation zone within the time-averaged flow field. This secondary recirculation 

zone does not appear to be strong enough to modify the base-flow profile in the separated 

shear layer, such tha t it would affect the instability and transition characteristics of the 

layer.

The clear physical picture of the transition and reattachment processes established for 

the unconventional airfoil provides a sound basis for examining the effects of passive surface 

modifications applied to the airfoil. The next chapter discusses the results of this flow- 

control study.
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Passive M anipulation of 

Separation-Bubble Transition

9.1 Chapter Overview

The feasibility of manipulating the transition process in a separated shear layer through 

passive forcing is evaluated in this chapter. The newly-designed, unconventional airfoil 

examined in the previous chapter was used for the study. A series of surface disturbances 

in the form of two-dimensional surface modifications located upstream of the point of 

separation are experimentally evaluated in regards to  their ability to promote or delay 

transition and reattachm ent of the separated shear layer. The tested surface perturbations 

vary broadly, and include a constant-height step, constant-depth grooves, a backward- 

facing step followed by a ramp, and a sinusoidal groove, with the goal of identifying the 

configuration tha t provides the best trade-off between improved aerodynamic performance 

at low Reynolds numbers and minimal aerodynamic penalties at higher Reynolds numbers.

212
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Through experiments using two-dimensional particle-image velocimetry (PIV), manipu

lation of the separation-bubble-transition process by the surface perturbations is examined. 

The study was conducted under the same flow conditions examined in Chapter 8 : low 

freestream-turbulence over a flow-Reynolds-number range of 28,000 to  101,000 based on 

airfoil chord.

9.2 Passive Surface M odifications

As noted in Chapter 2, Section 2.5, with regards to the control of transition in separation 

bubbles, active methods are more effective than passive methods at manipulating the 

transition process, but the energy expenditure required by these devices could potentially 

result in a decrease of the overall system performance. Conversely, passive methods which 

require no energy expenditure can work very well for a specific operating condition, but 

generally result in performance degradation under flow conditions where control of the 

transition process is not needed. Of the passive techniques tha t have previously been 

employed for control of separation bubbles, surface indentation methods appear to provide 

the best compromise between improved low-Reynolds-number performance and minimal 

penalties at higher Reynolds numbers.

Several two-dimensional surface modifications have been examined for the newly- 

designed, unconventional airfoil, and are shown in Figure 9.1 with their identifying 

acronyms. They include both surface protrusions (ST configuration) and surface indenta

tions (SG, LG, SN, SR configurations). The indentation configurations have been machined 

into thin, flexible vinyl strips mounted in a matching groove on the airfoil surface, and 

the extent of these strips is indicated by the dashed lines in Figure 9.1. The surface 

modifications have been designed to  provide a perturbation to the separating shear layer 

at a frequency matching tha t of the dominant instability frequency of the separated shear
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Step (ST)

Short Groove (SG)

i Long Groove (LG)

Sinusoidal Groove (SN)

i Step-Ramp (SR)

Figure 9.1: G eom etry of surface modifications (dashed line indicates extent of flexible 

vinyl strip)

layer. To this effect, the streamwise lengths of the surface modifications have been selected 

to provide passive forcing at intervals of the instability wavelength, which was observed to 

be Ax =18 mm, or 7.2% of chord, for the clean airfoil configuration at a Reynolds number 

of 39,000.

The protrusion/indentation height of the surface modifications were set to 70% of the 

displacement thickness at separation, which was based on the results of the passive control 

studies of Volino (2003), Zhang and Hodson (2005), and Zhang et al. (2005) performed 

on low-pressure-turbine airfoils. This corresponds to  1 mm based on the clean-airfoil 

configuration at a Reynolds number of 39,000. The above noted studies, in which similar 

constant-height protrusion/indentation modifications were examined at higher Reynolds 

numbers, also suggest tha t instabilities are promoted by the edge of a sharp backward-facing 

step as this would provide a receptivity site for infinitesimal disturbances. Accordingly,
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some of the configurations include such a backward-facing step (ST, SG, LG, and SR) 

to promote disturbance-initiation in the inflectional boundary layer prior to  separation. 

The steps coincide with the leading edge of the groove tha t was machined into the airfoil 

surface (x /C  — 0.232), which is slightly upstream of the separation location for the clean- 

airfoil cases (xs/C  & 0.3).

9.3 Discussion of M easurement Results

In the following discussion on the effects of the surface modifications with regards to  the 

separation-bubble characteristics and boundary-layer losses downstream of reattachment, 

the acronym CL refers to  the clean airfoil configuration tha t was discussed in the previous 

chapter. First, a comparison of the general performance of the airfoil with the surface 

modifications is given in Section 9.3.1, followed by individual discussions of the flow physics 

for each modification in Sections 9.3.2 through 9.3.6. As the inclusion of all measurement 

results for each of the 20  additional cases presented herein would unnecessarily lengthen 

this chapter, only results deemed im portant for understanding the physics of the flow 

manipulations are presented. The detailed measurements for each of these cases, along with 

those of the clean-airfoil configuration presented in the preceding chapter, are included in 

Appendix D.

9.3.1 Separation Bubble Characteristics and Airfoil Performance

The surface modifications examined have been designed to provide passive forcing of 

the shear layer at a frequency similar to  tha t of the dominant instability observed in 

the separated shear layer. Figure 9.2 shows the dominant streamwise wavelengths of 

the observed instabilities for all configurations examined. These dominant wavelengths 

have been identified by means of the same spatial correlation of the wall-normal velocity
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Figure 9.2: D om inant wavelengths observed in th e  separated  shear layer for all

configurations

fluctuation described in the previous chapter (Equation 8.1, page 205). Peaks in the 

correlation distributions provide estimates of the dominant wavelengths in the separated 

shear layer, as described in Section 8.3.2 on pages 205 and 206.

In Figure 9.2, a distinct change in the dominant instability wavelength is observed for 

many of the configurations. At a Reynolds number of 28,000, all flow-control configurations 

show similar or increased wavelengths compared to  the clean-airfoil case, whereas at 

Reynolds numbers of 39,000 and 51,000 the dominant wavelengths are similar or lower than 

the respective clean-airfoil cases, except for the SN configuration at a Reynolds number 

of 51,000 which shows a slightly higher wavelength. This trend is contrary to what was 

expected, in tha t for a particular configuration the dominant wavelength was expected to 

be similar at all Reynolds numbers due to the spatial nature of the forcing device. Despite
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this, there is a distinct effect of spatial forcing on the instability wavelengths compared to 

the clean airfoil case.

Im portant parameters tha t define the characteristics of the separation bubbles, as 

well as the reattached turbulent boundary layer, are given in Table 9.1. The maximum 

expected uncertainties in these parameters were provided in Table 5.2 on page 98. The 

ensemble-averaged locations of separation, transition onset, and reattachm ent for all cases 

are shown in Figure 9.3 with a schematic of the airfoil for reference. The SG and SR 

configurations show similar separation locations compared to  the clean airfoil case, with 

a greater downstream shift for the SR configuration. For the ST and LG configurations, 

separation occurs well upstream of the clean airfoil separation point, at the location where 

a sharp backward-facing step associated with these surface-modification configurations is 

present. A time-averaged reattachm ent point is not provided in Table 9.1 and Figure 9.3 

for the LG configuration at a Reynolds number of 101,000, the reasons for which will be 

discussed later. The SN case also shows an upstream movement of the separation location, 

except at a Reynolds number of 101,000 where separation occurs at the most downstream 

location of any of the separation-bubble cases examined.

In the present study, transition onset is defined as the location where small-scale 

fluctuations, smaller than those associated with the dominant instability waves, are initiated 

and provide a mechanism for dissipation of energy at the Kolmogorov scale. As discussed in 

Chapter 8 , Section 8.3.2, this is identified by the streamwise location at which the growth of 

fluctuation levels in the shear layer begins to deviate from the exponential growth associated 

with amplification of the Kelvin-Helmholtz instability. The location of transition onset 

for the SG and SN cases is almost coincident with tha t for the clean airfoil at the three 

lower Reynolds numbers examined, with a slight deviation seen at the highest Reynolds 

number (Figure 9.3). The ST configuration at the three lower Reynolds numbers, and 

LG configuration over the full Reynolds number range, show upstream movement of the
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Table 9.1: Characteristics of separation bubbles and reattached  boundary  layers for all configurations

Separation Transition Reattachment x /C -  0.85
Configuration Re

x ic r3
x s
c

Ues
Uoo Rees %ts

C
%ts

c S r0s x r
C

x r — x s 
C R e& H

28 0.292 1.160 83 0.488 0.196 0.0159 0.684 0.392 342 1.60

CL 39 0.293 1.180 100 0.438 0.145 0.0159 0.618 0.325 422 1.49
51 0.297 1.192 120 0.411 0.114 0.0150 0.581 0.284 516 1.43
101 0.323 1.221 185 0.381 0.058 0.0197 0.456 0.133 562 1.79
28 0.229 1.210 79 0.444 0.215 0.0138 0.673 0.444 364 1.65

ST 39 0.229 1.221 100 0.403 0.174 0.0172 0.621 0.392 497 1.51
51 0.229 1.242 118 0.383 0.154 0.0168 0.582 0.353 596 1.43

101 0.229 1.346 215 0.229 0 .0 0 0 - 0.240 0.011 457 1.46
28 0.295 1.171 85 0.492 0.197 0.0128 0.689 0.394 301 1.67

SG 39 0.294 1.181 103 0.439 0.145 0.0176 0.630 0.336 400 1.45
51 0.304 1.183 125 0.410 0.106 0.0171 0.585 0.281 505 1.43

101 0.323 1.252 231 0.385 0.062 0.0256 0.418 0.095 636 1.40
28 0.232 1.201 75 0.479 0.247 0 .0 1 2 0 0.664 0.432 336 1.51

LG 39 0.232 1.218 95 0.418 0.186 0.0143 0.596 0.364 407 1.42
51 0.232 1.232 108 0.402 0.170 0.0136 0.557 0.325 461 1.40

101 0.232 1.289 162 0.410 0.178 0.0160 - - 494 1.45
28 0.247 1.198 83 0.497 0.250 0.0157 0.681 0.434 327 1.54

SN 39 0.247 1.209 106 0.435 0.188 0.0163 0.619 0.372 396 1.43
51 0.247 1.221 129 0.413 0.166 0.0146 0.570 0.323 477 1.41

101 0.350 1 .210 225 0.390 0.040 0.0247 0.443 0.093 534 1.39
28 0.300 1.172 86 0.509 0.209 0.0129 0.687 0.387 306 1 .6 8

SR 39 0.304 1.176 104 0.452 0.148 0.0177 0.635 0.331 368 1.47
51 0.308 1.186 123 0.418 0 .1 1 0 0.0159 0.588 0.280 478 1.44

101 0.330 1.218 201 0.403 0.073 0.0196 0.457 0.127 577 1.74
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Figure 9.3: Separation, transition  onset, and reattachm ent locations for all configura

tions

transition onset location, resulting primarily from the upstream movement of the separation 

point. Similarly, for the highest Reynolds number, the SR case shows downstream movement 

of transition onset by a distance equivalent to the downstream movement of separation. For 

the ST configuration at the highest Reynolds number, the protrusion initiates transition 

near the trailing edge of the step.

Reattachment locations show similar movement, relative to the clean airfoil, to  tha t 

of the transition onset location, except for the ST configuration which shows similar 

reattachm ent locations to the clean airfoil, except at a Reynolds number of 101,000 where 

reattachm ent occurs shortly downstream of the step. For this case, transition is initiated at
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the trailing edge of the step and occurs in an attached boundary layer over the backward- 

facing ramp.

The transition onset and reattachm ent locations, measured relative to the separation 

location, provide a better measure of the manipulation by the surface modifications on the 

transition process within the separation bubble. Figure 9.4 shows these relative locations for 

all configurations, for which three distinct trends are observed. At the three lower Reynolds 

numbers, the SG and SR configurations show similar relative locations of transition onset 

and reattachm ent as those for the clean airfoil. For the LG and SN configurations, the 

transition onset and reattachment relative locations are further downstream, except a t the 

highest Reynolds number. At the three lower Reynolds numbers, the ST configuration shows 

delayed transition onset compared to the clean airfoil, but not to  the same extent as the LG

0 .5 0

 • ------  CL
-  -  e  -  -  ST
 a  SG
 v  LG
 ,  SN
—  < —  SR

reattachm ent
0 . 4 0 -

0 . 3 0 -
o

(ft
XIx transition

on set
0 .2 0 -

0 .10 -

o .o o

6 0 0 0 020000 4 0 0 0 0 8 0 0 0 0 1000000
R e

Figure 9.4: Transition onset and reattachment lengths, relative to separation, for all 

configurations
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and SN configurations. However, the reattachm ent length for the ST configuration is longest 

of all the configurations examined at the three lower Reynolds numbers and shortest at the 

highest Reynolds number. It is again noted tha t reattachment occurs shortly downstream 

of the step for the ST configuration at the highest Reynolds number, and transition occurs 

in an attached boundary layer over the backward-facing ramp.

The losses associated with manipulation of the separation bubble through surface 

modifications can be evaluated by examining the momentum thickness of the boundary layer 

downstream of reattachment. Figure 9.5 shows momentum-thickness Reynolds numbers for 

all cases at a location of x /C  =  0.85, which is downstream of the reattachm ent location 

for all conditions. The curve-fits in Figure 9.5 are provided only as a guide for the eye 

and do not indicate the trends expected at intermediate Reynolds numbers. As would be
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Figure 9.5: M omentum -thickness Reynolds num bers for all surface configurations a t

x /C  = 0.85
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expected with increasing flow Reynolds number, the momentum-thickness Reynolds number 

increases for all but the ST configuration which shows lower losses at Re = 101,000 than 

at 39,000 and 51,000. At the three lower Reynolds numbers examined, all configurations 

except ST provide a decrease in losses. At the highest Reynolds number, the SG and SR 

configurations show increased losses compared to  the clean airfoil, with a decrease observed 

for all other configurations. The configuration tha t shows the most consistent improvement 

in losses at the three lower Reynolds numbers is the SR configuration; however it provides 

a slight increase in losses at the highest Reynolds number.

In the following, details regarding the ways in which each surface modification affects the 

separation bubble are discussed to  provide a physical explanation of the performance trends 

observed. The discussions revolve around the performance trends presented in Figures 9.2 

through 9.5, without explicit reference to  these figures.

9.3.2 ST Configuration

The step associated with the ST configuration provides a disturbance comparable to a 

trip  wire placed upstream of separation. Trip wires generally promote transition in the 

separated shear layer, resulting in decreased separation-bubble lengths, but often have 

increased losses for conditions where a separation bubble would not develop in absence 

of the tripping device. For the present configuration, this trend is reversed and losses axe 

higher than those for the clean airfoil at the three lower Reynolds numbers, with a decrease 

in losses observed only at the highest Reynolds number.

At the three lower Reynolds numbers, separation occurs at the trailing edge of the 

surface protrusion providing a separated shear layer at a greater distance from the airfoil 

surface than  all other configurations examined. This is observed in Figure 9.6 through a 

comparison of the velocity-vector profiles over the backward-facing ramp for the clean-airfoil
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Figure 9.6: Velocity-vector profiles and <u!v'> distributions at a Reynolds number of 

39,000 for a) the clean airfoil, and b) the ST configuration

and ST configurations a t a Reynolds number of 39,000. Despite the higher losses associated 

with the ST configuration at the three lower Reynolds numbers, transition onset relative 

to the separation point is delayed. Of all the configurations examined, the highest level of 

velocity fluctuations within the separated shear layer is observed for this configuration. 

By examining the instantaneous velocity and vorticity fields, it was observed tha t the 

grea te r d istan ce  of th e  shear layer from  th e  surface reduces th e  dam ping  effect of th e  wall. 

As a result, the large-scale vortical structures as well as the smaller-scale turbulence can 

spread over a greater transverse, or wall-normal, distance. This greater displacement of the 

separated shear layer from the surface, as observed in Figure 9.6, also provides the conditions 

which result in longer reattachm ent lengths, relative to  the location of separation.
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Figure 9.7: Velocity-vector profiles and <u'v’> distributions at a Reynolds number of 

101,000 for a) the clean airfoil, and b) the ST configuration

The ST configuration provides the greatest loss reduction at a Reynolds number of

101,000. For this case, a small recirculation zone is observed right behind the step, but 

is not well defined due to  the spatial resolution of the PIV measurements. The separated 

shear layer over this recirculation zone reattaches over a short streamwise distance, yielding 

a transitional boundary layer downstream of the step, which does not separate over the 

backward-facing ramp of the airfoil. This is observed in Figure 9.7 through a comparison 

of the velocity-vector profiles and <u'v'>  distributions between the clean-airfoil and ST 

configurations. In Figure 9.7, the presence of elevated -< u 'v '>  a t the downstream end of 

the step provides an indication tha t transition is initiated by the trailing-edge of the step. 

This elevated -< u 'v '>  a t the step trailing-edge may be a result of errors in the PIV  image
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analysis due to the thin shear layer in this region, but the elevated values observed shortly 

downstream of the step provide confidence tha t transition is initiated in this region.

The absence of a separated shear layer over the backward-facing ramp of the airfoil at 

Re  =  101,000 prevents the growth and shedding of large-scale vortical structures, thereby 

reducing the thickness of the shear layer as well as the fluctuation levels present therein (see 

Figure 9.7). In a study of a range of disturbance strips over a low-pressure-turbine airfoil 

in the presence of periodically passing turbulent wakes, Zhang et al. (2005) provide similar 

conclusions regarding the use of a rectangular step upstream of separation. In their case 

however, separation was still present downstream of the step, but the disturbances promoted 

by the step hastened the transition process within the separation bubble providing lower 

losses at the trailing edge of the airfoil. Volino (2003) observed similar effects induced by a 

rectangular protrusion located upstream of separation.

9.3.3 SG Configuration

The SG configuration provides the greatest reduction in loss at a Reynolds number of

28,000. However, the loss reduction diminishes with increasing Reynolds number and a 

significant increase in loss is observed at the highest Reynolds number of 101,000.

At a Reynolds number of 28,000 the primary pairing process is suppressed. Figure 9.8 

shows the wavelength and associated correlation coefficient distributions for this case 

compared with those for the clean airfoil at the same Reynolds number. As a result of 

th e  h igher m ean  velocities in  th e  o u te r p a r t  of th e  re a ttach ed  tu rb u len t b o u n d ary  layer, th e  

convection rate of the shed vortices is increased over tha t observed in the separated laminar 

shear layer, which is what causes the observed increase in dominant length scale for the SG 

configuration. Conversely, a continual increase in wavelength is observed for the clean airfoil 

case. The higher correlation levels for the SG configuration also indicate greater coherence
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Figure 9.8: Streamwise correlation of dom inant wavelengths for SG and CL configura

tions for Re =  28,000, a) wavelength distributions, b) correlation peak distributions

of the shed vortices. The passive forcing appears to promote a frequency lower than tha t of 

the natural frequency of the shear layer, indicated by the increased instability wavelength, 

which according to  Ho and Huerre (1984) should result in suppression of the subharmonic 

tha t initiates the pairing process. In examining instantaneous velocity and vorticity plots, 

the primary pairing process is rarely observed and the occurrence of laminar-like inter

vortex regions is significantly reduced from what was observed for the clean airfoil a t this 

Reynolds number.
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At Reynolds numbers of 39,000 and 51,000 the transition process and associated flow 

structures are very similar to those of the clean airfoil, which includes the presence of the 

primary and secondary pairing events. There are however slight increases in the length- 

scale correlations observed in the reattached boundary layer, similar to  tha t observed for 

x /C  >  0.65 in Figure 9.8, which indicates tha t the shed vortices remain coherent for a 

longer streamwise distance. This may provide the mechanism for the slight decrease in 

losses observed for these two Reynolds numbers, over the respective clean airfoil cases.

At the highest Reynolds number examined, the separation and transition-onset locations 

are very similar to  the clean airfoil case. However, the groove seems to  provide a disturbance 

source th a t modifies the vortical structures originating from the periodic roll-up of the 

separated shear layer in a manner th a t yields earlier reattachment. This modification to 

the structure of turbulence developing in the separated shear layer also yields a thicker 

reattached boundary layer, hence higher losses than  the clean airfoil case.

9.3.4 SR Configuration

The SR configuration provides the greatest delay in separation of all configurations 

examined, except at a Reynolds number of 101,000 where the SN configuration provides a 

greater delay. For all conditions, a small separated-flow region occurs in the leading edge 

region of the surface modification. Reattachment of this shear layer prior to the larger-scale 

separation bubble provides a highly-inflectional laminar boundary layer which separates 

further downstream than the clean airfoil cases. As previously noted, this configuration 

provides the most consistent reduction in losses at the three lower Reynolds numbers.

At a Reynolds number of 28,000, the SR configuration provides the same manipulation 

to  the transition process as does the SG configuration. The passive forcing promotes a 

lower instability frequency, which results in suppression of the subharmonic tha t initiates
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the pairing process, and the primary instability wavelength remains the dominant length 

scale present over the airfoil.

The dominant instability wavelengths at Reynolds numbers of 39,000 and 51,000 are 

almost identical to those for the clean airfoil, indicating negligible influence of the surface 

modification on the frequency of maximum amplification in the separated shear layer. 

Despite this, at a Reynolds number of 39,000 the disturbance appears to suppress the 

instability growth during some periods of the shear-layer development. Figure 9.9 shows 

two x — y plots of normalized spanwise vorticity for a Reynolds number of 39,000 at two 

unrelated moments in time. Visible growth of the instability wave is observed at a more 

upstream location in the upper plot than in the lower plot. The wavelength of the instability 

in the upper plot is also larger than tha t in the lower plot, indicating tha t a broad range of 

frequencies are present in the separated shear layer. These trends are also noted to occur 

for the clean airfoil but not to the same extent. At this Reynolds number, the maximum

Figure 9.9: V ariation in instability grow th and wavelength for th e  SR configuration a t 

Re = 39,000 for unrelated  instants in tim e
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Figure 9.10: Velocity-vector profiles and <u'v'> distributions at a Reynolds number of 

51,000 for a) the clean airfoil, and b) the SR configuration

wavelength-correlation peak is much lower than tha t for the clean airfoil (0.35 for SR and 

0.6 for CL) which is another indicator of this broader range of frequencies.

A different effect is observed at a Reynolds number of 51,000, where breakdown to 

small-scale turbulence is promoted by the surface modification, resulting in a shorter bubble 

length. The reattachm ent point is almost coincident with the clean-airfoil case despite the 

delayed separation. Although quicker reattachment is observed, relative to separation, 

lower peak-fluctuation levels are observed in the transition region, as seen through a 

comparison of the velocity-vector profiles and <u'v’> distributions with the clean airfoil 

case in Figure 9.10. The shorter bubble length and lower fluctuation levels provide a lower 

momentum thickness downstream of the bubble, therefore lower losses.

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



Chapter 9 230

At the highest Reynolds number of 101,000, the SR surface modification has no 

significant effect on the separation bubble. The velocity fluctuation levels observed in and 

downstream of the separation bubble are very similar to  the clean airfoil case. This results 

in similar loss levels for the two configurations.

9.3.5 LG Configuration

For the LG configuration, separation occurs off the sharp backward-facing step at the 

leading edge of the groove. At the three lower Reynolds numbers, transition onset occurs 

upstream of the corresponding clean-airfoil locations, but the separation-to-transition length 

is longer due to the lower momentum thicknesses at separation.

The dominant instability wavelengths are very similar to those for the SG configuration, 

however the trend in losses is opposite to tha t of the SG case. At the lowest Reynolds 

number, the losses are equivalent to  the clean airfoil case, but a decrease in losses is observed 

with increasing Reynolds number, and at a Reynolds number of 101,000 this configuration 

provides greatly reduced losses.

Despite the increased instability wavelength at a Reynolds number of 28,000, the pairing 

process is not suppressed as was seen for the SG and SR cases at this Reynolds number. 

There are no distinct differences in the transition and reattachment process from tha t which 

occurs over the clean airfoil.

The earlier transition onset (relative to the leading edge of the airfoil) tha t occurs for this 

configuration over the clean airfoil is the primary difference tha t leads to  decreased losses 

at Reynolds numbers of 39,000 and 51,000. As the instability waves grow and develop 

into discrete large-scale vortices, the closer proximity of the shear layer to the surface due 

to earlier separation provides a greater level of damping to the growing vortices, which
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no longer grow to  as great an extent in the transverse direction before being influenced 

and distorted by the presence of the wall. The vortices shed from the bubble therefore 

have a lower wall-normal extent and result in a thinner boundary layer downstream of 

reattachment. At Re — 51,000, the downstream edge of the groove provides a greater 

influence on the disturbance level in the separated shear layer. Disturbances with a smaller 

length-scale than tha t of the dominant instability wavelength are observed in the separated 

shear layer, which also results in lower correlation of the dominant wavelength prior to 

transition. At this Reynolds number, there is also a greater level of small-scale fluctuations 

present soon after transition onset, and in the near-wall region below the separated shear 

layer, which results in a shorter reattachm ent length relative to transition onset. This is 

observed in Figure 9.11, which shows velocity-vector profiles and <u'v'>  fluctuation levels 

for the LG configuration compared to  the corresponding clean-airfoil case.

At a Reynolds number of 101,000, a very different process leads to  the significant loss- 

reduction observed. As with the lower Reynolds number cases, separation occurs off the 

backward-facing step at the leading edge of the groove. However, instability waves are 

observed in the separated shear layer upstream of the groove trailing edge. These instability 

waves interact with the trailing-edge step of the groove to provide an unsteady separated 

shear layer downstream of the groove. Figure 9.12 presents an example of an instantaneous 

velocity field in the region downstream of the groove. The disturbed instability waves 

introduce local regions of reverse flow near the surface as they grow and convect downstream. 

The ensemble-averaged velocity field shows a highly-inflectional shear layer in this region 

with no reverse-flow present. However, the fluctuation growth levels show similar trends 

to  the separation-bubble cases, and the instability Strouhal number based on conditions at 

the leading edge of the groove is 0.0160, which is in good agreement with values tha t have 

been observed in separated shear layers. This would indicate that, although no ensemble- 

averaged separation bubble is present, instability growth occurs in the same manner as
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Figure 9.11: Velocity-vector profiles and <u'v’> d istributions a t a  Reynolds num ber of 

51,000 for a) th e  clean airfoil, and b) th e  LG configuration

Figure 9.12: U nsteady separation observed dow nstream  of th e  groove of th e  LG

configuration a t Re = 101,000
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in shear layers tha t are observed as separated when viewed through time-averaged data. 

The unsteady nature of the shear layer also reduced the occurrence and size of large-scale 

vortices shed downstream. This results in the loss reduction observed at this Reynolds 

number.

9.3.6 SN Configuration

The SN configuration provides transition and reattachment locations (relative to the 

airfoil leading edge) tha t closely match those of the clean airfoil; however separation occurs 

sooner for the three lower Reynolds numbers and losses are reduced over the full Reynolds- 

number range examined. Separation at the three lower Reynolds numbers occurs slightly 

downstream of the start of the sine groove, in the region where increase in surface curvature 

becomes pronounced. The dominant instability wavelengths for this configuration also most 

closely match those of the clean airfoil.

At the three lower Reynolds numbers examined, there are no distinct differences in the 

development of the vortical structures observed in and downstream of the separation bubble 

as compared to the clean airfoil. The only difference is the earlier separation. Downstream 

of separation, the shear layer remains marginally separated over the length of the groove 

and as the surface curves back towards the clean airfoil shape near the trailing edge of the 

groove, the height of the reverse-flow region decreases. At the trailing edge of the groove, the 

reverse-flow near the surface is almost eliminated, downstream of which the separated shear 

layer develops in the same manner as tha t over the clean airfoil. The similarity between the 

SN and clean-airfoil configurations at a Reynolds number of 28,000 is shown in Figure 9.13.

Despite the negligible manipulation of the shear layer at the lower Reynolds numbers, a 

significant difference in the separation-bubble characteristics is observed at Re — 101,000.
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Figure 9.13: Velocity-vector profiles and <u'v'> d istributions a t a Reynolds num ber of 

28,000 for a) th e  clean airfoil, and b) the  SN configuration

As with the LG configuration at this Reynolds number, instability waves begin to develop 

shortly downstream of the groove leading edge. These instabilities grow quickly and interact 

with the trailing edge region of the groove providing a highly-unsteady separation process. 

However, unlike the LG configuration, ensemble-averaged reverse flow is present near the 

surface. Figure 9.14 provides an example of the instantaneous velocity field downstream of 

th e  groove. T h e  in stab ility  waves in itia te  shedding  of vortices dow nstream  of th e  groove, 

which results in the highly unsteady separation, with a separation location tha t varies over 

the range of 0.33 < x /C  < 0.38. The transition length for this case is shortest of any of the 

configurations for which an ensemble-averaged separation bubble is present over the curved 

backward-facing ramp, and the shorter separation bubble results in lower losses than the
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Figure 9.14: U nsteady separation observed dow nstream  of the  surface modification for 

th e  SN configuration a t Re = 101,000

clean airfoil at this Reynolds number.

9.4 Conclusions

Passive manipulation of transition in a separation bubble has been examined exper

imentally using particle-image velocimetry (PIV) in the low-Reynolds-number tow-tank 

facility a t the National Research Council of Canada. The airfoil used for the study provides 

a suction-side pressure distribution similar to tha t occurring over typical low-Reynolds- 

number airfoils while minimizing the streamwise movement of separation over a  wide range 

of operating conditions. Measurements were performed at four Reynolds numbers, in the 

range of 28,000 to 101,000 based on chord length, and under negligible freestream turbulence 

conditions. The clean-airfoil measurements against which the flow-manipulation results have 

been compared were documented in Chapter 8.

Several two-dimensional surface modifications have been made to  the airfoil surface to  

provide passive forcing of the separated shear layer in an effort to manipulate the transition 

process and mitigate the performance penalties typically associated with separation bubbles.

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



Chapter 9 236

The tested configurations consist of a constant-height step, constant-depth grooves, a 

backward-facing step followed by a ramp, and a sinusoidal groove. The various geometries 

provide variation in the separation, transition onset, and reattachment locations over the 

airfoil surface. For all but the constant-height step, the boundary-layer losses are reduced 

downstream of the separation bubble for the three lower Reynolds numbers examined. 

At the highest Reynolds number examined, only three of the tested geometries result in 

decreased losses.

The spatial nature of the PIV measurements has allowed a detailed analysis of the 

manner in which the surface modifications affect the transition process occurring in the 

separated shear layer. The observed decrease in boundary-layer losses occurs through 

various manipulation mechanisms. At the lowest Reynolds number of 28,000, two of the 

configurations provide forcing at a frequency lower than the dominant Kelvin-Helmholtz 

frequency identified for the clean airfoil. This suppresses the subharmonic instability 

associated with vortex pairing and results in significantly reduced occurrence of the vortex- 

pairing phenomenon and a reduced level of small-scale breakdown to turbulence. At the 

intermediate Reynolds numbers of 39,000 and 51,000, the greatest levels of loss-reduction 

result from a promotion of the small-scale breakdown providing reduced bubble lengths and 

thinner boundary layers downstream of reattachment. At the highest examined Reynolds 

number of 101,000, two different manipulations have been identified for reducing losses. 

The first, by use of a rectangular surface protrusion upstream of the clean-airfoil separation 

location, initiates transition earlier and eliminates the separation bubble in the region 

of strong adverse pressure gradient. The second manipulation, induced by providing 

a physical disturbance to the instability waves developing in the separated shear layer, 

results in a highly-unsteady separation process downstream of the disturbance. These two 

manipulations either eliminate or reduce the size of the large-scale vortical structures tha t 

are shed downstream of the bubble and provide a decrease in the boundary-layer thickness
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over the aft region of the airfoil.

The results of the flow control study indicate th a t there is no optimal solution to  passive 

transition control in a separation bubble, at least for the range of passive control techniques 

considered here. Depending on the flow Reynolds number and pressure distribution 

present over the airfoil, different physical mechanisms can be manipulated to  affect the 

separation, transition, and reattachm ent processes. The results presented herein provide 

some guidelines for developing passive control techniques for use in practical applications 

for which separation bubbles generate an undesirable level of boundary-layer losses.
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Summary, Contributions and 

Recom m endat ions

10.1 Summary

Separation of a laminar boundary layer is a common occurrence over airfoils, particularly 

at low-Reynolds-number operating conditions, and laminar-to-turbulent transition within 

the separated shear layer may promote reattachm ent of the layer to  the surface, thus 

forming a separation bubble. Although separation generally reduces the performance 

of airfoils under such conditions, through decreased lift and increased form drag, this 

performance reduction can be minimized by ensuring tha t transition and reattachm ent of 

the separated shear layer occur shortly downstream of separation. It is therefore im portant 

to understand the transition process in a separated shear layer for the intent of modelling 

such flows, and for the purpose of designing high-performance airfoils to  be used under 

such conditions. The primary objectives of the research documented in this thesis were to  

identify the physical mechanisms associated with this transition process under conditions

238
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observed over the surfaces of low-pressure-turbine and low-Reynolds-number airfoils, and 

to  provide further validation of a separated-flow transition model developed at Carleton 

University. Complementary experimental and computational studies were performed for 

this purpose, and the results have provided a better understanding of the physics associated 

with separation-bubble transition. In addition to  this, manipulation of such processes can 

further increase the performance of airfoils over which separation bubbles occur, and several 

passive control techniques have been examined in this regard.

Separation-bubble transition was examined experimentally using a combination of 

previously-performed measurements in a closed-circuit wind tunnel at Carleton University 

and measurements performed by the author in a low-Reynolds-number tow-tank facility at 

the National Research Council of Canada. As experimental measurements do not provide 

a complete picture of the transition process in separation bubbles, due to restrictions in 

the simultaneous availability of the spatial and temporal nature of the process, direct 

numerical simulation (DNS) was performed using the commercially-available ANSYS- 

CFX computational fluid dynamics (CFD) software package. The results of DNS provide 

simultaneous availability of the spatial and temporal scales of the flow, thus allowing detailed 

analysis of a complete description of the flow.

Separation-bubble transition was examined experimentally under low-Reynolds-number 

{Re < 100,000) and low-freestream-turbulence (Tu  ss 0) conditions in the low-Reynolds- 

number tow-tank facility using particle image velocimetry (PIV). The PIV measurements 

have provided details regarding the spatial nature of the transition process in separation 

bubbles. The suction-surface flow over a typical low-Reynolds-number airfoil was first 

studied in this facility under three combinations of flow-Reynolds-number and angle-of- 

attack, which provided a range of separation-bubble locations and sizes. The promising 

results of this study provided confidence in using such experimental methods for studying 

separation-bubble transition, and a new airfoil was designed to  further investigate this
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process and to provide controlled conditions under which a parametric study of various 

passive flow-manipulation techniques could be undertaken. The unconventional airfoil 

designed for this purpose consisted of a curved backward-facing suction-side ramp, over 

which a separation bubble forms. The selected airfoil shape provides minimal movement 

in the separation location over a wide low-Reynolds-number range. The curved backward- 

facing ramp, which provides a continuous change in surface slope and curvature over the 

upper surface of the airfoil, ensured tha t separation occurs through the induced pressure 

field and not due to  a discontinuity in surface curvature. The airfoil also provided boundary- 

layer and separated-shear-layer characteristics similar to those observed over typical low- 

Reynolds-number airfoils.

As a follow-up to research regarding transition in attached and separated shear layers 

performed over the past decade at Carleton University, direct numerical simulation was 

used to examine the physical mechanisms associated with separation-bubble transition 

under conditions typical of those encountered over the suction surface of low-pressure- 

turbine airfoils. Two simulations were performed; both based on experimental test-cases 

performed in the wind tunnel at Carleton University, with the primary difference between 

the two being the level of freestream turbulence. Elevated freestream turbulence has been 

shown in the open literature to promote transition in a separation bubble, providing 

a shorter reattachm ent length, and its presence can improve the performance of low- 

Reynolds-number and low-pressure-turbine airfoils. The freestream turbulence intensities 

observed at the time-averaged streamwise locations of separation for the two simulations 

were 0.1% and 1.45%. The simulations represent the flow over a flat-plate test surface 

over which a streamwise pressure gradient is imposed by means of a contoured test- 

section ceiling in the experiments. In the simulations, the streamwise pressure gradients 

were imposed by means of a static pressure distribution applied to an outflow boundary 

condition defining the upper surface of the computational domain. For the low-freestream-
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turbulence simulation, an experimentally-measured velocity profile was used as an inlet 

boundary condition and the freestream turbulence intensity of 0.1% was allowed to  develop 

through round-off errors associated with the finite-precision computations. Conversely, the 

elevated-freestream-turbulence simulation made use of a simulated turbulence-generating 

grid at the inlet boundary, placed a sufficient distance upstream of the plate leading edge, 

consisting of an array of square, uniform-velocity jets tha t mix downstream of the inlet 

plane to  provide freestream-turbulence characteristics similar to  those in the experiments. 

Despite small differences in the flow conditions between the simulations and the experiments 

upon which they were based, experimental hot-wire measurements were used to validate 

the computational results and provide confidence tha t they were correctly simulating the 

physical processes occurring in the transition region of the separation bubbles.

Under conditions of low freestream turbulence, transition in a separation bubble was 

shown to be initiated by the inviscid Kelvin-Helmholtz (K-H) mechanism. Due to  the 

inviscidly-unstable nature of the inflectional velocity profile associated with the separated 

shear layer, the K-H mechanism provides conditions under which the spanwise vorticity 

of the layer becomes unstable to small disturbances resulting in grouping of this spanwise 

vorticity a t a selective streamwise wavelength. The spanwise-oriented vortical structures 

grow as they convect downstream and a point is reached where small-scale turbulence is 

initiated in the region of high-shear between sequential vortices. This break-down to small- 

scale turbulence occurs in a time-periodic manner, as a result of the high-shear regions 

being convected through the shear layer, and complete breakdown occurs very quickly over 

a distance corresponding to approximately one wavelength of the primary instability. Prior 

to this breakdown, packets of amplified instability are observed in the separated shear and 

their subsequent growth and decay was shown to result from a modification of the shear layer 

velocity profile during the period of instability amplification, thus providing a mechanism 

tha t stabilizes the growth-rate of these instabilities. These packets, or periods, of amplified
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instability were also shown to  provide enhanced momentum-exchange across the shear layer 

prior to transition.

The frequency with which the instabilities develop in a separated shear layer axe consis

tent with tha t seen in planar free-shear layers where the presence of the K-H instability is 

well documented. Differences in the observed instability frequencies occurring in separation 

bubbles, compared with tha t observed in planar free-shear layers, was attributed to  the 

presence of a bounding wall which, according to results of linear stability theory found in 

the open literature, can affect not only the frequency but the growth rate of the instabilities. 

The presence of a time-averaged fluctuation peak in the near-wall reverse-flow region of the 

separation bubble is also consistent with results of linear stability theory and is attributed 

to  a near-wall viscous, or Reynolds-number-dependent instability. For separation bubbles 

tha t occur over typical airfoils, it was noted th a t the inviscid instability of the separated 

shear layer likely dominates over the near-wall viscous instability.

Under the low-Reynolds-number conditions examined in the tow-tank facility, a vortex- 

pairing phenomenon was observed in the separated shear layers for both of the airfoils 

examined, and was identified as a subharmonic pairing instability tha t is also commonly- 

observed in planar free-shear layers. This instability results in rotation of two sequential 

spanwise-oriented vortices about each other, through their mutually-induced vorticity fields, 

which subsequently merge to form a larger vortex with approximately twice the spacing and 

strength of the primary vortices, thus initiating a subharmonic of the primary instability 

frequency. This vortex-pairing phenomenon was not observed in the low-freestream- 

turbulence simulation, for which the Reynolds number was much higher and the separation 

bubble was thinner, relative to the boundary-layer thickness at separation, than those in the 

tow-tank experiments. It is conceivable tha t the presence of this subharmonic instability 

is dependent on the distance of the separated shear layer from the surface, and the closer 

proximity of the surface in a thinner bubble may suppress its effects. In the unconventional-
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airfoil experiments, a secondary pairing event was sometimes observed with an associated 

inter-vortex region consisting of undisturbed laminar flow entrained towards the surface by 

the strong circulation generated by the large-scale vortices.

Once transition is initiated through small-scale breakdown to turbulence, the large- 

scale spanwise-oriented vortical structures tha t develop in the separated shear layer remain 

coherent for a significant distance downstream of reattachment. However, these structures 

become distorted and stretched in a manner such that, downstream of reattachm ent, they 

resemble the hairpin-vortex structures found in near-wall boundary-layer turbulence, but 

on a larger scale. The presence of these hairpin-like structures in the reattached boundary 

layer provides a source of turbulence-kinetic-energy production in the outer part of the layer, 

which results in a slow recovery towards an equilibrium turbulent-boundary-layer state.

In the presence of elevated freestream turbulence, the nature of the transition process 

differs from tha t in a low-disturbance environment. Under such conditions, transition in a 

separation bubble occurs through the production, growth, and merging of turbulent spots, 

similar to the process tha t occurs in attached boundary-layer transition. For the elevated- 

freestream-turbulence simulation, in which the turbulence intensity level of 1.45% at 

separation is considered moderate, transition is initiated by a transient-growth mechanism 

whereby streamwise streaks are generated in the laminar boundary layer and provide the 

conditions necessary for turbulent spots to  form in the separated shear layer. These streaks, 

which are comprised predominantly of fluctuations in the streamwise component of velocity, 

are elongated in the streamwise coordinate-direction and have a spanwise width on the 

order of the boundary layer thickness. The initiation of these streaks, which occurs shortly 

downstream of the plate leading-edge, is attributed to a shear-filtering effect where the 

shear in the boundary acts as a low-pass filter to  the forcing provided by disturbances 

in the freestream flow. The streaks are also associated with streamwise vorticity tha t 

provides some cross-stream momentum exchange in both the laminar boundary layer and
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the separated shear layer prior to  breakdown into small-scale turbulence.

Turbulent spots were shown to develop as a result of low-speed streaks convecting 

through the separated shear layer. The spots consisted of a series of vortex loops tha t 

roll-up around such a low-speed streak, due to  a secondary inviscid instability tha t closely 

resembles the Kelvin-Helmholtz vorticity roll-up. The frequency associated with convection 

of these vortex loops also closely matched tha t of the K-H instability. A topological structure 

of turbulent spots in a separated shear layer was established and identified the spots as 

consisting of three vortex loops; however there were some occurrences with a greater or 

lesser number of loops. The primary vortex-loop tha t defines the leading edge of the spot 

resembles a hairpin-vortex structure with its legs pointing in the upstream direction. The 

secondary and tertiary loops have their legs pointing in the downstream direction, as they 

wrap themselves around a core of low-momentum fluid injected upwards from the surface 

through the legs of the primary loop. This wrapping and stretching of the secondary and 

tertiary vortex loops is what provides the spanwise growth of the spots as they convect 

through the shear layer.

Spectral analysis of the elevated-freestream-turbulence simulation provided evidence 

that, although transition occurred predominantly through the production and merging 

of turbulent spots, the Kelvin-Helmholtz mechanism associated with the time-averaged 

separated shear layer may still be active. This may be the mechanism tha t provides the 

observed small-scale breakdown to turbulence in the inter-spot regions.

A distributed-breakdown of turbulent spots was observed along the entire length of the 

separated shear layer, and transition was completed approximately 50% of the reverse-flow 

length downstream of time-averaged reattachment. This long transition length, relative to 

tha t in the low-freestream-turbulence case, provided more gradual shear-layer growth char

acteristics through the separation-bubble region. The spots themselves remained coherent
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for a long distance downstream of reattachment and, as did the hairpin-like structures of the 

low-freestream-turbulence case, provided turbulence-kinetic-energy production in the outer 

part of the shear layer resulting in a slow recovery to  an equilibrium turbulent-boundary- 

layer state.

Apart from developing a better understanding of the possible modes of transition in 

separation bubbles, an objective of the research was to further validate a semi-empirical 

transition model developed by a colleague (Roberts, 2005). The range of applicability of 

Roberts’ separated-flow transition-onset model (Equation 2.1 on page 33) was extended 

to  lower Reynolds numbers, as it provided good agreement with experimentally-measured 

transition-onset locations in the first set of low-Reynolds-number airfoil experiments 

performed in the tow-tank facility. The model is now recommended for use in the range 

57 <  Rees <  444, and for the presence of convex surface curvature. The transition-rate 

prediction scheme of Roberts makes use of previously published models tha t define the 

streamwise and spanwise spreading of turbulent spots. The models of Gostelow et al. 

(Equation 2.5 on page 35) and D’Ovidio et al. (Equation 2.6 on page 35) for the spot 

spreading half-angle, a, and the spot propagation parameter, a, respectively, were developed 

based on experimental measurements in low-freestream-disturbance environments. Based on 

good agreement for these parameters with the results of the elevated-freestream-turbulence 

simulation, these models are further recommended for use under such conditions.

From the improved understanding of separation-bubble transition developed through 

the complementary experimental and numerical studies, several techniques for passively 

manipulating this process were examined using the unconventional airfoil. Two-dimensional 

surface-protrusion and surface-indentation modifications were made to the airfoil for such 

purposes, and their characteristic streamwise lengths were tailored to provide passive forcing 

of the shear layer at the frequency of maximum instability amplification observed therein. 

The results of this study have shown tha t there is no optimal solution to  this problem, but
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there are several ways in which the transition process can be manipulated in order to reduce 

the losses arising from this process. These manipulations include: subharmonic-instability 

suppression th a t eliminates the vortex-pairing phenomenon; bubble-length reduction or 

bubble suppression through the promotion of small-scale turbulence; and suppression of 

large-scale vortex-shedding through physical disturbance of the primary instability waves.

10.2 Contributions

In regards to  the physical mechanisms associated with transition in separation bubbles, 

the research presented herein has provided additional insight, and a better understanding 

of this transition process under low and elevated levels of freestream turbulence. Although 

some of the results provide confirmation of various aspects of separation-bubble transition 

already noted or theorized in the open literature, the major contributions tha t provide an 

extension to the knowledge-base for such flows are the identification of:

• The time-periodic nature of small-scale break-down to turbulence under low-freestream- 

turbulence conditions.

•  The mechanism of cross-stream momentum exchange associated with packets of 

amplified instabilities during the exponential-growth phase of Kelvin-Helmholtz- 

induced transition.

•  The laminar inter-vortex region associated with the secondary pairing phenomenon 

at low Reynolds numbers.

• The initiation of turbulent spots in a separated shear layer occurring through an 

inviscid instability associated with low-speed streaks convecting through the shear 

layer.
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•  The vortex loop structure of turbulent spots in a separated shear layer under elevated- 

freestream-turbulence conditions.

• The shedding of large-scale coherent structures from the transition region being the 

source of elevated turbulence-kinetic-energy in the outer part of the reattached shear 

layer, thus providing the source for delayed establishment of an equilibrium turbulent- 

boundary-layer.

•  Various physical mechanisms through which passive manipulation of separation- 

bubble transition can be achieved.

There are still, however, many outstanding issues to  address regarding separation-bubble 

transition in order to provide a full understanding of such flows.

10.3 Recom m endations for Future Work

Many avenues of future research related to transition in separation bubbles have been 

identified and some tha t the author deem most promising are discussed in the following.

In regards to  the low-Reynolds-number studies performed in the tow-tank facility using 

the unconventional airfoil, the three-dimensional nature of the primary and secondary 

vortex-pairing events has not been identified, as the two-dimensional PIV  measurements 

have only been performed in a single x  — y plane. It is likely tha t the larger-scale paired 

vortices become stretched and reoriented, as were the primary spanwise-oriented vortices 

observed in the low-freestream-turbulence simulation. The flow-manipulation techniques 

may also provide some modification to the spanwise development of these structures. Such 

phenomena could potentially be examined through various means. One such means is a 

possible redesign of the support-stern in the tow-tank such tha t the airfoil can be mounted 

vertically, instead of horizontally, so th a t the laser light sheet can be oriented in an x  — z
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plane through the separated shear layer. The major difficulty to  overcome in doing this 

is the provision of markers in the particle images tha t are required for camera-model- 

tracking correction. This may not be an issue in the new full-scale facility currently under 

construction, as it has been decided to mount the camera traverse system to the side of the 

tow-tank instead of the adjacent wall. This will not only provide a shorter distance from the 

lens to the model, but will also eliminate the need for the heavy, high-magnification lenses 

tha t are cantilevered off the camera support-stand, thus providing a potentially greater 

reduction in the tracking errors. The use of DNS to  study the flow over the unconventional 

airfoil is also a possibility. This was attem pted by the author using a setup similar to 

tha t presented in Chapter 7 for the flat-plate test-cases. However it was very quickly 

realized tha t due to  the nature of the isolated airfoil configuration, a much greater extent 

of the surrounding freestream flow-held would have to be modelled, and the computational 

resources for such a simulation were not available at the time. In particular, the flow-field 

upstream of the leading edge would have to  be modelled, as the uncertainty associated with 

PIV measurements in the thin boundary-layer near the suction peak of the airfoil negate 

the use of such measurements for specification of a velocity-based inlet boundary condition.

W ith the computational resources now available at Carleton University (as seven 

additional processors have recently been added to the simulation-cluster), the potential 

for examining the physics associated with transition using DNS methods has been greatly 

improved. Some recommended studies are discussed in the following.

Some of the experimental test-cases examined by Roberts (2005) involving elevated- 

freestream-turbulence provide conditions where transition is initiated much farther down

stream of separation than the case examined in this thesis, as a result of a different pressure 

distribution. The greater distance of the separated shear layer from the surface in such 

cases may alter the structure of the resulting turbulent spots, and this can be examined 

using DNS. The attached-boundary-layer transition cases of Roberts can also be simulated
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to examine the nature of freestream-turbulence-induced turbulent spots in adverse pressure 

gradients. In regards to the turbulent spots themselves, many of the experimental studies 

tha t have been aimed at identifying the structure of such spots made use of phase-averaged 

data tha t can smear-out details of the vortical structures generated within the spots. Such 

artificially-generated turbulent spots can also be examined using DNS, from which details 

regarding the spot-to-spot variations in internal structure can be identified. The possibility 

even presents itself for simulating surface-roughness-induced transition in the context of 

DNS. The computational mesh on the lower boundary of the domain can be modified to 

simulate surface rougnhness, as long as the spatial nature of the roughness pattern can be 

resolved by the near-wall mesh resolution.

The transient-growth instability mechanism tha t has resulted in streamwise streaks 

developing in the laminar boundary layer of the elevated-freestream-turbulence simulation 

is a potential avenue for future research. The development of such streaks in separated 

shear layers could potentially be examined using DNS by itself, or complemented with 

experiments for which artificially-generated streaks are studied.

W ith regard to  the transition model developed by Roberts (2005), there is only one 

outstanding issue tha t has not been addressed: tha t is the potential influence of spanwise 

pressure gradients on the transition process. Spanwise pressure gradients are observed 

over compressor and turbine airfoils, as well as over swept wings, and their effect on the 

transition process has been documented in the open literature for low-freestream-turbulence 

conditions. The effects of spanwise pressure gradients on the transition process under 

elevated-freestream-turbulence conditions is also a recommended avenue for research. In 

fact, such a study has already been initiated at Carleton University and will make use of 

complementary hot-wire measurements and DNS results. These studies can be used to  

validate, or further modify, Roberts’ model for the effects of spanwise pressure gradients.
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Although several passive transition-manipulation techniques have been examined in the 

context of the present work, and have been shown to provide some potential performance 

improvements for low-Reynolds-number airfoils, further studies can be initiated to  examine 

additional configurations. Three-dimensional surface indentations may provide the desired 

spatial forcing in not only the streamwise direction, through manipulation of the spanwise 

oriented vortices, but also the spanwise direction to promote the re-orientation of spanwise- 

oriented vorticity into the streamwise direction and provide a quicker reattachm ent process. 

This study would require an assessment of the three-dimensional nature of the coherent 

structures tha t develop in the transition region, through either x  — z  plane measurements 

or through DNS.
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A ppendix A

The Particle Image Velocim etry  

(PIV ) M easurem ent Technique

Particle Image Velocimetry (PIV) has become a common measurement technique in 

experimental fluid dynamics. This appendix is intended to  provide a brief overview of the 

technique, such tha t it can be used as a starting point for other students planning to  use PIV 

for their studies. Although PIV has been in practice since the early part of the 20th century, 

most of the im portant advances were made in the nineteen-eighties with regard to analog 

PIV, and the nineteen-nineties with regard to digital PIV. The basic principles of PIV are 

discussed in Section A .l, and digital processing techniques are described in Section A.2.

A . l  P r in c ip le s  o f  P I V

The earliest techniques for studying fluid-dynamic phenomena were primarily of a 

qualitative nature, and focused on flow visualization methods. PIV developed from a form 

of flow visualization for which the flow of interest was seeded with tracer particles and the
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Figure A .l: Typical arrangem ent for a P IV  m easurem ent system  (reproduced from 

Raffel et al., 1998)

flow behaviour was documented based on visual observation of the particle motion. The 

basic principle of PIV is to  capture images of a seeded flow field a t two instants in time 

from which the displacement of the seeds, or “particles” , can be evaluated. The particle 

velocity is then calculated from the displacement and the time delay between images. To 

accomplish this, several subsystems are required. Only the digital PIV technique will be 

discussed herein. For details regarding analog PIV, the reader is referred to  the book 

by Raffel et al. (1998). Figure A .l shows a typical PIV arrangement including all of the 

im portant subsystems, and is presented as an aid to  the following description of the PIV 

measurement technique.

In an experimental PIV setup, tracer particles are introduced into the flow of interest. 

A plane light sheet is used to illuminate the particles twice in a very short time and the light 

scattered from the particles is recorded on an image plane by use of a high-quality optical 

lens. The time delay required between light sheet pulses depends on the velocity of the flow,
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the magnification factor of the lens, and the spatial resolution of the desired velocity field. 

The image plane can be either a photographic film or a digital CCD (charge-coupled device) 

sensor. If a photographic technique is used, the developed film images must be digitized 

using a scanner. For the digital technique, the image recordings are stored directly to  the 

memory of a digital computer.

PIV has two major benefits over other measurements techniques. The first is tha t PIV 

is a “non-intrusive” velocity measurement technique. Unlike hot-wires or pressure probes, 

PIV does not introduce a measurement device into the flow, enabling reliable measurements 

in flows with shock waves and in near-wall regions of boundary layer flows. This being said, 

it must be ensured tha t the tracer particles do not affect the flow behaviour. Therefore, 

it is desired th a t the tracer particles have a material density the same as tha t of the fluid 

medium and th a t they be small in relation to the scale of flow structures, such th a t they 

closely follow the motions of the fluid paricles. The second major benefit of PIV  over other 

measurement techniques is the ability to  capture instantaneous planar flow fields, rather 

than single-point measurements. This allows a quantitative measure of the flow structure 

at a given time. This is particularly useful in shear flows where the identification and 

quantification of coherent structures is becoming increasingly important.

Digital PIV recordings are evaluated by dividing the images into small “interrogation 

windows” , each of which are used to calculate a particle displacement vector. Each 

interrogation window is evaluated using one of two statistical methods, depending on the 

method in which the images were recorded. An auto-correlation technique is used if both 

light pulses were recorded on the same image frame. A cross-correlation technique is used 

if each light pulse was recorded on a separate image frame. The inherent problem with the 

auto-correlation technique is tha t the sign of the particle displacement cannot be evaluated, 

only the magnitude and the directional line. The cross-correlation technique does not suffer 

from this problem since the order in which the frames were recorded is known. Therefore,
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the cross-correlation technique is most often used, and any mention of PIV processing 

henceforth will refer to  this technique. The mathematical background of the digital cross

correlation evaluation method is described in the next section.

Raffel et al. (1998) present detailed descriptions of all of the im portant PIV subsystems, 

including tracer particle light scattering properties, laser types, light sheet and lens optics, 

and image recording devices. They also discuss processing techniques tha t were state-of- 

the-art at the time. More sophisticated processing techniques have been developed since 

then, and are described in the following sections.

A .2 D igital Cross-Correlation Evaluation for PIV

Modern digital PIV evaluation is based on a discrete cross-correlation between two 

particle images, or frames. In general, many particles are present within each interrogation 

window, and these particles are represented by image pixels of high intensity. Therefore, 

particle displacement evaluation is based on the motion of a cluster of particles, or high 

intensity pixels, within an interrogation window which are assumed to move homogeneously 

within the time separation of the two images. The cross-correlation algorithm does not 

“track” the motion of individual particles. Particle Tracking Velocimetry (PTV) is another 

technique used for flows with low-seeding density, where the location of discrete particles 

is identified and the motion of the particles are tracked. In the following description of the 

discrete cross-correlation PIV technique, it is assumed tha t only one pair of interrogation 

windows is being evaluated.

The intensity distribution, I(x,  y ), defines the recorded pixel intensity at location (x , y ) 

within the interrogation window. The discrete cross-correlation of the intensity values of
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frame 1 , I(x,  y), with those of frame 2 , I' (x.  y), is given as follows:

K  L

R(x,y)=Yl 12 + + y) (A..1)
i = - K  j = —L

where K  — M / 2  and L  =  N/2,  with M  and N  being the interrogation window pixel 

size in the x  and y  directions, respectively. A correlation plane is formed by applying 

Equation A .l for a range of shifts (—K  < x  < +K,  —L < y <  +L).  This correlation plane 

has dimensions of (M  + 1 ) x ( N + 1 ), and requires tha t I ' (x,  y) have dimensions twice tha t of 

the desired interrogation window. An example of this process is shown in Figure A.2. The 

cross-correlation function, R(x,y) ,  will have a maximum value at the location within the 

correlation plane where the two images most closely match in their intensity distributions. 

The location of this correlation peak represents an estimate of the particle displacement 

between the two image frames. Since the correlation plane is a discrete set of correlation

S hift (x = -2 , y= 2) S h ift (x= 0 , y = 0) S h ift (x= 2 , y=2)

S hift ( x = - l ,  y = - I )

 ==► x
C ross-correlation  plane

Figure A.2: Example of Cross Correlation Evaluation for a 4x4 Pixel Interrogation 

Window (shaded region is window 1, reproduced from Raffel et al., 1998)
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values, this estimate of particle displacement is an integer value, in units of pixels, and 

therefore has an uncertainty of ±0.5 pixels.

The direct calculation of the discrete cross-correlation of Equation A .l can be compu

tationally expensive, especially for large interrogation window sizes. For a two-dimensional 

cross-correlation, 0 ( N A) operations are required to evaluate Equation A .l directly, where 

N is the pixel width of a square interrogation window. This can be reduced significantly by 

recognizing th a t the cross-correlation of two functions is equivalent to a complex conjugate 

multiplication of their Fourier transforms:

R(x , y )  <=► P  • I'* (A.2 )

where I  and I'  are the Fourier transforms of I(x,  y ) and I' (x,  y), respectively. The use of a 

fast Fourier transform (FFT) can reduce the number of operations to  0 ( N 2  log2 N).  Most 

modern PIV methods employ an FFT-based cross-correlation algorithm.

Modern PIV evaluation methods can detect a correlation peak to sub-pixel accuracy. 

This is achieved by fitting an appropriate curve or surface to the correlation data  in the 

vicinity of the correlation peak, and selecting the maximum of the fit as the correlation 

peak. The three-point Gaussian fit is most often used as a fit for the correlation plane data 

(Westerweel, 2000).

The accuracy of PIV depends greatly on the quality of the recorded images, the selection 

of the time delay between images, the desired spatial resolution, and the characteristics of 

the flow itself. For various reasons, an incorrect displacement vector is sometimes calculated 

and these incorrect vectors are called “outliers” or are sometimes referred to as “spurious 

vectors” .

It is im portant to  select an appropriate interrogation window size to ensure accurate
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estimation of the particle displacements. The particle density should be such th a t at least 10 

particles are present in the interrogation window in order to achieve a high signal-to-noise 

ratio in the correlation plane, and tha t the particle diameter be no less than two pixels 

to  prevent a low-pass filtering effect (Scarano and Riethmuller, 2000). It should also be 

ensured th a t a sufficient number of particles remain within the boundaries of both windows 

during the elapsed time between image recordings. One of the major sources of uncertainty 

in shear flows is the presence of a displacement gradient across the interrogation window. 

Displacement gradients result in a bias towards lower displacement magnitudes, as discussed 

by Raffel et al. (1998). To reduce the effect of this bias, small interrogation windows are 

desired.

To avoid some of the problems associated with the above-mentioned restriction, modern 

PIV methods incorporate additional techniques to increase the accuracy of the particle 

displacement estimates. Some of these techniques include Window Overlap, Window 

Shifting, Adaptive Multi-Pass, and Window Deformation, each of which are described in 

the following paragraphs.

Window Overlap describes the overlapping of interrogation windows to increase the 

spatial resolution of the resultant vector field. The Window Overlap technique is most 

easily explained with a visual example. Figure A.3(a) shows examples of 0% window overlap 

and 50% window overlap. 50% overlap increases the spatial resolution by a factor of two 

in each direction (4x to tal increase in spatial resolution). The number of pixels in each 

interrogation window remains the same for any level of overlap.

Window Shifting is a technique whereby the two interrogation windows can be selected 

with a relative offset such th a t both windows contain approximately the same group of 

particles (Scarano and Reithmuller, 1999). For a given offset (Ax,Ay) ,  most PIV methods 

will use a centroidal shift ( I (x — Ax / 2 ,  y — Ay/2) ,  I ' ( x  + Ax / 2 ,  y +  Ay/2) )  such th a t the
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calculated displacement vector represents the displacement at the centre of the desired 

interrogation window (see Figure A.3(b)). The resultant displacement then consists of the 

calculated correlation peak displacement and the relative window offset. The relative offset 

can be set as a constant prior to  the cross-correlation evaluation, but most PIV methods 

utilize Window Shifting with an Adaptive Multi-Pass approach.

Adaptive Multi-Pass is an iterative method of PIV evaluation. Each subsequent 

evaluation of a specific window is based in part on the previous evaluation of the same 

window. The evaluated particle displacement of the previous iteration is used as an offset 

for Window Shifting. This method requires no initial guess of the particle displacement for 

selecting the level of window shift. It is also possible to use a decreasing window size with 

an Adaptive Multi-Pass technique which enables the evaluation of displacements greater 

than the desired window size.

Shifted window #2

<! I ( i

€ i

O Vector locations - 0% overlap 

° Vector locations - 50%  overlap

(a)

Original window location

Vector location

Shifted window #1

Magnitude of particle 
d isplacem ent vector

Deformed window #2

Window #1

(C)

Figure A.3: Advanced Techniques for PIV Cross-Correlation Evaluation, (a) Window 

Overlap, (b) Window Shifting, (c) Window Deformation
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As mentioned previously, small interrogation windows must be used for flows with high 

displacement gradients, or shear. A method of Window Deformation has been developed 

to alleviate this problem (described in Meunier and Leweke, 2003). The purpose of the 

Window Deformation technique is to account for the effects of continuum deformation, 

including translation, rotation, shearing, and dilation. This technique requires the use of 

an Adaptive Multi-Pass evaluation method. Once an initial estimate of the displacement 

vectors is established, the local continuum deformation can be estimated, and an appropriate 

image transformation is performed on the second window such tha t both windows contain 

approximately the same distribution of particles. This technique is shown schematically in 

Figure A.3(c).

In the literature, most of the above-mentioned techniques are characterized as Iterative 

Multigrid techniques, and many papers discuss their various theories, validations, applica

tions, and advances (e.g. Lin and Perlin, 1998; Scarano and Reithmuller, 1999; Scarano 

and Riethmuller, 2000; Rohaly et al., 2000; Westerweel, 2000; Scarano, 2003; Meunier and 

Leweke, 2003; Gilbert and Johnson, 2003).
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A ppendix B

Unconventional Airfoil G eom etry

This appendix provides the geometric description of the unconventional airfoil designed 

for the studies documented in Chapters 8 and 9. Excerpts from the engineering drawings 

from which the airfoil was manufactured are also provided.

B .l  Surface G eom etry

The unconventional airfoil consists of simple geometric surface shapes, including flat- 

segments, ellipses, and a polynomial shape. The airfoil is shown schematically in Figure B .l. 

The upper leading-edge quarter-ellipse has a major-to-minor axis ratio of 3.333, with a 

corresponding major-axis dimension of 3 cm. The lower leading-edge quarter-ellipse has 

major-to-minor axis ratios of 3.0, with a corresponding major-axis dimension of 7 cm. 

The trailing-edge half-ellipse has a major-to-minor axis ratio of 2.274 with a major-axis 

dimension of 2 cm.

The curved backward-facing ramp on the upper surface of the airfoil has a shape 

corresponding to  a seventh-order polynomial. This polynomial, which provides a continuous

274
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extent of flexible vinyl strip for control studies

Figure B .l: Schematic of unconventional airfoil

change in surface slope and curvature over the upper surface of the airfoil, is defined as:

where h is the ramp height, xq is the location of the upstream-end of the ramp, and L r is 

the length of the ramp. Equation B .l is defined such tha t y /C  =  0  a t the downstream end 

of the ramp. For the ramp over the unconventional airfoil, which extends over the range 

0.2 < x /C  < 0.4, the im portant parameters for defining the shape using Equation B .l are 

h /C  =  0.06, x q / C  — 0.2, and L r/ C  =  0.4.

The surface coordinates of the unconventional airfoil are provided in Table B .l, 

neglecting the groove in which the flexible vinyl strips were inserted for the flow control 

study. The coordinates corresponding to this groove are provided in Table B.2.
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Table B.l: Unconventional airfoil surface coordinates

X [m ] y M x [m] y H x [m] y M

0.000000 0.006000 0.102000 0.006845 0.249254 -0.011172

0.000080 0.006658 0.106000 0.005559 0.247871 -0.012742

0.000778 0.008036 0.110000 0.004347 0.245623 -0.014284

0.002260 0.009427 0.114000 0.003250 0.243620 -0.015233

0.003290 0.010098 0.118000 0.002302 0.241187 -0.016083

0.005844 0.011337 0.122000 0.001524 0.238195 -0.016815

0.008885 0.012393 0.126000 0.000925 0.236344 -0.017133

0.012208 0.013246 0.130000 0.000500 0.233978 -0.017412

0.015674 0.013908 0.134000 0.000229 0.231546 -0.017561

0.019284 0.014406 0.138000 0.000081 0.230000 -0.017588

0.023325 0.014774 0.142000 0.000018 0.090000 -0.017588

0.025885 0.014915 0.146000 0.000001 0.080000 -0.017588

0.030000 0.015000 0.150000 0.000000 0.070000 -0.017588

0.050000 0.015000 0.230000 0.000000 0.059243 -0.017307

0.054000 0.014999 0.231546 -0.000026 0.052618 -0.016849

0.058000 0.014982 0.233978 -0.000176 0.042372 -0.015673

0.062000 0.014919 0.236344 -0.000454 0.033526 -0.014133

0.066000 0.014771 0.238195 -0.000772 0.025377 -0.012174

0.070000 0.014500 0.241187 -0.001504 0.017933 -0.009765

0.074000 0.014075 0.243620 -0.002354 0.011461 -0.006933

0.078000 0.013476 0.245623 -0.003303 0.006292 -0.003774

0.082000 0.012698 0.247871 -0.004846 0.004278 -0.002119

0.086000 0.011750 0.249254 -0.006415 0.001450 0.001223

0.090000 0.010653 0.249895 -0.007895 0.000149 0.004464

0.094000 0.009441 0.250000 -0.008794

0.098000 0.008155 0.249895 -0.009692
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Table B.2: Coordinates of groove on upper surface of the  unconventional airfoil

x [m] y M

0.058000 0.014982

0.057973 0.011807

0.061922 0.011745

0.065838 0.011600

0.069728 0.011337

0.073599 0.010925

0.077462 0.010347

0.081329 0.009595

0.085210 0.008675

0.089115 0.007604

0.093048 0.006412

0.097014 0.005137

0.101014 0.003827

0.102000 0.006845

B.2 Engineering Drawings

Excerpts from the engineering drawings of the airfoil and the bottom-surface cover- 

plates are provided in Figures B.2 through B.6 . The airfoil components were manufactured 

from a machinable fibreglass material (Green Glass G-10), with a surface-finish level of 16.
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Figure B.4: B ottom , front, and top  views of the  unconventional airfoil (dimensions in 

inches, scale=0.15)
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- T H I S  L 1 HE R E F E R E N C E D  
T O  E D G E  I N F U L L  V I E W4 . 0 4 5

. 5 2 - - - - - - 1

6 X  T A P  8 - 3 2 -
1 2 9

. 2 5

. 5 0 . 5 0S C A L E  1 . 0 0 0

Figure B.5: D etail for th e  m ounting-hole and wire-passage arrangem ents of th e

unconventional airfoil (dimensions in inches, scale=0.50)

. 6 4 5

. 2 5

3 . 0 0

0 0 .  1 2 8 5  ( * 3 0  D R I L L )  
TH RO UG H

. 0 0

Figure B.6 : Lower-surface cover p late for th e  unconventional airfoil; two required 

(dimensions in inches, scale=0.125)
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A ppendix C

Sim ulation Boundary D etails

This appendix provides the upper-domain shapes and the boundary conditions used for 

the direct numerical simulations documented in Chapter 7. The polynomials tha t define the 

upper-domain shapes are provided in Section C .l, the inlet-velocity boundary conditions 

are provided in Section C.2, and the pressure distributions applied to the upper-domain 

boundaries are provided in Section C.3.

C .l Upper Dom ain Shapes

As described in Chapter 4, the shapes of the upper-domain surfaces for the two simu

lations were selected to  ensure outflow over the domain length, and consist of various flat 

and polynomial-shaped segments. Tables C .l and C .2 provide the polynomial coefficients 

for these shapes, corresponding to the following equation:

y = c0  + c \x  +  C2 X2  +  C3 X3  +  ... +  cnx n (C .l)

281
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where n  is the polynomial order. The domain shapes for the low- and elevated-freestream- 

turbulence simulations were shown in Figures 4.3 (page 6 8 ) and 4.4 (page 70), respectively.

Table C .l: U pper-surface polynomial coefficients for low-Tu  sim ulation in units of 

m etres

Segment 0.40 < x  < 0.45 0.45 < x  < 0.56 0.56 < x < 0.71 0.71 < x  < 0.78

CO 0.117 0.036 -2769.475945016 0.030

Cl -0.360 0 31046.04330950 0

C2 0.400 0 -148743.6976074 0

C3 0 0 394810.1799511 0

c4 0 0 -627002.2347829 0

C5 0 0 595768.1086624 0

C6 0 0 -313611.9253012 0

C7 0 0 70553.88345707 0

Table C.2: U pper-surface polynomial coefficients for elevated-Tu sim ulation in units of 

m etres (segments for 0.45 < x <  0.78 same as those in Table C .l)

Segment -0.325 < x <  0.12 0.12 < x < 0.45

CO 0.072 0.053642841

Cl 0 0.315178514

c2 0 -1.662168885

c3 0 1.943660092
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C.2 Inlet Velocity Conditions

An experimentally-measured velocity profile was used for the inlet boundary condition 

of the low-freestream-turbulence simulation, with a slight modification. The profile 

corresponds to  a distance of x  =  0.40 m from the flat-plate leading edge in the experiments. 

Figure C .l shows the velocity profile used for specification of the streamwise velocity 

component, u , at the domain inlet, and the corresponding values are tabulated in Table C.3. 

The ANSYS-CFX solver linearly interpolates the specified distribution over the boundary 

mesh. A constant velocity was specified between the boundary-layer edge and the upper 

domain surface, as the velocity profile was measured only up to  a height of 5 .5  mm from 

the surface.

Although streamline curvature of the accelerating and decelerating freestream flow would 

provide a component of wall-normal velocity, v, at the plane for which the inlet boundary is 

located, the wall-normal velocity was specified as zero over this inlet plane. The use of single

point hot-wire measurements provide only the velocity magnitude and not the flow direction,

0.006

0 .0 0 5 -

0 .0 0 4 -

£  0 .0 0 3 -

0 .002 -

0.001 -

0.000

u [m/s]

Figure C .l: Velocity d istribu tion  specified on inlet boundary for low-Tu sim ulation
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Table C.3: Velocity d istribution  specified on inlet boundary for low-Tu simulation

y [mm] u [m/s] y [mm] u [m/s] y [mm] u [m/s]

0.00 0.00000 1.00 6.57214 2.60 8.25664

0.05 0.70000 1.10 6.85119 2.70 8.26775

0.10 1.35000 1.20 7.09183 2.80 8.27270

0.15 1.93000 1.30 7.30044 2.90 8.28227

0.20 2.42757 1.40 7.47080 3.00 8.28383

0.25 2.81282 1.50 7.61810 3.10 8.28627

0.30 3.18129 1.60 7.74093 3.20 8.29531

0.35 3.53358 1.70 7.85105 3.40 8.30148

0.40 3.86505 1.80 7.93267 3.60 8.30051

0.45 4.17814 1.90 8.00810 3.80 8.30297

0.50 4.47003 2.00 8.06598 4.00 8.30428

0.55 4.74402 2.10 8.10879 4.50 8.30785

0.60 5.00626 2.20 8.15946 5.00 8.30836

0.70 5.47223 2.30 8.19365 5.50 8.30836

0.80 5.88567 2.40 8.21564 38.00 8.30836

0.90 6.25309 2.50 8.23825

therefore the measurements themselves could not provide evidence to support this zero-?; 

assumption. To ensure th a t this assumption would provide a reasonable approximation to  

the actual velocity profile in the experiments, a two-dimensional simulation representing 

the flow from the plate leading-edge to  a location slightly downstream of the suction peak 

was performed. The use of a streamwise pressure distribution applied to  the upper domain 

surface was used in the same manner as the full simulation. Results of this two-dimensional 

simulation showed tha t the wall-normal velocity expected within the boundary layer is no 

greater than 0.14% of the streamwise component, with a direction away from the wall. 

This simulation also provided evidence tha t the wall-normal velocity expected near the
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upper domain boundary would be on the order of 1% of the streamwise component, in the 

downward direction. Thus, it was concluded tha t the specification of zero-u over the domain 

inlet plane should provide a good approximation to the true flow-held.

The experimental velocity profile used for specification of the inlet boundary condition 

was measured over the range 0.25 mm to 5.5 mm. The two-dimensional simulation described 

above was used to verify whether or not a linear distribution between the wall and 

0.25 mm (approximately 5% of the boundary-layer thickness) would provide a reasonable 

approximation to the velocity profile in this region, which it did not. The two-dimensional 

simulation results were then used to approximate the profile in this region and provide a 

more representative velocity distribution near the wall for the three-dimensional simulation.

For the elevated-freestream-turbulence simulation, a constant velocity was specified for 

each of the 16 openings at the inlet plane of the computational domain. The reference inlet 

velocity measured above the plate leading-edge in the experiments was 4.24 m /s, which 

required a velocity of 8.13 m /s at each of the openings to  provide this mixed-out velocity 

downstream of the simulated turbulence grid.

C.3 Stream wise Pressure D istributions

As discussed in Section 4.4.2, the upper domain boundary was set as an outflow 

boundary-condition with a specified streamwise pressure distribution. The distributions 

of static pressure applied to the upper domain boundaries are shown in Figure C.2, and 

tabulated for the two simulations in Tables C.4 and C.5. The reference pressure, pref , used 

in the simulations corresponds to 1 atm  (101,325 Pa). The static pressure applied to  the 

domain outlet boundaries axe those at corresponding streamwise location (x  — 0.78 m) from 

Tables C.4 and C.5.
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Low-Freestream-Turbulence Simulation 
Elevated-Freestream-Turbulence Simulation-10

-15-

£  -2 0 -  

Q.
■ -25- 
o.

-30-

-35-

-40
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x [m]

Figure C.2: Static pressure distributions specified on upper domain boundaries

Table C.4: Static pressure distribution specified on upper boundary for low-Tu simula

tion (gauge pressure)

X [m] P [Pa] x [m] P [Pa] x [m] P [Pa] x [m] P [Pa]

0.40 -30.5411 0.50 -28.9100 0.60 -22.3126 0.70 -17.5232

0.41 -31.0188 0.51 -28.2925 0.61 -21.7056 0.71 -17.2002

0.42 -31.4154 0.52 -27.6360 0.62 -21.1234 0.72 -16.8978

0.43 -31.6595 0.53 -26.9657 0.63 -20.5684 0.73 -16.6114

0.44 -31.7084 0.54 -26.2871 0.64 -20.0424 0.74 -16.3357

0.45 -31.5481 0.55 -25.6053 0.65 -19.5466 0.75 -16.0644

0.46 -31.1935 0.56 -24.9253 0.66 -19.0818 0.76 -15.7901

0.47 -30.6879 0.57 -24.2518 0.67 -18.6480 0.77 -15.5048

0.48 -30.1075 0.58 -23.5892 0.68 -18.2447 0.78 -15.1989

0.49 -29.5200 0.59 -22.9416 0.69 -17.8704
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Table C.5: Static pressure distribution specified on upper boundary for elevated-Tu 

simulation (gauge pressure)

X [m ] P [Pa] x [m] P [Pa] x [m] P [Pa] x [m] P [Pa]

0.00 -8.7110 0.20 -14.2710 0.40 -34.9846 0.60 -24.2045

0.01 -8.7110 0.21 -14.9752 0.41 -35.5322 0.61 -23.1836

0.02 -8.7110 0.22 -15.7409 0.42 -35.9126 0.62 -22.5016

0.03 -8.6917 0.23 -16.5678 0.43 -36.1026 0.63 -21.9985

0.04 -8.7227 0.24 -17.4444 0.44 -36.0853 0.64 -21.5700

0.05 -8.8088 0.25 -18.3878 0.45 -35.8791 0.65 -21.1555

0.06 -8.9402 0.26 -19.4029 0.46 -35.5198 0.66 -20.7264

0.07 -9.1100 0.27 -20.4868 0.47 -35.0539 0.67 -20.2764

0.08 -9.3134 0.28 -21.6315 0.48 -34.5323 0.68 -19.8129

0.09 -9.5471 0.29 -22.8263 0.49 -34.0042 0.69 -19.3501

0.10 -9.8094 0.30 -24.0586 0.50 -33.5109 0.70 -18.9034

0.11 -10.0995 0.31 -25.3144 0.51 -33.0790 0.71 -18.4852

0.12 -10.4177 0.32 -26.5792 0.52 -32.7148 0.72 -18.1023

0.13 -10.7651 0.33 -27.8377 0.53 -32.3974 0.73 -17.7544

0.14 -11.1438 0.34 -29.0735 0.54 -32.0730 0.74 -17.4343

0.15 -11.5564 0.35 -30.2696 0.55 -31.6480 0.75 -17.1294

0.16 -12.0067 0.36 -31.4079 0.56 -30.9833 0.76 -16.8249

0.17 -12.4986 0.37 -32.4691 0.57 -29.8874 0.77 -16.5077

0.18 -13.0368 0.38 -33.4329 0.58 -28.1109 0.78 -16.1730

0.19 -13.6261 0.39 -34.2783 0.59 -25.7949
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A ppendix D

D etailed R esults of Flow Control 

Study

This appendix provides the ensemble-averaged results for all cases examined in the 

flow control study of Chapter 9, along with parameters of interest regarding separation, 

transition onset, reattachment, and the turbulent boundary layer downstream of reattach

ment. The clean airfoil results are first provided (CL configuration) followed by all other 

configurations (ST, SG, LG, SN, SR).

288
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J< u'u '>dy
J<vV >dy
f< u V > d yJP̂CA&y

05 x / 0  0.6 0 7 0.6

Reattachm ent x/C = 0.86:Separation: Transition:

x,/C = 0.292 x /C  = 0.488
UbW - = 1.160 (Xj-XjVC = 0.196
8,/C =0.0263 Rew =6368
5’,/C  =0.01039 A /C  =0.0848
Rep,  = 3 3 8  Sr* =0.0159
0,/C *0 .00256
Reto =83.2
H, = 4.06

x /C  *0 .684 
(VXjVC = 0.392 
(x-x,VC= 0.196

Ug/U.= 1.035 
8/C =0.1064 
SVC =0.0188 
Rep = 5 4 5  
e/C =0.0118 
Re, = 3 4 2  
H = 1.60

Figure D .l: D etailed results for CL configuration a t i?e=28,000
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07  03 04  0.5 x /C  0.6 0.7 08

01  03 04  05  x /C  0.6 07 08

02  03 04 05  x /C  0.8 07 08

02  03 04  0.5 x /C  08  07 08

0.2 03 0.4 05 yjQ 06  07 08

02 03 04 05 x / £  08  07  08

02  03 04 05 x /C  06 07 08

02 03  04  05 x /C  0 8  07 09
Iff* ■,----------------------------------------1----------------------   —

J<u'u*>dy
J<vV>dy
J< uV > dy

02  0 3  0.4 05 x /C  06  07 00
0.25

VC
020

0.15

0.10

005

0JI.00
5 X/C 06 
Reattachm entTransition: x/C *0.85:Separation:

x /C = 0.293 V C = 0.438 x/C  = 0.618 U /U .=  1.0375
= 1.1801 (v * * y c = 0.145 (Xr-x.yC = 0.325 S/C =0.10094

8,/C = 0.01962 Re*. = 6711 (x-x,)/C= 0.180 S*/C =0.01545
5 \ tC * 0.00793 A/C = 0.0729 ReP = 628.2

*367.0 Sr* = 0.0159 0/C = 0.01037
BJC = 0.00216 Re# =421.9

Re* = 100.2 H =1.490

Figure D.2: D etailed results for CL configuration a t i?e=39,000
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02 03 04  0.5 g /C  06 07 08

02  03 04 0.5 x /C  0.6 0.7 0.8

1 35

1 30

t 25
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0.95
x/C
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nr*

x/C
0.25

0.20

0 15

0.10

005

0.iLOO
5 x /C  08

Reattachm entTransition:Separation: x/C = 0.85:

x/C *0.297 x/C =0.411 x/C  = 0.581 u / u . = 1.0402
UWAJ. = 1.1919 ( x ^ y c *  0.114 (xr-x^C = 0.284 S/C = 0.09913
s / c = 0.01748 Rew = 6854 (x^x,)*;* 0.170 SVC = 0.01408
5-,/C = 0.00686 A/C = 0.0681 ReP = 738.8

= 412.4 Sr„ =0.0150 e /c = 0.00982
e ,/c = 0.00199 Re, = 515.5
Rew = 119.6 H = 1.433
H, * 3.449

Figure D.3: D etailed results for CL configuration a t f?e=51,000
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f c u ’u 'x ly
J<vV >dy
J< uV > dyiP̂CAjjly

Separation: Transition: Reattachm ent

x,/C = 0.323 x/C = 0.381
U^/U. = 1.2211 (Xj-x^yC = 0.058
5,/C *0.01499 Re,., =7141
5*,/C =0.00529 A /C  *0 .0368
Rep, = 662.9  Sr* =0.0197
0,/C *0.00160
Re^, = 184.9
H, = 3.529

x /C  * 0.456 
( v x ,y c  = 0.133 
(X.-X, VC =0.075

U/Uw = 1.0407 
5/C *0.06959 
5*/C =0.00959 
Rep * 1006.2 
6/C = 0.00536 
Re, *562.1 
H *1 .790

Figure D.4: Detailed results for CL configuration at i?e=101,000
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J< u'u '>dy
J<vV >dy
J< uV > dy

05 x/C 06 07 08
Reattachm ent x /C -0 .8 5 :Transition:Separation:

x,/C *0 .229  X/C =0.444
Ua AJ„ *  1.2097 (Xf-x.yC = 0.215
8,/C =0.02285 Revt =7298
5*S/C =0.01093 A /C =0.0880
RePj = 370.4 Sr* =0.0138
8 /C  =0.00233
R e., =79.0
H. =4.687

X/C = 0.673 
(VWC = 0-444 
(x-x, VC = 0.229

U /U .*  1.0179 
S/C *0 .12000 
S*/C =0.02105 
ReP *600.0  
e/C =0.01278 
Ree =364.3  
H = 1.647

Figure D.5: Detailed results for ST configuration at Re=28,000
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5 x /C  06

Reattachment:Separation: Transition:

x,/C = 0.229 V C  = 0.403 xJC * 0.621 U A L *  1.0205
= 1.2212 (X(-X,>C= 0.174 ( v x ,y c  = 0.392 5/C =0.11606

s,/c = 0  01985 Re„, = 8357 (VX, VC = 0.218 S*/C =0.01879
s*,/c = 0.00999 KJC - 0.0633 Rep =752.4
R«r, = 478.3 Sr* =0.0172 0/C =0.01241
e,/c = 0.00208 Ree =496.9

= 99.5 H = 1.514
H, = 4.798

Figure D.6: Detailed results for ST configuration at i?e=39,000
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J< u'u '>dy
J<vV >dy
J< uV > dyfPa.CA&y

05 x/C 08 07 08
Reattachm ent x/C = 0.85.Separation: Transition:

x,/C =0.229 x,/C =0.383
UH/U„= 1.2422 (xt-xJ)/C= 0.154
5,/C =0.01834 Rew =9680
5*,/C =0.00951 A/C =0.0595
Rer , =595.9 Srg, =0.0168
6,/C =0.00188
Re* =117.6
H, = 5.064

Xj/C =0.582 Uj/U.* 1.0191
(Xf-xJ/C = 0.353 5/C =0.12298
(Xr-X t y c =  0.199 SVC =0.01653

Rep =849.9 
6/C =0.01158
Ree =595.5 
H =1.427

Figure D.7: Detailed results for ST configuration at i?e=51,000
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u./u

J<u’u ’x iy
 J < W x iy

(< uV >dy  
JP«.CWily

05 x/C

' v *  -  -

$  : T ^ A w ,

0.4 05 x /C
015

0.10

005

Ol100
5 x /C  08

Reattachm entSeparation: Transition: x/C = 0.85:

5 x/C

V C = 0.229 x/C = 0.229 x /C  = 0.240 LJg/Ug, = 1.0390
u ^ /u . = 1.3455 { x ^ y c = 0.000 ( v ^ y c *  0.011 S/C = 0.05863
s,/c = 0.01524 Rev[ = 0 (v x ,y c *  0.011 SVC =0.006366\/C = 0.00842 A/C = 0.0279 Rej. =666.5
Rer, = 1142.7 Sr* = 0.0381 0<C =0.00436
e/c = 0.00159 Ree =456.6
Re* = 215.4 H =1.460
H. = 5.302

Figure D.8: Detailed results for ST configuration at ile=101,000
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J< u'u '>dy
/< vV > dy
J< uV > dv

OS jfjQ 0.6
ReattachmentSeparation: Transition:

x,/C = 0.295 x/C
U . / U . - 1.1713 ( * <
5,/C *  0.02399 R e^
5’,/C =0.01019 A/C
Rep, = 334.4 Sr*
e /C  = 0.00259
Rees *85.1
H, * 3.930

x /C  = 0.689 
(x,-x,)/C * 0.394 
(xr-xty c  = 0.197

U/U„ = 1.0319 
5/C =0.09505 
5*/C =0.01737 
Rep =501.7 
e/C =0.01041 
Re. = 300.8

Figure D.9: Detailed results for SG configuration at iie=28,000
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Transition: Reattachm ent x/C = 0.85:

x /C = 0.294 x/C = 0.439 x /C  = 0.630 U/U„ = 1.0285
u« /u„ = 1.1807 (Xj-og/C = 0.145 (xr-xsy c  = 0.336 6/C =0.10246
8,/C = 0.01979 Re„t =6715 (xr-xtyC =  0.191 8*/C =0.01440
8*,/C = 0.00858 A /C  = 0.0667 R6r  = 581.0

= 397.7 Sf* =0.0176 6/C =0.00992
6 /C = 0.00223 Re, = 400.2

R«e, = 103.4 H *1.451
H = 3.849

Figure D.10: Detailed results for SG configuration at ile=39,000
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0 2  03 04 05  jJ Q  0.6 0.7 08

0 2 03 04 0 5 yJQ  0.8 0 7 08

0.2 03 04 OS y jQ  08  0.7 0.8

02  03 04 05 X/Q 0.8 07  0.8

1.40

1 35

1 30

1 25

1 20

1 15

1 to

1.05

.00

0.95

joowaqaoOoQIV>*e»ooI

»coo©oooo°aQ*«6oW®*oe

10*

0.25

0.20

0 15

0.10

0.05

Ol100
5 x /C  0B

Reattachm entTransition:

x,/C = 0.304 x/C = 0.410 X/C =0.586 u/u„ * 1.0305
= 1.1826 (xt-x ,y c=  0.106 (xr-xiyC = 0.281 s/c = 0.09463

ss/c = 0.01829 Rew = 6323 (x,-x,>C= 0.175 5*/C *0.01392&\JC = 0.00812 A /C  = 0.0631 ReP = 723.7
= 484.6 Srfc =0.0171 e/C = 0.00972

6 /C = 0.00210 Re, = 505.1
= 124.9 H = 1.433

H. = 3.878

Figure D .ll: D etailed results for SG configuration a t i?e=51,000
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/< u ’u '> dy
j< W > d y
/< u V > d y(P̂C/ÛIy

05 x /C  08

Reattachm entTransition:

x,/C =0.323 x/C  = 0.385 x /c  = 0.418 U/U., = 1.0380
UB/U„= 1.2523 ( ^ y C *  0.062 (x.-^yC = 0.095 5/C =0.07259
8$/C =0.01395 Rew = 7829 (xr-xt )/C= 0.033 S*/C =0.00849
5%/C =0.00520 A /C  = 0.0342 Rep *888 .8
RePl =656.1 Srte =0.0256 8/C =0.00607
0/C  =0.00183 Re* =635.6
Re* = 230.9  H =1.399
H. = 2.849

Figure D.12: D etailed results for SG configuration a t i?e=101,000

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



Appendix D 301

J<u 'u‘>dy
J<vV >dy
J< uV > dyJP̂CAJjiy

Transition:Separation: Reattachment

x/C  = 0.232 X/C =0.479
U JU .*  1.2009 (Xj-XjVC = 0.247 
5,/C =0.01858 Revt =8305
5*,/C =0.00714 A/C =0.1019
Rer , =240.1 Srte =0.0120
6/C  =0.00223
Rew = 75.0
H, * 3.203

x/C = 0.664 
(Xr-XtyC = 0.432 
(x ^ y C *  0.185

U/U„= 1.0277 
5/C =0.10882 
5*/C =0.01758 
Rep =506.0 
0/C =0.01167
Re# =335.6 
H = 1.506

Figure D.13: D etailed results for LG configuration a t Ae=28,000
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5 X/C 0
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J<u’u'>dy
f<vV>dy
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Separation: Transition: x/C = 0.86:

0.2 03 04 05  x /Q

x/C = 0.232 X/C =0.418 x/C  =0.596 U /U . = 1.0313
= 1.2184 (X,-^yC= 0.186 ( v x ,y c  = 0.364 5/C = 0.09844

5,/C = 0.01619 Re„t = 8889 (x^x, VC =0.178 5*/C = 0.01426
5*,/C = 0.00585 A/C =0.0662 ReP = 576.8

Re*., = 279.9 Srte =0.0143 8/C = 0 .0 1 X 7
ejc = 0.00199 Re* = 407.2
Re*, = 95.2 H = 1.416
H, = 2.939

Figure D.14: D etailed results for LG configuration a t i?e=39,000
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Reattachm entSeparation: Transition: x/C = 0.85:

x,/C = 0.232 x/C = 0.402 x/C = 0.557 iyu„,= 1.0334
= 1.2317 ov^yc = 0.170 (xr-xsyC = 0.325 &c = 0.10446

&
= 0.01433 Revl = 10563 (xr-x ,y c  = 0.155 8*/C = 0.01237
= 0.00478 Ay/C = 0.0622 Rep = 645.0

R« r, = 296.7 = 0.0136 6/C = 0.00885
t y c = 0.00174 Re8 = 461.2

RS = 108.2 H = 1.398
H. = 2.747

Figure D.15: D etailed results for LG configuration a t i?e=51,000
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J<vV >dy 
J< uV > dy  
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ReattachmentSeparation: Transition:

x,/C = 0.232 x/C =0.410 X/C * N/A U/U„ = 1.0457
* 1.2892 (xt-x,VC= 0.178 (X,-)g/C = N/A S/C = 0.06040

8,/C = 0.01061 Rew = 23139 (xr-xt)/C= N/A S*/C = 0.00682
5*s/C = 0.00234 A/C = 0.0422 ReP = 718.6
R*r, = 303.7 Sr„ *0.01597 e/c = 0.00469
0,/C = 0.00124 = 494.3
Re6, = 161.9 H = 1.454
H. = 1.886

Figure D.16: D etailed results for L G  configuration a t A e = 1 0 1 ,0 0 0
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/<u'u'>dy
/<vVxJy
j<uV>dyJPo.auJly

05 x/C 08 07 06
Reattachm ent x/C = 0.85:Separation: Transition:

x,/C = 0.247 V °
Uw/U„= 1.1978 (x,-x,
5$/C =0.02510 Rew
8*,/C = 0.01204 XJC 
R0r , = 420.7 Sr„
QJC = 0.00246 
Rew =83.1 
H, * 5.058

V C  =0.681 Uj/U, = 1.0345
{XrXjlC = 0.434 5/C = 0.09966
(X.-X, VC = 0.184 5*/C =0.01731

ReP = 501.2
0/C =0.01128
Re, =326.6
H =1.535

Figure D.17: D etailed results for SN configuration a t f?e=28,000
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J< u'u '>dy
J< W > d y
J< uV > dvJPfcC/uJi,

05 x/C °-6 
Reattachm entSeparation: Transition:

x,/C = 0.247 x/C = 0.435
UWAJW = 1.2086 (XfX.J/C = 0.188
8,/C = 0.02065 Re,., * 8892
8*,/C *0 .01112 AJC - 0.0719
ReP, =527.1 S r„  =0.0163
QJC * 0.00224 
R e„ = 106.3 
H. = 4.960

x/C  =0.619 
(V ^ V C *  0.372 
(V X .V C s0.184

Ug/U,* 1.0315 
8/C = 0.09744 
S*/C =0.01402 
Rep =567.3 
0/C = 0.00978 
Re, = 395.6 
H = 1.434

Figure D.18: D etailed results for SN configuration a t i?e=39,000
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f<u'u'>dy
J<vV>dy
J<uV>dy

Transition:

xJC = 0  247 x /C  =0.413 x /C  =0.570
Ue5/U„= 1.2209 (x,-x,yc = 0.166 (xr-xsyC  = 0.323
8 /C  =0.01843 R«w =10198 ( ^ y C *  0.157
5’j/C  =0.00982 A /C  =0.0709
Repj =605.0  Srte =0.0146 
8 /C  =0.00210 
Re* =129.4 
H, = 4.673

U /U „= 1.0341 
8/C = 0.09067 
SVC =0.01294 
Rer  =674.9 
0/C =0.00915 
Re, =477.3  
H =1.414

Figure D.19: D etailed results for SN configuration a t i?e=51,000
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Jcu’u'xly 
j<vV> dy 
f<uV>dy JP̂C/Ûdy

Separation: Transition: Reattach m ent

X,/C =0.350 x/C  =0.390 xJC =0.443 U,/U„ = 1.0374
UW/UM= 1.2097 (xt-x,)/C= 0.040 (x,-x,)/C = 0.093 S/C *0.07705
5,/C =0.01589 Re,., =4879 (x,-x, )/C = 0.053 S*/C *0.00710
5\/C * 0  00676 ÂC *0 .0383  Rep *742 .4
Rer ,  *823.7 Sr* *0.0247 e/C =0.00511
e,/C *0.00185 Ree =534.0
R e„ =225.2 H *1.390
H, *3.661

Figure D.20: Detailed results for SN configuration at i?e=101,000
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Reattachm entSeparation: Transition: x/C *0.85:

x,/C = 0.300 x/C = 0.509 x/C  = 0.687 U /U . = 1.0290
UM/U„ = 1.1722 (XrX.yC = 0.209 (x,-x,)/C= 0.387 8/C = 0.09071
8,/C = 0.02437 Revt = 6860 (xr-Xt VC = 0.178 8*/C = 0.01784
5*,/C = 0.01034 A/C = 0.1060 ReP *514.1
R*r, = 339.5 Srte = 0.0129 0/C = 0.01064
e,/c = 0.00262 Re9 = 306.4

Rew = 86.1 H = 1.677
= 3.941

Figure D.21: D etailed results for SR configuration a t i?e=28,000
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Reattachm entSeparation: Transition:

0.2 03 04 05

X/C = 0.304 x /C  = 0.462 x/C  = 0.635 ly u . = 1.0284
= 1.1764 (xt-x,yC * 0.148 (xr-x,VC = 0.331 s/c = 0.08884

S,/C = 0.02032 Rft„, = 6829 (VX, VC = 0.183 8*/C = 001342
s*,/c = 0.00906 A /C  = 0.0736 Rep = 541.1
Rap* = 417.7 Sr* =0.0177 d/c = 0.00913
6 /C = 0.00226 Re, = 368.0

= 104.1 H = 1.471
h , = 4.013

Figure D.22: D etailed results for SR configuration a t Re=39,000
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A J C

.15

0.05

000
5 x / c  08

Reattachm entTransition:

X./C = 0.308 Xj/C

u„/u„ = 1.1863 (* * ,
8 ,/C = 0.01798 Rv
5*}/G = 0.00784
Rers = 469.3 Srft
e ,/c = 0.00206

= 123.2
H. *3.811

= 0.418 x /C  =0.588
: = 0.110 (v x j/e  *  0.280

= 6583 (X.-X, )/C =0.170
*0.0667 
= 0.0159

u«/u„ = 1.0306
8/C = 0.09509
8*/C = 0.01320
R*p = 686.4
e/C = 0.00919
Re, = 477.9
H = 1.436

Figure D.23: D etailed results for SR configuration a t i2e=51,000
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Reattachm entTransition:Separation:

x,/C = 0.330 = 0.403 x/C  = 0.457 ly u . = 1.0355
u«,/uw= 1.2178 (XfX,ye = 0.073 (xT-x,yC = 0.127 5/C = 0.07511
5,/C = 0.01414 Re,., = 8964 (xr-xtVC = 0.054 5*/C = 0.00964
5%/C = 0  00949 = 0.0377 Rer ■ 1007.1

= 673.7 ®re> = 0.0196 6/C = 0.00553
e,/c = 0.00164 Re, = 577.4

= 201.1 H * 1.743
H, * 3.355

Figure D.24: D etailed results for SR configuration a t l?e=101,000
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