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Abstract

Scalar Mixing and Coherent Structures
in Simulations of the Plane Turbulent Mixing Layer

Stephan Nicholas Hug

For more than half a century turbulent mixing layers have been the subject of intense
experimental and numerical investigation. With the discovery of primary, spanwise
aligned and secondary, streamwise oriented vortices the interest in low and high
Reynolds number mixing layers has been invigorated. The immense increase of
computational capabilities in recent years has lead to an ever growing number of
numerical simulations of mixing layers. However, numerical simulations have had
great difficulties in reproductions the structure dynamics and entrainment mecha-
nisms observed in the experiments.

In this study Large Eddy Simulations of the low and high Reynolds number spatially
developing, three-dimensional mixing layer are performed. At the heart of the pre-
sented studies lies the focus on the inlet conditions of the simulations. The effects of
spatial and temporal correlation of the inlet conditions are studied for the low and
high Reynolds number plane mixing layer. It is shown that physically correlated inlet
fluctuations lead to the development of the spatially stationary, streamwise oriented
vortices observed in experiments. The effects of the presence of the streamwise vor-
tices on the momentum and passive scalar fields are investigated in detail.

In the latter parts of this work, the effects of varying the inlet fluctuation levels are re-
ported. By altering the inlet fluctuation magnitudes the number and strength of the
spatially stationary streamwise vortices can be controlled. The implications of this
on the dynamics of the primary, spanwise aligned vortices are discussed. A change
in the number and strength of the spatially stationary streamwise vortices is shown
to be critical for the shape of the obtained probability density functions. If spatially
stationary streamwise vortices are present, the obtained probability density func-
tions are of the non-marching type. A lack of spatially stationary streamwise vortices
produces marching probability density functions.
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Chapter 1
Introduction

1.1 Turbulence

Turbulence is a phenomenon that surrounds us every day. Dissolving sugar in a cup

of coffee, the flow around a car on the motorway or the combustion taking place in-

side a jet engine are just a few examples of flows that involve turbulence. Seemingly

regardless of its abundance in our daily lives, turbulence remains one of the great

mysteries that science is yet to solve.

The first formal recordings of turbulence were found in Leonardo Da Vinci’s note-

books, evidencing that turbulence has been studied for the last 500 years [1]. The

first formal description of turbulence came in 1883 when Osborne Reynolds formu-

lated a set of conditions that are met when a pipe flow goes from an orderly and lam-

inar state to a chaotic and turbulent one [2]. His dimensionless parameter, termed

‘Reynolds number’, remains the most critical parameter of any flow, more than 100

years later.

With the many types of turbulent flows surrounding us every day, one would be ex-

cused for thinking that we have long arrived at an analytical solution for turbulence.

The closest we have come to do so are the incompressible Navier-Stokes equations

named after Claude-Louis Navier and George Gabriel Stokes. The Navier-Stokes
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equations are a set of equations describing the behaviour of incompressible turbu-

lent flows by modelling the flow of every Newtonian fluid based on the principle of

conservation of mass and momentum. However, even with the knowledge of the

incompressible Navier-Stokes equations, no analytical solution for turbulence has

been found. In fact, making progress towards a mathematical theory which will un-

lock the secrets in the Navier-Stokes equations remains one of the seven ‘Millennium

Prize Problems’ with a prize fund of USD 1 million.

In the absence of a mathematical solution, scientists have to conduct experiments,

or more recently, numerical simulations to increase our understanding of what tur-

bulence is.

1.2 Numerical Simulation

With the rapid advancement of the modern computer, the numerical simulation of

turbulence has become a reality; a practice which has been termed Computational

Fluid Dynamics (CFD). Since the very first numerical simulations in the early 1970s,

CFD has remained an active area of research, and it has more recently also become

an important part of industrial research.

Researchers use a large number of different modelling techniques, and the three

most common ones, Direct Numerical Simulation, Reynolds-Averaged Navier Stokes

simulations and Large Eddy Simulations, are discussed here in more detail.

1.2.1 Direct Numerical Simulation

Direct Numerical Simulations get their name from the fact that they resolve and

compute the Navier-Stoke equations to the smallest scale, explicitly. However, this

comes at a great computational cost. At high Reynolds numbers, the computational

resources required become unrealistic as the number of mesh points is a function

of Re9/4. An aeroplane at a typical cruise speed would require 7.5×1018 grid points.
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If this number is compared to one of the most sophisticated DNS of our time which

uses 3×109 grid points and 65536 processing cores [3], it becomes clear that DNS of

engineering applications will not become a reality in the near future.

While DNS of engineering applications might remain out of reach, DNS have suc-

cessfully been used to study different mixing layer properties and behaviours. The

earliest DNS were of the temporal type in which the flow evolves inside a computa-

tional box in a temporal sense such as the ones performed by Rogers & Moser [4, 5, 6].

This approach is comparatively computationally affordable but suffers from inher-

ent drawbacks which will be explored in more detail later in this chapter. With the

increase in computational capabilities over the years the computational cost of DNS

have also increased significantly. Very recently, a DNS of a spatially evolving mixing

layer has been conducted which used approximately 10 million CPU hours [3]. How-

ever, DNS with such costs remain largely intractable. The high computational cost of

DNS has led researchers and engineers to find other types of numerical simulations

that are more affordable.

1.2.2 Reynolds-Averaged Navier-Stokes (RANS)

The most common type of numerical simulation used to model engineering appli-

cations today is the Reynolds-Averaged Navier-Stokes (RANS) model. RANS is based

on the Reynolds decomposition, which states that any instantaneous quantity can

be decomposed into its mean and fluctuation components

u = 〈u〉t +u′ (1.1)

where u is the instantaneous value, 〈u〉t , is the mean value and u′ represents the

fluctuation component of the variable. This decomposition can then be substituted

into the Navier-Stokes equations. This procedure, however, introduces a component

describing the fluctuation components, termed the Reynolds stress, into the Navier-

Stokes equations. This component is given by
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τi j = 〈ui u j 〉t −〈ui 〉t 〈u j 〉t . (1.2)

To close the RANS equations the term τi j has to be modelled as a function of the

mean flow. This modelling is known as the closure problem.

Regarding the closure problem, a large number of models have been proposed. Two

of the most common ones are the k − ε and the k −Ω models. As this study will not

use the RANS model in depth knowledge about these models is not required.

1.2.3 Large Eddy Simulations (LES)

Similarly to RANS, Large Eddy Simulation is also based on the Reynolds decomposi-

tion. However, unlike RANS which is based on averaging, in LES the flow is decom-

posed into large, energy-carrying scales of motion, the resolved sub-filter scales (SFS)

and unresolved sub-grid scales (SGS). The assumption which makes this separation

possible is the Kolmogorov theory in which the smallest scales of turbulent motions

are assumed to be statistically isotropic. However, this assumption has not remained

unchallenged [7]. The LES decomposition is therefore given by

u = ū +u′ (1.3)

where ū are the scales of motion larger than the smallest grid size (SFS) and u′ are

the scales smaller than the resolved grid (SGS). A low-pass spatial filter is used to

separate the scales of motion. Like RANS, the effect of the subgrid scales has to be

accounted for and is given by,

τi j = ui u j − ūi ū j . (1.4)

A sub-grid scale model is used to close the Navier-Stokes equations. A large number
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of such models exist, and two outlined ones are presented in more detail in Chapter

3.2.

The biggest advantage of LES compared to RANS is that it can provide information

about time-dependent, unsteady turbulent flows. While temporal information is

also produced by a DNS, LES can achieve similar results to a DNS, with a much

smaller number of grid points which reduces computational costs but also allows

for the simulation of flows at much greater Reynolds numbers.

1.3 Mixing Layers

A mixing layer is formed when two, parallel streams with differing velocities come in

contact. There are numerous types of mixing layers, but jets and plane mixing layers

are the most commonly studied ones. An illustration of a plane mixing layer devel-

oping between two fluids is shown in Figure 1.1. The high- and low-speed streams

are located on the upper and lower side of the mixing layer, respectively and are sep-

arated by a thin splitter plate. In experimental setups, it is common practice to use

a series of settling chambers to smoothen the flow before it is accelerated inside a

contraction and then enters the test section.

U1

U2

y
z

x

Figure 1.1: Plane mixing layer.

The Reynolds number, discovered by Osborne Reynolds [2] in 1883, remains a key

property of any flow. The Reynolds number is defined as being the ratio of inertial

forces to viscous forces within the fluid of interest. Inside the fluid, the inertial forces

move a flow from the laminar state to the turbulent state while the viscous forces

counteract this process.
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The laminar flow state characterises a flow in which the viscous forces are dominating

the inertial forces, resulting in a smooth fluid motion. The ratio between the different

forces in the laminar state results in a low Reynolds number. In turbulent flows,

occurring at high Reynolds numbers, the flow is dominated by the inertial forces

and the flow is of an unorganised, chaotic appearance.

The Reynolds number is defined as,

Re = ρuL

µ
= uL

ν
(1.5)

where ρ is the density, u is the velocity, L is a characteristic length scale, µ is the

dynamic viscosity, and ν is the kinematic viscosity.

Plane mixing layers are often classified into low and high Reynolds number mixing

layers. The differentiation is done on the basis of whether the flow undergoes tran-

sition inside the test section of the experiment. Dimotakis [8] has shown the mixing

layer transition to occur at a Reynolds number of Reδ ≈ 40000, based on the local vi-

sual thickness and velocity difference across the mixing layer. While the mixing layer

transition is a complex and interesting process, it is not a focus of the presented sim-

ulations, and a complete understanding of it is not required in this context.

Structures in mixing layer have long been a subject of interest. At the heart of the ac-

cepted origin of the primary structures found in mixing layers lie the Kelvin-Helmholtz

(K-H) vortices. In experiments, it can be observed how a short distance downstream

of the splitter plate trailing edge the mixing layer ‘rolls up’ into small scale Kelvin-

Helmholtz vortices. After a given distance from the splitter plate, the first subhar-

monic of the primary instability causes the K-H vortices to undergo pairing in which

a vortex starts to rotate around its downstream neighbour before amalgamation oc-

curs. Some time afterwards, the first subharmonic of this instability causes a similar

pairing again, which then spawns a new generation of vortices and so the cycle con-

tinues. The streamwise location of these pairings varies slightly; this gives rise to

the self-similar growth of the mixing layer. Self-similarity is a crucial aspect of the

mixing layer and means that self-similar quantities will collapse onto a single line if

the velocity and length scales are taken into account. For a long time, the accepted
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view of mixing layers has long been that a high Reynolds number mixing layer is ini-

tially in a laminar, organised state before it undergoes a transition into a turbulent,

unorganised state. This turbulent state was thought to consist of a mean flow with a

fluctuation component which is random in nature.

The discovery of large scale, quasi-two-dimensional, spanwise coherent structures

by Brown & Roshko [9], shown in Figure 1.2, therefore, came as a great surprise.

These large scale structures were shown to have significant lifespans and to grow

and interact and pair as they convect downstream. It was subsequently proposed

that the pairing of the large scale coherent structures gives rise to the growth of the

mixing layer as a whole. However, some uncertainty about this remains as it has also

been suggested that most of the mixing layer growth occurs not during interactions,

but during the ‘normal life’ of structures between pairing events [10].

Figure 1.2: Coherent structures in turbulent plane mixing layer, discovered by Brown
& Roshko [9].

With a lack of an alternative interpretation, the theory that the large scale, coherent

structures, found in the post-transition, turbulent mixing layer, evolve based on the

same K-H instability theory as their pre-transition cousins, has received widespread

acceptance. It has, however, not remained unchallenged. Most recently D’Ovidio &

Coats [11] have suggested that the mixing transition results in a change in growth

mechanism. Their theory is that the coherent structures grow as K-H vortices in the

pre-transition but in the post-transition, they grow continuously and linearly.

Recently, large scale coherent structures have been shown to be critical to mixing

layers in real world engineering applications, particularly those related to entrain-

ment, mixing and combustion. It follows therefore that a complete understanding

of coherent structures will play a crucial part in meeting the ever increasing demand

for improved efficiency and cleaner combustion.

While there are many aspects to mixing layers, one critical aspect of mixing layer ex-
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periments and numerical simulations are the initial or inlet conditions from which

the mixing layer develops. Particularly the pre-transition region of the mixing layer

has shown a hypersensitivity to the inlet conditions [12, 13]. Even though inlet con-

ditions are a crucial part of every mixing layer experiment, the author feels that their

importance has been under-appreciated, particularly in the ever increasing number

of numerical simulations. Considerable focus will, therefore, be paid to the study of

inlet conditions and their effects, in this work.

1.4 Aims and Objectives

This chapter has served as a brief introduction into what mixing layers are and their

importance in our lives. It has introduced the most common types of numerical

simulations and has highlighted LES has been chosen in this particular study.

The aim of this project is to produce accurate numerical simulations of low and high

Reynolds number mixing layers using LES. However, this approach will be taken fur-

ther here; in the later chapters, LES will be used to try and advance our knowledge

about mixing layers, expanding on available experimental results. Mixing layer inlet

properties are varied and their effects are studied. In the last chapter, the effects of

inlet fluctuation levels on structure dynamics and passive scalar entrainment and

mixing are evaluated. The findings will be discussed in relation to experimental re-

search and they will be used to shed light on some of the remaining uncertainties

about mixing layers.

Chapter 2. Background Literature A review of the relevant literature to the studied

topic.

Chapter 3. Numerical Methods An overview of the numerical methods and codes

used for the presented simulations.

Chapter 4. Inlet Fluctuation Correlation Effects Numerical studies of the low and

high Reynolds number mixing layer using spatially and temporally correlated

and non-correlated inlet fluctuations.

8
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Chapter 5. Parametric Study of the High Reynolds Number Mixing Layer Parameterised

testing of mixing layer properties using LES.

Chapter 6. Elevated Inflow Fluctuation Magnitude Effects Study of high inlet fluc-

tuation level effects on the high Reynolds number mixing layer.

Chapter 7. Conclusions and Future Work

9



Chapter 2
Background Literature

2.1 Background of Large Eddy Simulation

When the different types of numerical simulations are compared, it becomes clear

that they all offer their own sets of benefits and drawbacks. While RANS is com-

putationally affordable enough to offer solutions to engineering applications with

an acceptable turnaround time, one problem is that it offers no information about

the temporal evolution of the flow. This is particularly important in the prediction

of noise generation and combustion processes. A DNS can offer this type of infor-

mation by producing a ‘true’ numerical representation. However, this comes at a

significant computational cost, especially at high Reynolds numbers, making DNS

unsuitable for most engineering applications. In the spectrum of numerical simula-

tions with RANS being on one end and DNS on the other end, LES sits somewhere

in the middle. It offers all the advantages of a DNS, such as temporal information,

and detailed simulation of flow structures, but avoids the computational cost asso-

ciated with simulating all scales of turbulence present in a mixing layer. However,

this separation of scales in LES implies the use of a sub-grid scale model to close the

Navier-Stokes equations. Numerous sub-grid scale models have been proposed and

two popular ones will be discussed in detail here.

The first sub-grid scale model was proposed by Smagorinsky in 1963 [14]. The model
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was originally developed for the modelling of weather behaviour, and it was first

used successfully by Deardroff [15] in a channel flow simulation. It has since been

applied to many different types of LES. The Smagorinksy model is based on the idea

that the rate of energy transferred from the resolved to the unresolved scales is equal

to the rate of energy dissipated in the sub-grid scales. In the sub-grid scales, the en-

ergy is removed from the simulation instantaneously and entirely. The length scale

cut off point has to be chosen carefully. Removing too much, or too little, energy

from the flow can lead to erroneous results.

The choice of the sub-grid scale model constant, Cs , is critical to the successful ap-

plication of the Smagorinsky model. Cs typically ranges between 0.005 for chan-

nel flows to 0.05 for simulations with isotropic turbulence [16]. For plane mixing

layer simulations, a popular value of Cs falls between 0.10 and 0.18 [17]. One of

the challenges in the application of the Smagorinsky model lies in the fact that the

best model constant value changes for different applications. Often a number of

simulations with varying model constants have to be run and evaluated to find the

most suitable one for the problem at hand. However, recent LES have shown the

Smagorinsky model to be of limited suitability to plane mixing layers as it predicts

non-zero values for the eddy viscosity in regions of laminar flow [18] which can delay

the transition to a turbulent state. Equally relevant, simulations have also shown the

Smagorinsky model to be problematic in the treatment of near wall conditions [19]

which is particularly problematic when trying to model a splitter plate as part of the

computational domain.

To overcome the shortcomings of the standard Smagorinsky model, Germano et

al. [20] proposed a dynamic eddy viscosity model in which the model constant

is changed dynamically. This model has been compared to DNS simulations and

shown good agreement but its implementation is challenging and altering the model

constant dynamically can be costly in terms of computational resources. Additional

problems arise from the model constant being negative, which can result in numer-

ical instability.

The limitations of the Smagorinsky model have lead to the development of a vast

number of alternative models. Of particular interest to the simulation of mixing lay-

ers is the wall adapting local eddy viscosity (WALE) model proposed by Nicoud &
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Ducrous [17]. The WALE model uses the square of the velocity gradient tensor to

account for both strain and the rotation rate of the smallest resolved turbulent fluc-

tuations. One advantage of the model is that the eddy viscosity tends to zero in the

proximity of a wall, without the need for dynamic constant adjustment or artificial

damping. Most importantly to this work, the model predicts zero eddy viscosity in

pure shear. This property makes it possible to simulate the laminar to turbulent

transition process without delaying the transition to a fully turbulent state [18]. The

WALE model is discussed in detail in Section 3.2.2.

2.2 Applications of Large Eddy Simulation

The vast advances made concerning sub-grid scale models and meshing techniques

have lead to LES being used in more and more varied research and engineering sim-

ulations. Examples of academic applications are plane mixing layer simulations [21],

variable density simulations [22], compressible [23] and reacting flow simulations.

In industry, LES has been used in numerous simulations ranging from jet engine ge-

ometry [24], and combustor simulations [25], to the noise prediction of chevron jets

[26].

Large eddy simulations are particularly suited to engineering problems involving

large scale structures and high Reynolds numbers. An example of this is jet noise

prediction. Great advances have been made in this field, and the accuracy of predic-

tions is as good as 1dB for high-speed jets. However, particularly for low-speed jets,

producing accurate simulation data remains challenging. A possible reason for this

is the uncertainty about the effect of sub-grid scale models [27]. Another challenge

are the inlet or initial conditions of jet simulations. Bogey & Bailly [28] have done

LES of jet noise simulations and have repeatedly shown the specification of accurate

inlet conditions to be critical.

LES has also been used in industrial applications such as turbo machinery. While

RANS has been the tool of choice in the design of turbo-machinery, the ever increas-

ing demand for efficiency is driving the industry towards computational methods

that offer good spatial resolution, as well as a time accurate simulation of the flow.
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In particular, the recent development of multiple-injection sprays in Diesel engines

[29] and auto-ignition inside engines [30] rely heavily on detailed temporal infor-

mation about the flow. Of interest is also the work of Michelassi et al. [31, 32] who

performed many LES of different types of turbo machinery.

The choice of a suitable sub-grid scale model and model constant is not the only cri-

teria for a successful LES. The LES methodology with its filtering of scales depends

heavily on the choice of a suitable mesh resolution. Vreman et al. [33] has studied

different sub-grid scale models as well as mesh resolutions and found direct links be-

tween an increase in resolution and better agreement of LES data when compared

to data produced by a DNS. Similar studies have also been conducted by Voke [34].

Particularly in flows with wall interactions, the mesh resolution near the wall be-

comes critical [35]. The combination of high Reynolds number flow with the adverse

pressure gradients found in engineering applications makes the choice of a suitable

mesh for LES challenging [35]. Of interest are also recent studies by McMullan [36]

investigating the effects of spanwise domain confinement in mixing layer simula-

tions. The study showed how spanwise confinement in a three-dimensional simu-

lation results in primary structures that resemble those found in two-dimensional

simulations.

Inlet conditions have repeatedly been shown to be critical for LES and DNS by vari-

ous authors [21, 37]. Tabor & Baba-Ahmadi [38] investigated specifically the impor-

tance of the inlet conditions in LES. They reviewed ‘precursor simulation’, such as the

recycling-rescaling method used in this study, and ‘synthesis’ methods, termed ide-

alised or white-noise in this work. Tabor & Baba-Ahmadi found that while ‘synthesis’

methods are quick to develop and implement, they produce less accurate data com-

pared to ‘precursor’ based simulations. They also suggested that the practice of us-

ing a feedback loop to drive the inlet conditions to a desired state can be a successful

approach. While precursor based LES have become more numerous in recent years,

idealised or synthesis type inlet conditions remain widely used in numerical studies.

To study the structure dynamics inside the mixing layer experiments and numerical

simulations have used the practice of injecting a passive, non-reacting scalar into

one or two streams of the mixing layer. This is particular useful in the study of large

scale structure interactions in the plane mixing layer [18]. Le Ribault et al. used
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a passive scalar to study for incompressible [39] and compressible plane jets [23].

While the simulation of non-reacting scalars is comparatively trivial, the simulating

reacting flows remains challenging. The simulation of a reacting flow can involve

not only the tracking of the reactants, which can be modelled similarly to passive

scalars but also the primary atomization, sub-filter scalar mixing and pollutant for-

mation [25]. LES has been applied successfully to combustion problems, but there

are comparably few simulations and a discussion of these lies outside the scope of

this literature review and is not necessary for the understanding of the simulations

presented in this study.

In the 40 years since the first LES by Deardroff [40], LES has advanced steadily. Today,

LES is applied to every type of shear layer and is a useful tool for engineering simula-

tions. This section is not intended as an exhaustive review of all the LES performed.

Instead, it tries to highlight the broad spectrum of mixing layer flows and problems

that are studied using LES today. The next section will review the experimental side

of mixing layer research.

2.3 Mixing Layers

With the discovery of coherent structures in the turbulent region of mixing layers

by Brown & Roshko in 1974 [9], there has been a resurgence of interest in the mix-

ing layer. There are many aspects of the mixing layer that warrant careful examina-

tion. In this literature review, four mixing layer characteristics; the growth rate, large

scale coherent structures, secondary streamwise oriented structures, and entrain-

ment and mixing are studied in detail.

2.3.1 Mixing Layer Growth Rates

The growth rate of a mixing layer is considered to be one of its defining charac-

teristics. Townsend proposed that every mixing layer eventually achieves a self-

preserving, asymptotic state. In this asymptotic state, the mean growth of the mixing
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layer is linear. The idea of a linear growth rate is an extension of this theory and was

first proposed by Abramovich in 1963 [41]. Abramovich used earlier unpublished

data by Zhestkov et al. to deduce a relationship for the growth rate of the mixing

layer, given by

b = cx
1− r

1+ r
(2.1)

where b denotes the mixing layer width and r = U2/U1. U1 and U2 are the high-

and low-speed inlet velocities, respectively. Abramovich found that a growth rate

constant value of c = 0.27 approximated the self-similar growth rate of a turbulent

mixing layer well.

Since then a number of measures for mixing layer growth have been proposed. In

the literature, mixing layer width is commonly presented as vorticity thickness (2.2),

momentum thickness (2.3) or visual thickness (2.4).

δω = U1 −U2

(∂u/∂y)max
(2.2)

θ = 1

∆U 2

∫ +∞

−∞
(U1 −u)(u −U2)d y (2.3)

δvi z

x −x0
= kv R (2.4)

where R is the velocity ratio given by

R = U1 −U2

U1 +U2
(2.5)

and U1 and U2 are the high speed and low speed inlet velocities, respectively. x0 is

the streamwise component of the virtual origin of the mixing layer, found by tracing

the visual outlines of the mixing layer.
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From these relationships the respective growth rates can be derived

dθ

d x
= kmR (2.6)

which describes the momentum growth rate and

dδω
d x

= koR (2.7)

which defines the vorticity growth rate. Some experiments, such as Brown & Roshko

[9] recorded the growth rate as visual thickness which can be related to the vorticity

thickness as being roughly double the vorticity thickness, as shown in Equation 2.8.

δvi z ≈ 2δω . (2.8)

However, early on researchers noticed a large spread in the recorded growth rates.

Figure 2.1 shows a selected number of vorticity growth rates reported in experi-

ments. As an example, the difference in the growth rate recorded between Liepmann

& Laufer [42] and Wygnanski & Fiedler [43] varied as much as 30% in measurements

of a single stream mixing layer (U2 = 0). This spread has been investigated through-

out the years, and a number of possible causes have been suggested:

1. Free stream velocity fluctuation levels [44]

2. Residual pressure gradients [45]

3. Inlet boundary layer fluctuations [45, 46]

In particular, the inlet conditions have been studied in depth. Browand & Latigo

[45] showed that a mixing layer developing from turbulent inlet conditions grows

slower at first, but then relaxes to a growth rate similar to that, of a mixing layer

evolving from laminar inlet conditions. Similar results were reported by Bell & Mehta

[47] who reported a large difference between tripped and untripped inlet conditions

in the near field but similar growth rates in the far-field, self-similar region. The
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Figure 2.1: Vorticity growth rates reported by experiments.

uncertainty about a definitive growth rate constant has even been used to suggest

that there is no self-similar asymptotic final state at all [7]. It is clear then that even

after 40 years of research a definitive answer for the experimental spread in growth

rates remains to be found.

2.3.2 Coherent Structures

Huerre & Monkewitz [48] studied instabilities in two stream mixing layers and found

that the mixing layer can only grow if it is convectively unstable. They showed that

mixing layers are convectively unstable if their velocity ratio reaches a critical num-

ber and that the most amplified disturbance can be predicted by

St = f δω
4(U1 −U2)

≈ 0.017

R
(2.9)

where f is the disturbance frequency, δω the local vorticity thickness and R is the

velocity ratio.

Before the discovery of large coherent structures in the high Reynolds number mix-

ing layer by Brown & Roshko [9], coherent structures were thought to be a feature of

the low- and moderate Reynolds number mixing layers, exclusively. The most influ-

ential part of their work published in 1974 [9] were flow visualisations showing large

scale, quasi-two-dimensional, spanwise coherent structures in the turbulent region
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of the mixing layer that grew as they convected downstream.

Before Brown & Roshko, Winant & Browand [49] studied the growth rate of a liq-

uid mixing layer at moderate Reynolds number and observed large scale, coherent

structures. It was shortly after that Brown & Roshko [9] discovered large scale co-

herent structures in the post-transition, high Reynolds number mixing layer, which

rotated around each other before amalgamating. As the rotation-amalgamation be-

haviour of structures was previously reported in low- and medium Reynolds number

mixing layers, Brown & Roshko deduced that the large structures observed in tur-

bulent mixing layers are therefore cousins of the laminar Kelvin-Helmholtz vortices

and develop similarly. They also suggested that the mixing layer growth rate is driven

primarily by the pairing interactions between the large scale, primary vortices.

A recent study of the high Reynolds number mixing layer was conducted by D‘Ovidio

& Coats [11]. Their key finding was a change of growth mechanism of the primary

structures during the transition of the mixing layer. In the pre-transition, the pri-

mary structures grow based on the Kelvin-Helmholtz instability theory by rotation

and amalgamation. In the post-transition, however, the coherent structures grow

continuously and linearly. The observed self-similar growth of the mixing layer in

the post-transition region has long been a point of contention. Some [9] have sug-

gested that the pairing of primary vortices is responsible for the linear growth, while

others [49] have argued that the linear growth results from continuous entrainment

of fluid by the primary vortices. Of note is also the observation of two states of the

mixing layer in the experiments by D’Ovidio & Coats; an organised state in which

large scale coherent structures are present, and an unorganised state in which no

structures are evident. The two states also differ in terms of growth rates and en-

trainment ratios. However, this two state mixing layer has not been reported by any

other experimental or numerical study.

Although primary and secondary structures have been studied extensively, uncer-

tainty about the primary vortices remains. The observations of a rotation-amalgamation

type structure pairing mechanism of the primary vortices and the theory of the con-

tinuous, linear growth of the mixing layer [11] are seemingly incompatible. Simi-

larly, the large spread of the mixing layer growth rates observed in experiments has

remained a cause of concern.

18



Chapter 2. 2.3. Mixing Layers

2.3.3 Secondary Streamwise Structures

In experiments of two stream plane mixing layers, Konrad [50] discovered a sec-

ondary, streamwise oriented vortex structure which he suggested to appear during

the mixing transition. This streamwise vortex structure was shown to be spatially

stationary, and to persists into the self-similar, far field region of the mixing layer.

Konrad described the secondary streamwise vortex structures as streamwise ori-

ented hairpin vortices that lie between adjacent spanwise coherent structures. He

also showed the rate of entrainment of free-stream fluid to increase with the ap-

pearance of the secondary streamwise vortex structures. Breidenthal [51] observed

spatially stationary streamwise vortices in time averaged, long exposure flow visu-

alisations. Breidenthal reported the secondary structure to appear just upstream of

the mixing transition, in agreement with Konrad [50].

A few years later, Jimenez [52] showed the streamwise vortex structure to persist into

the far field and to form long streamwise structures. Jimenez studied the develop-

ment and evolution of the secondary structure and suggested that based on the am-

plitude and spacing, the streamwise vortex structure is the product of a secondary

instability of the mixing layer. In a subsequent study, Jimenez [53] used digital im-

age processing to analyse flow visualisations by Bernal & Roshko [54]. The study

identified a system of streamwise oriented, counter-rotating vortices, residing on

top of the primary, quasi-two-dimensional, spanwise coherent structures. Jimenez

showed these secondary structures to have a significant effect on mixing in the near-

field of the mixing layer and their effect on mixing to decrease in the far-field region.

The effect of the secondary streamwise vortex structure on local mixing was also

shown by Bernal & Roshko [54]. They proposed a model in which the secondary,

streamwise oriented vortex structures loop between the high-speed of a primary

vortex and the low-speed side of the trailing primary vortex, illustrated in Figure 2.2.

The spatial organisation of the secondary vortices was reported to produce a well-

defined spanwise entrainment pattern in which fluid from either stream is entrained

preferentially at different spanwise locations.

In 1992, Bell & Mehta [47] produced cross-plane (y−z) measurements of the stream-

wise vorticity generated by the spatially stationary streamwise vortices. In the near
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Figure 2.2: Streamwise vortex structure topology (Bernal & Roshko [54]).

field of the mixing layer, the vortices first appear in three-tiered vorticity clusters in

which patches of patches vorticity surround a central patch of vorticity with an op-

posite sign. Figure 2.3a is an illustration of this. With an increase in downstream dis-

tance, the streamwise vorticity realigns into a single row of counter rotating stream-

wise vortices, illustrated in Figure 2.3b. Subsequently, the number of streamwise

vortices is reduced in a step-wise fashion with increasing distance from the trailing

edge of the splitter plate. While the streamwise vortices persist through the mix-

ing transition into the self-similar region, their strength decreases rapidly and it has

been suggested that the mixing layer becomes effectively two-dimensional in the far

field [47].

(a) Three-tiered vorticity. (b) Single row vorticity.

Figure 2.3: Examples of three-tiered and single row vorticity formations by Wiecek &
Mehta [55].
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2.3.4 Entrainment and Mixing

Entrainment broadly describes the process by which fluid from the irrotational free-

streams is introduced to the rotational mixing layer [56] and a clear understanding

of the entrainment process is critical to our understanding of shear layers. The ear-

liest proposed entrainment mechanism was by Corrsin & Kistler [57]. The Corrsin

& Kistler [57] entrainment mechanism describes a process in which rotational, tur-

bulent fluid contained within the shear layer ‘nibbles’ away on the irrotational, sur-

rounding, free-stream fluid. The two areas are separated by a ‘superlayer’ which is

comprised of isotropic turbulence. This ‘superlayer’ will hereafter be referred to as

an ‘interface zone’. Entrained fluid is, therefore, a flux of non-turbulent fluid that

moves through the interface zone into the turbulent shear layer. An illustration of

this entrainment mechanism is shown in Figure 2.4a.

However, in the light of the subsequent discovery of the large scale, quasi-two-dimensional

coherent structure in the turbulent mixing layer, it was suggested that the ‘nibbling’

entrainment mechanism might be too simple. Broadwell & Breidenthal [58] pro-

posed a model of mixing and chemical reaction in turbulent mixing layers based

on the entrainment of the large scale, spanwise coherent primary vortices. Dimo-

takis [56] later reviewed performed experiments and proposed the formulation for

entrainment which is largely driven by the large scale structures dynamics. The Di-

motakis ‘gulping’ or ‘engulfment’ entrainment mechanism can be described as three

separate phases, visualised in Figure 2.4b.

(a) ‘Nibbling’ entrainment mechanism. (b) ‘Engulfment’ entrainment mechanism.

Figure 2.4: ‘Nibbling’ entrainment mechanism by Corrsin & Kistler [57] and ‘engulf-
ment’ entrainment mechanism by Dimotakis [56].

In the first phase, free stream fluid in the vicinity of the spanwise vorticity bearing

mixing layer fluid is being ‘dragged’ into motion by the Biot-Savart-induced veloc-

ity field. Dimotakis termed this first phase of the entrainment mechanism ‘induc-
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tion’. Brown & Roshko [9] referred to this stage as ‘entanglement’. The second phase

strains the entangled fluid element until the spatial scale is small enough for the

diffusive process to overcome the kinematic, ‘induction’ process. The third phase

describes other diffusive processes such as molecular mixing or heat release and is

termed ‘infusion’. The Dimotakis entrainment model is formulated by

Ev (r, s) = s1/2
(
1+0.68

1− r

1+ r

)
(2.10)

where s denotes the density ratio, s = ρ2/ρ1 and r is the velocity ratio, r = U2/U1.

This model satisfies two key entrainment characteristics observed in experimental

mixing layers:

• As the velocity ratio tends to unity, the entrainment ratio tends to unity.

• A decrease in the velocity ratio results in an increase of the high-speed fluid

entrainment.

The model agrees well with experimental values for both uniform (Ev = 1.3) and

non-uniform density entrainment ratios (Ev = 3.4 for s = 7) reported by Konrad [50].

The Dimotakis model is also based on the earlier findings of Winant & Browand [49]

who reported the mixing layer entrainment to be a result of the rotation and amal-

gamation of the primary vortices. However, Hernan & Jimenez [10] later refuted this

idea and instead showed that most of the entrainment occurs during normal struc-

ture life and not during vortex pairing events.

While an entrainment model describes how irrotational, free-stream fluid becomes

part of the rotational mixing layer body, it does not give any information about the

mixing process that occurs inside the mixing layer after the entrainment. Probabil-

ity Density Functions (p.d.f.’s) are a commonly-used means to describe the mixing

process inside the mixing layer. P.d.f.’s describe the probability of finding mixed fluid

of a given concentration at any vertical location inside the mixing layer. The p.d.f. is

defined as,

f (α)dα= probability that α< ξ<α+dα , (2.11)
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and ∫ +∞

−∞
f (ξ)dξ= 1 (2.12)

where ξ is the passive scalar and α is the spatial resolution of the passive scalar data.

P.d.f.’s are generally categorized into one of three distinct types; the first type is the

marching type p.d.f, shown in Figure 2.5a. In a marching p.d.f. the preferred passive

scalar concentration is equal to the average scalar at any given vertical location. The

spikes at ξ = 1 and 0, indicate the presence of pure, unmixed free stream fluid. The

width of these spikes results from the spatial resolution of the passive scalar data

[59]. The second type is the non-marching p.d.f. which describes a p.d.f. with a

preferred passive scalar concentration that is constant across the mixing layer width,

shown in Figure 2.5b. The location of the peak in between the free stream peaks

defines the preferred concentration. Tilted or hybrid p.d.f.s are the third kind and

describe a mixing layer which has features of both the marching and non-marching

p.d.f. Tilted p.d.f.’s differ from marching p.d.f.’s in that they have a preferred passive

scalar concentration in the high-speed side but a marching characteristic in the low-

speed side of the mixing layer.

(a) Marching probability density function. (b) Non-marching probability density func-
tion.

Figure 2.5: Examples of marching and non-marching probability density function
shapes (Karasso & Mungal [60]).

For the low Reynolds number mixing layer, Masutani & Bowman [59] reported p.d.f.’s

of the non-marching type. Recently Picket & Ghandhi [61] reported non-marching

type p.d.f.’s for moderate Reynolds numbers. For the p.d.f. shape in self-similar, far-

field region of a high Reynolds number mixing layer some uncertainty remains. Post-
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transition p.d.f.’s by Konrad for the uniform density case were exclusively of the non-

marching type. Batt [62] performed single stream mixing layer (U2 = 0) experiments

and found the p.d.f.’s in the far-field to be of the marching type. Later experiments

by Pickett et al. [63] showed that tripping the boundary layer of an inlet stream can

change the p.d.f. shape from non-marching to hybrid or marching. This suggests

that the marching p.d.f.’s observed by Batt could have been caused by very high inlet

fluctuations caused by the ‘flow over step’ type flow configuration.

While the consensus has been that mixing layer entrainment is largely driven by pri-

mary structures, Lasheras & Choi [64] have shown spatially stationary streamwise

vortices to contribute significantly to the overall entrainment of the mixing layer,

particularly in the early stages of the mixing layer development. After many years,

entrainment and mixing remain areas of active research and uncertainty about dif-

ferent entrainment mechanisms, p.d.f. shapes and changes with Reynolds number

remain. LES is the optimal tool to investigate these processes as it suffers from none

of the complications that are associated with passive scalar and reactant measure-

ments in experiments while simultaneously allowing full control of the flow param-

eters and inlet conditions.

2.4 Numerical Simulation of Mixing Layers

Experimental studies of mixing layers are extremely challenging. The effects of in-

let conditions, upstream boundary layers, exit conditions and density differences

make experimental investigations costly and time-consuming. Numerical simula-

tions allow parameterised studies at a fraction of the cost of a comparable experi-

mental study. As a result of this, researchers are increasingly using numerical meth-

ods, instead of experiments, to study various aspects of the mixing layer. The first

numerical simulations were of the temporal type, shown in Figure 2.6. A temporal

simulation uses periodic boundary conditions in the streamwise and spanwise di-

rections. This eliminates the difficulty of handling boundary conditions and allows

the evolution of a mixing layer to be simulated with a smaller domain, and grid.

24



Chapter 2. 2.4. Numerical Simulation of Mixing Layers

Figure 2.6: Example of a temporal DNS. (Lesieur et al. [65]).

2.4.1 Temporal Mixing Layers

One of the first temporal DNS was produced by Metcalfe et al. [66]. The primary

objective of their DNS was to study the secondary, streamwise oriented vortex struc-

ture. It was found that depending on the initial conditions, the temporal analogue to

inlet conditions in spatial simulations, the flow would either be ‘unorganised’ or ‘or-

ganised’ into large scale structures with spatially stationary streamwise vortices that

loop between the primary, quasi-two-dimensional primary structures. The pres-

ence of the spatially stationary streamwise vortices significantly enhanced the over-

all spanwise coherence of the mixing layer.

Lesieur et al. [67] studied the primary vortex structure using a temporal LES. Unlike

previous DNS by Metcalfe et al. [66], Lesieur et al. [67] did not observe any spatially

stationary streamwise vortices in their simulations. Unlike the study by Metcalfe et

al. [66] which used a largely two-dimensional initial disturbance field, the simula-

tions by Lesieur et al. [67] used white noise type initial conditions.

The influence of two- and three-dimensionality of the initial conditions was later

studied by Comte et al. [68]. It was found that if the three- and two-dimensional ini-

tial disturbances were combined the flow produced quasi-two-dimensional roller
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structures with weak secondary streamwise vortices stretching between the primary

vortices. If the two-dimensional initial disturbance was removed and the simulation

used only three-dimensional disturbances, the flow produced helical-type instabili-

ties, as observed by Nygaard & Glezer [69], and no streamwise vortices were present.

Three sets of initial conditions for a temporal DNS were investigated by Rogers &

Moser [6]. The first set of initial conditions was based on velocity fields produced by

a turbulent boundary layer DNS by Spalart [70]. Two additional simulations utilised

the same inlet disturbance field but with superimposed two-dimensional distur-

bances of varying strengths. The simulation without, and low-level additional two-

dimensional disturbances produced a lack of large-scale organised primary vortex

pairings and a lack of streamwise vortices. The produced p.d.f.’s were of the march-

ing type. The case with high additional two-dimensional disturbances showed or-

ganised primary vortex pairings, streamwise vortices and the obtained p.d.f.’s were

of the non-marching type.

While attractive on the basis of computational cost, temporal mixing layer simula-

tions suffer some limitations. The most critical limitation in the context of the simu-

lations in this study, is the prediction of equal entrainment from the high- and low-

speed streams in temporal simulations [18], while experiments have unequivocally

shown entrainment to favour the high-speed stream.

2.4.2 Spatially Developing Mixing Layers

With the rapid advance of computational resources, the number of DNS and LES

studies of spatially evolving mixing layers has increased rapidly. The number of spa-

tially developing numerical studies is too large to be reviewed in its entirety. There-

fore, a selection of the earliest, most relevant to this study, and most recent DNS and

LES of spatially developing mixing layers will be reviewed.

The first spatially developing numerical simulations were limited to two dimensions.

Ghoniem & Kenneth [71] produced a vortex simulation of a confined, two-dimensional,

two-stream mixing layer. Large scale structure pairings were observed, and entrain-
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ment was of the engulfment type. However, as two-dimensional simulations grow

by primary vortex pairing, it has been suggested that entrainment can only happen

by engulfment by definition.

A similar LES of a two-dimensional mixing layer was produced by Yang et al. [72].

The authors suggested that the observed large scale dynamics agree qualitatively

with flow visualisations by Roshko [73]. The predicted peak velocity fluctuation mag-

nitudes were considerably higher than those reported in the reference experiment,

and the momentum growth rate does not show any evidence of a mixing layer transi-

tion. It has since been shown that the lack of a third-dimension results in unrealistic

flow dynamics [36].

Baig & Milane [74] studied the Masutani & Bowman [59] dataset using a two-dimensional

vortex-in-cell method for passive scalar transport. One key difference between the

simulation and the experiment was the streamwise distance required for self-similarity.

While the experiment reported self-similarity after 7cm from the trailing edge of the

splitter plate, the simulations produced self-similarity after 21cm from the trailing

edge of the splitter plate. The p.d.f.’s were of the non-marching type which was in

agreement with the reference experiment. However, it has since been suggested

that the engulfment entrainment mechanism present in spatially developing two-

dimensional simulations produces non-marching p.d.f. by definition, which makes

the non-marching p.d.f.’s a ‘necessity’ of the performed two-dimensional simula-

tion.

More recently, a three-dimensional, spatially evolving LES based on white noise type

inlet fluctuations has been used to investigate the large scale coherent structures in

plane mixing layers [18]. These numerical studies were a recreation of earlier exper-

iments by D’Ovidio & Coats [11]. The white noise based LES produced large scale

coherent structures that grew continuously and linearly in the post-transition, in

agreement with the reference dataset. The reference dataset nor the simulations re-

ported any p.d.f.’s.

McMullan & Garrett [21] compared results between white noise type LES and an LES

based on spatially and temporally correlated inlet fluctuations. While both simula-

tions produced good agreement with reference mean statistics, the correlated inlet
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fluctuations produced spatially stationary streamwise vortices, while the white noise

based simulations did not. Particular interest was paid to the growth mechanism of

the primary vortices. In the white noise type simulation the primary vortices were

shown to be fully three-dimensional and grew continuously and linearly, in agree-

ment with an earlier, white noise based LES by McMullan et al. [18] and experiments

by D’Ovidio & Coats [11]. In the LES based on spatially and temporally correlated in-

let fluctuations, the primary vortices were quasi two-dimensional and the primary

vortex growth was best approximated by the square root of time. The square root of

time growth was linked to the presence of the spatially stationary streamwise vor-

tices.

A DNS of a spatially developing, mixing layer at Reynolds numbers up to 25000 has

recently been reported by Attili et al. [3]. The main focus of the study was the in-

vestigation of the interface zones between the mixing layer and the free-streams. A

passive scalar was included in the simulations and the reported p.d.f.’s were of the

marching type which is in disagreement with the majority of experiments reporting

non-marching p.d.f.’s.

Numerical simulations of shear layers have seen incredible developments in recent

years, and today DNS and LES are used successfully to study various aspects of mix-

ing layers. However, uncertainty about critical mixing layer aspects such as the growth

rates, p.d.f. shapes, primary and secondary vortices, and inlet conditions remain.

This study will use LES based on idealised and physically correlated inlet conditions

to simulate and study low and high Reynolds number mixing layers. Unlike many

of the studies reported in the literature which focus on momentum or passive scalar

fields, the simulations presented in this work will pay attention to the accurate sim-

ulation of the momentum field as well as passive scalar entrainment and mixing.

2.5 Chapter Summary

In this literature review, the background and application of Large Eddy Simulations

have been discussed. The experimental mixing layer was discussed with a focus on

a few selected mixing layer properties which will be the main focus of this work. A
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review of temporally and spatially developing Direct Numerical Simulations and LES

has provided some insight into past and current numerical simulations.

With the presented previous research in mind, these key issues have been identified:

1. Three-dimensional LES of a low Reynolds number mixing layer

As of now, no three-dimensional simulations of the Masutani & Bowman [59]

dataset have been reported. The effect of inlet conditions on a three-dimensional

numerical simulation have to be investigated. The Masutani & Bowman [59]

dataset has been chosen for further study as it contains detailed passive scalar

statistics that can be used for validation. The target of the numerical simula-

tions will be the reproduction of the non-marching probability density func-

tion shape reported in the experiment.

2. Passive scalar entrainment and mixing in a high Reynolds number mixing

layer

While three-dimensional, spatially developing LES of high Reynolds number

mixing layers are numerous by now, data on passive scalar entrainment and

mixing are scarce. Numerical simulations comparing white noise and physi-

cally correlated inlet fluctuations exist [21] but no passive scalar statistics were

reported. An LES investigating the links between physical correlation of the

inlet conditions and passive scalar statistics including the probability density

functions is currently outstanding.

3. Primary, spanwise oriented and spatially stationary streamwise vortices in

the plane mixing layer

There is experimental evidence [46, 75, 76] for the links between inlet condi-

tions and the spanwise and streamwise oriented vortex dynamics in the plane

mixing layer. Numerical studies are the ideal candidate to investigate the links

between different mixing layer properties and structure dynamics as they al-

low the careful isolation of individual simulation parameters [76].
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Numerical Methods

In this chapter an outline of the numerical methods is presented. The fundamen-

tal Navier-Stokes equations are discussed briefly. Sub-grid scale modelling is intro-

duced and two sub-grid scale models, the Smagorinsky model and WALE model, are

studied in detail. The used research code and the chosen numerical methods are

explained and the white noise and recycling-rescaling inlet generation methods are

discussed. The last part of this chapter describes a Matlab code that was developed

to study the growth of large scale coherent structures.

3.1 Navier-Stokes Equations

The Navier-Stokes equations in tensorial notation for an incompressible fluid are

given by

∂ui

∂t
+ ∂ui u j

∂x j
=− 1

ρ

∂p

∂xi
+ν ∂2ui

∂x j∂x j
(3.1)

∂ui

∂xi
= 0 (3.2)
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where i and j = 1,2,3 correspond to the x, y and z axes. A repetition of the index

indicates a summation. ui is the velocity in the i -th direction, p is the pressure, ρ is

the density and ν is the kinematic viscosity, ν=µ/ρ.

In Large Eddy Simulations, the resolved and unresolved scales are filtered using a

filter function, G , defined as

f (x) =
∫

D
f (x ′)G(x, x ′;∆)d x ′ (3.3)

where D is the computational domain, G is the filter function and ∆ is the filter

width. The filter width is the effective size of the smallest resolved scale. The most

common form of filter is top-hat filter,

G(x) =
1/∆, if |x| ≤∆/2

0, otherwise.1
(3.4)

As the information contained in the unresolved, filtered scales is lost and therefore

has to be modelled, the choice of the correct cut-off length is critical [77]. After appli-

cation of the filtering equation to the Navier-Stokes equations (3.1, 3.2), the filtered

equations of motion for an incompressible fluid are given by

∂ui

∂t
+ ∂

∂x j
(ui u j ) =− 1

ρ

∂p

∂xi
− ∂τi j

∂x j
+ν ∂2ui

∂x j∂x j
(3.5)

∂ui

∂xi
= 0. (3.6)

The filtering operation introduces a new term, τi j , which accounts for the stresses

generated for the filtered, sub-grid scale scales. This sub-grid scale tensor term is

given by

τi j = ui u j −ui u j (3.7)
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τi j is computed from the unfiltered u variable which can not be done as the gov-

erning equations are functions of u and therefore provide no information about the

unfiltered variable u. This problem is known as the closure problem and is solved by

using a sub-grid scale model. Two sub-grid scale models are discussed in the next

section.

3.2 Sub-grid Scale Modelling

A figure illustrating the typical energy content of a turbulent flow is shown in Figure

3.1. Of interest is the separation between the resolved and unresolved regions of

the energy spectrum. Figure 3.1 illustrates the energy contribution of the filtered

equations which ends at the inertial region of scales of motion. The cutoff length

applied by the filtering function should lie in the region of the energy containing

scales, by definition. It can be seen, therefore, that the smallest scales of motion are

not resolved explicitly, and have to be modelled to close the system. This is necessary

to produce the correct dissipative behaviour required in turbulent flows.

Figure 3.1: Energy spectrum contained in a flow.

3.2.1 Smagorinsky

The earliest proposed sub-grid scale model is the Smagorinsky model [14] and it

has remained one of the most popular sub-grid scale models. The Smagorinsky

gradient-diffusion type model takes the form
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mi j =−2νsg Si j (3.8)

where

Si j = 1

2

(
∂ui

∂x j
+ ∂u j

∂xi

)
. (3.9)

mi j describes the effects of the filtered, small-scales, Si j is the filtered strain rate

tensor and νsg is the sub-grid scale eddy viscosity.

A universal assumption of sub-grid scale models is the acceptance of the Kolmogorov

theory that turbulence is isotropic at the smallest scales. Additionally, the Smagorin-

sky model assumes that energy transferred from the resolved to the unresolved scales

is dissipated entirely and instantaneously. These assumptions are used to construct

an expression for the sub-grid scale eddy viscosity, νsg ,

νsg = (Cs∆)2|S| (3.10)

where |S| is given by

|S| = (2Si j Si j )1/2 (3.11)

and ∆ is the filter width, determined by the computational grid. Typical values for

Cs lie in the range of 0.05 for simulations of isotropic turbulence to 0.18 for plane

mixing layer simulations [16].

In the Chapter 2 it was highlighted that the Smagorinsky model suffers from some

drawbacks:

1. Incorrect near-wall behaviour
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Due to the boundary layer present near a wall, a sub-grid model should pre-

dict zero eddy viscosity at the wall. This can not be done using the standard

Smagorinsky model, and ad hoc corrections of the model constant have to be

performed in near-wall regions.

2. Prediction of non-zero eddy viscosity in laminar flow

A major drawback of the Smagorinsky model in light of the presented simula-

tions is the non-zero eddy viscosity predicted in laminar flow. Non-zero eddy

viscosity in the near field can damp out fluctuations in the initial region, lead-

ing to a delay in the flow evolution. This is particularly problematic for the low

Reynolds number flows presented in the first part of Chapter 4 as low Reynolds

number mixing layers have shown a hypersensitivity to the inlet condition and

the near field of the mixing layer.

3. Poor flow transition prediction

LES have shown the Smagorinsky model to delay the transition of the mix-

ing layer to a fully turbulent flow [78]. This is due to the over- and under-

dissipation of energy in the pre- and post-transition region that occurs if a

Smagorinsky model with a fixed model constant is used [79].

3.2.2 Wall Adapting Local Eddy-viscosity (WALE)

The Wall Adapting Local Eddy-viscosity model (WALE) has been developed by Nicoud

& Ducros [17] and addresses the drawbacks of the Smagorinsky model. In the WALE

model, the sub-grid scale tensor, νsg is computed from

νsg = (Cw∆)2
(Sd

i j Sd
i j )3/2

(Si j Si j )5/2 + (Sd
i j Sd

i j )5/4
. (3.12)

Sd
i j is computed from the traceless symmetric part of the square of the velocity gra-

dient tensor:
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Sd
i j =

1

2
(g 2

i j + g 2
j i )− 1

3
δi j g 2

kk (3.13)

where g 2
i j = g i k g k j , δi j is the Kronecker delta and g i j = ∂ui /∂x j . The model con-

stant Cw is chosen a priori. Typical values for Cw range between 0.55 to 0.60 [17].

Compared to the Smagorinsky model the WALE model offers a number of advan-

tages:

• Local strain and local rotation are taken into account in the spatial operator.

This means the model takes all turbulence producing structure into account

for the kinetic energy dissipation modelling.

• The eddy-viscosity near a wall tends to zero making dynamics adjustment of

the model constant or damping functions unnecessary.

• In regions of pure shear, the model predicts zero eddy-viscosity. This makes it

suitable to simulate the transition from laminar to turbulent flow.

Since its formulation, the WALE model has been used successfully in many LES [21,

26, 80, 81, 82], and has become frequently used as a sub-grid scale model for low and

high Reynolds number mixing layer simulations.

3.3 Code Description

Plane turbulent mixing layers have been studied extensively using the code em-

ployed in the presented simulations [18, 21, 78, 82]. This section provides a descrip-

tion of the research code.
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3.3.1 Governing Equations

The used code has been used in jet flows [83], and plane mixing layer simulations

[21, 84]. The code uses the spatially filtered analytical equations for conservation of

momentum and mass of a uniform density fluid, given by

∂ui

∂t
=− ∂p

∂xi
+ ∂

∂x j
(−ui u j +2νSi j ) (3.14)

Si j = 1

2

(
∂ui

∂x j
+ ∂u j

∂xi

)
(3.15)

∂ui

∂xi
= 0. (3.16)

These equations are discretised on a staggered mesh [85]. The kinematic viscosity,

ν, is given by

ν= νm +νsg (3.17)

where are νm and νsg are the molecular and sub-grid scale components of the vis-

cosity, respectively.

3.3.2 Time Advancement

Time advancement of the simulation is done using the second-order Adams-Bashforth

method in which a provisional velocity field is computed from

u∗
i = un

i +∆t

(
3

2
H n

i − 1

2
H n−1

i

)
(3.18)

where

Hi = ∂

∂x j
(−ui u j +2νSi j ) . (3.19)

The superscript ∗ denotes a temporary value, (n) are current values and (n −1) are

values obtained at the previous time step. The value of u∗
i does not obey continuity,
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and a pressure solver is used to compute a pressure field from which the velocity

components are updated, and a value for un+1
i is computed which obeys continuity.

3.3.3 Pressure Solver

The pressure field is solved explicitly using the continuity equation (3.2). The pres-

sure field is used to calculate the provisional velocity field, u∗
i , in Equation 3.18 using

the gradient of an unknown pressure field pn+ 1
2

un+1
i = u∗

i −∆t
∂pn+ 1

2

∂xi
. (3.20)

Since the new pressure field un+1
i has to have zero divergence, a Poisson equation is

used to compute the pressure field between the current and next time step

∇2pn+ 1
2 = 1

∆t

∂u∗
i

∂xi
≡ R . (3.21)

For the Poisson equation to be applicable, one spatial dimension must be periodic.

If this is true, a Fourier transform of Equation 3.21 gives a sequence of Helmholtz

problems for each wavenumber kz

∂2p̃

∂x2
+ ∂2p̃

∂y2
−k2

z p̃ = R̃ . (3.22)

This Fourier transform is performed in the direction of the span and subsequently

iterated by a multigrid method for the stream and vertical dimensions, respectively.
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3.3.4 Outflow Boundary Condition

The only outflow boundary present in the presented simulations lies in the stream-

wise, x, direction. A convective outflow boundary is used to fix an outflow velocity

component ux , given by

∂ux

∂t
=−Uc

∂ux

∂x
. (3.23)

The outflow boundary condition only applies to the nodes ni=Nx , j ,k where Nx is the

number of nodes in the streamwise direction. Uc is the mean streamwise velocity

averaged over the outflow plane and the time derivative is computed by

∂ux

∂t
= (un+1

x −un
x )/∆t (3.24)

accurate to the first order in time.

The pressure solver implies that the sum of the mass flux through the domain bound-

aries must be zero. However, a temporally and spatially correlated inlet condition

does not guarantee a constant net inflow. Therefore the outflow velocity has to be

rescaled to preserve the mass flux balance. This normalisation is done using the

ratio between the fluxes, r , such that

ux ← r ux . (3.25)

3.3.5 Passive Scalar

The computations include a passive scalar, ξ. The filtered passive scalar field is

solved by
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∂ξ

∂t
= ∂

∂xi

(
−uiξ+α ∂ξ

∂xi

)
(3.26)

α is the diffusivity and is given by

α=αm +αsg (3.27)

where αm and αsg are the molecular and sub-grid scale diffusivity, respectively. The

αsg is computed from µsg by

αsg = Sctµsg (3.28)

Sc = ν/α= 0.7 (3.29)

where Sc = 0.7 is the chosen Schmidt number and ν is the kinematic viscosity. The

scalar is discretised at the cell centre, and a third-order Total Variation Diminish-

ing (TVD) scheme is used to control the scalar fluxes and ensure the values of ξ

are bounded between 0 and 1. A zero-gradient condition is imposed at the outflow

plane. Time advancement is done using the Adams-Bashforth method, explained in

Section 3.3.2.

3.4 Inlet Generation

The subsequently presented simulations utilise one of two types of inlet generation

methods. In this section, both inlet generation methods will be discussed in more

detail.
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3.4.1 White Noise (WN)

White Noise (WN) type inlet conditions use a velocity profile with superimposed

pseudo random velocity fluctuations. In this study velocity profiles for u, v and w are

specified. Superimposed on the velocity profiles are individually specified fluctua-

tion profiles. Examples of such velocity and velocity fluctuation profiles are shown

in Figure 3.2.

(a) Streamwise velocity profile. (b) Velocity fluctuations.

Figure 3.2: Examples of inlet velocity and inlet velocity fluctuation profiles.

3.4.2 Recycling-Rescaling Method (RRM)

The Recycling-Rescaling Method (RRM) type inlet condition generation is based the

R2M technique by Xiao et al. [37]. Similar to the WN inlet condition, mean velocity

and velocity fluctuation profiles for u, v and w at the inlet plane of the domain are

specified. However, these define target values, rather than absolute values. How the

inlet fluctuations are generated is described below.

An additional, pre-cursor domain upstream of the inlet plane is created. The stream-

wise domain size is a minimum of 14δi where δi is the high-speed inlet boundary

layer thickness. The pre-cursor domain is initialised with the chosen velocity pro-

files onto which fluctuations with a magnitude of 0.1U1 are superimposed. At each

time step a y−z plane a short distance upstream of the end of the pre-cursor domain

is extracted. This y − z plane is then recycled onto the inlet plane of the pre-cursor

domain. For the duration of the simulation, a running average of the velocity field

within the pre-cursor domain is computed using the equation
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U
n+1
i (y) =α〈Ui (x, y, z, t )〉x,z + (1−α)U

n
i (y) (3.30)

U n+1
mean(x, y, z, t ) =α〈U n+1

(x, y, z, t )〉x,z + (1−α)U n
mean(y) (3.31)

where α is specified a priori. 〈〉x,z denotes streamwise and spanwise averaging and

U
n+1

(x, y, z, t ) is the current velocity field. The r.m.s. fluctuations of the velocity are

computed using the expression

u′n+1
i (y) = (α〈[Ui (x, y, z, t )−U

n+1
i (y)]〉2 + (1−α)[u′n

i (y)]2)1/2 (3.32)

The mean and r.m.s. velocity fields are rescaled within the virtual domain at a spec-

ified rescaling interval. The rescaling process creates a new instantaneous velocity

field for the virtual domain, given by

U r
i (x, y, z, t ) =

u′
t ar g et (y)

u′n+1(y)
[Ui (x, y, z, t )−U

n+1
(y)]+U t ar g et (y) (3.33)

The components for v and w are rescaled using the same procedure.

The RRM inlet generation procedure produces spatially and temporally correlated

inlet fluctuations with a small increase in computational cost. The increased com-

putational cost is offset by using additional CPU cores resulting in similar run times

compared to the WN type simulations.

3.5 Structure Tracking

The vertical size of a structure can be used as a means to track structure growth.

An example of a structure with indicated vertical points, the centre of location and
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saddle points is shown in Figure 3.3a. The manual tracking of primary structures in

simulations is time intensive and involves multiple steps; first stream traces are used

on an instantaneous or spanwise averaged flow field to locate a primary structure.

Once a structure has been identified, additional stream traces are plotted to estab-

lish if the structure is not undergoing any type of interaction. If this is not the case,

the centre of rotation of the structure has to be found, and the vertical size can be

measured.

(a) Primary vortex in a spanwise averaged, in-
stantaneous passive scalar flow visualisation.

(b) Coherent structure with uc = 0 (dash) and
v = 0 (dash dot) lines.

Figure 3.3: Primary vortex in a spanwise averaged, instantaneous passive scalar flow
visualisation with indicated points of interest.

The time intensity of this activity limits the analysis to a low number of structures. To

enable quantitative analysis and to reduce the time requirement to produce vertical

structure growth tracks, a Matlab code was written. That code will be presented here

in detail.

To track primary vortices instantaneous, spanwise averaged flow fields, sampled at

a given frequency are analysed. The first step in this process is to read a single time

instance of the spanwise averaged flow field into memory. The imported variables

are x, y,uc, v and ξ where x, y are the streamwise and vertical coordinates, uc is the

convection velocity and is given by uc = u − (U1 +U2)/2 and ξ is the passive scalar

concentration.

Figure 3.3b shows an example structure and the uc = 0 and v = 0 lines which pin

point a structure centre of rotation. Matrix comparison is used to identify the sign

changes in uc and v . Matrix operations are parallelised effectively in Matlab which

allows the code to process flow fields with more than 500000 nodes in 2 seconds per

time step. Further matrix comparison is done to categorize points of interest into

centres of rotations and saddle points. A clustering algorithm is used to cluster very
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small structures and introduced false positives into the primary vortices that would

be observed if the flow field was to be investigated manually.

The vertical size is computed by linearly interpolating the x and y coordinates of the

identified structures back onto the passive scalar grid and finding the vertical dis-

tance between the ξ= 0.01 and ξ= 0.99 passive scalar concentrations in the vertical

plane of the centre of rotation.

The array of the identified primary vortices and vertical size is written out into a plain

text data file, and the next flow field is read in. The described Matlab code has been

used to compute the presented primary vortex growth tracks in the later chapters.

3.6 Chapter Summary

In this chapter, a short overview of the LES code and two sub-grid scale models has

been presented. The Smagorinsky and WALE models have been compared and the

implementation of both has been shown. An analysis code written in Matlab has

been presented. The described code has been used to identify and track structures

in instantaneous flow fields presented in the later chapters of this thesis.
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Inlet Fluctuation Correlation Effects

In this chapter the effects of temporal and spatial inlet fluctuation correlation are

studied. The chapter is divided into two sections; the first part of this chapter is

based on a low Reynolds number, plane mixing layer dataset by Masutani & Bowman

[59]. The latter part of this chapter studies inlet correlation effects in simulations of

high Reynolds number mixing layers, based on a reference dataset by Browand &

Latigo [45].

4.1 Low Reynolds Number Mixing Layer

4.1.1 Introduction

The low Reynolds number mixing layer has long been an area of active research and

is considered a canonical test case. One key aspect identified early on is its hyper-

sensitivity to initial conditions, i.e., the state of the boundary layer that departs the

splitter plate [86]. It has been suggested that the hypersensitivity of the mixing layer

to its initial conditions has lead to a large spread in experimental measurements of

similar mixing layers [42, 43]. The combination of the experimental difficulty in ob-

taining accurate flow data inside the inlet boundary layer, and its hypersensitivity to
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initial conditions, makes producing physically realistic inlet conditions for numer-

ical simulations particularly challenging [84]. Numerical inlet conditions have tra-

ditionally utilised pseudo random velocity fluctuations imposed onto a mean inlet

profile. This type of simulation is referred hereafter as white-noise (WN), or idealised

simulation, and remains common today. More recently the practice of producing

spatially and temporally correlated inlet fluctuations utilising an additional domain

located upstream of the inlet plane has become more common [37, 21]. This type of

inlet condition is referred here as the recycling-rescaling method (RRM).

The presented simulations are compared against an experimental dataset of the low

Reynolds number mixing layer by Masutani et al. [59]. The Masutani dataset is one

of the few datasets available which includes both velocity as well as passive scalar

data. Of particular interest is the reproduction of the non-marching type probability

density functions (p.d.f.s) reported by the experiment. Non-marching p.d.f.s have, as

of yet, not been reproduced in any three-dimensional numerical simulation of this

dataset. While the initial conditions have been reported to some extent, insufficient

information is available about the state of the boundary layer at the inlet plane, per-

mitting scope for a parametrised study of the effects of varying the inlet boundary

layer fluctuation magnitude.

The presented results aim to investigate the effect of inlet conditions and inlet bound-

ary layer conditions on a low Reynolds number mixing layer using numerical simu-

lations with particular attention paid to passive scalar data.

4.1.2 Reference Experiment

The test section in the reference experimental setup was 20cm long, 4cm high, and

10cm wide. The two free-streams were separated by a tapered Teflon-coated brass

splitter plate with an edge thickness of 0.1mm. The free-stream velocity of the high-

speed inlet, U1, was recorded as 6.0m/s and the low-speed inlet, U2, as 3.0m/s. The

chosen inlet velocities result in a velocity ratio, R, given by R = (U1 −U2)/(U1 +U2),

of R = 0.333. For both inlets, the boundary layer was laminar with a momentum

thickness of 0.24mm, and 0.26mm, on the high- and low-speed side, respectively.
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U1 (m/s) θ1 (mm) U2 (m/s) θ2 (mm) R u′
max/U (%)

6.0 0.24 3.0 0.28 0.333 0.5

Table 4.1: Flow properties

The free-stream fluctuation magnitude in the free-stream, ur.m.s., was recorded as

0.5% of the convection velocity Uc given as Uc = (U1+U2)/2. No streamwise velocity

boundary layer fluctuation profiles were recorded. To reduce the adverse pressure

gradient present, an angled bottom wall was used. For the passive scalar measure-

ments, the reference experiment measured non-reacting O3, injected into the low-

speed inlet stream at a concentration of 1000 p.p.m. A summary of the flow proper-

ties is given in Table 4.1.

The streamwise velocity data presented was measured at the streamwise locations

of x = 0.07,0.12,0.15, and 0.18m using a single-wire, gold-plated hot wire probe and

a TSI anemometer and linearizer [59]. The passive scalar measurements were ob-

tained by seeding one stream with O3 while the other stream consisted of pure N2. A

fibre-optic absorption probe was traversed vertically through the layer at the stream-

wise locations of x = 0.07,0.11 and 0.15m. For the passive scalar measurements, the

spanwise location was kept constant as z = 0.04m. The spanwise location of the

velocity measurements was not reported.

4.1.3 Simulation Setup

The reference experiment reported an incomplete description of the initial condi-

tions and as such any numerical simulation of the reference data set is a represen-

tation of the experimental conditions, at best. Figure 4.1b shows the low-level inlet

boundary layer fluctuation profile, denoted in the simulations as -L. The specified

inlet fluctuation levels are imposed onto a Blasius type mean streamwise velocity

profile, shown in Figure 4.1a, at the trailing edge of the splitter plate. Similar profiles

are imposed in the low-speed stream. Table 4.3 shows a complete overview of the

presented simulations.
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Station Streamwise location (m)

MS1 0.07
MS2 0.11
MS3 0.15
MSA 0.12
MSB 0.18

Table 4.2: Measurement stations.

The outflow conditions is a standard advective condition which ensures global mass

conservation in the computational domain. The upper and lower guide walls of

the domain are modelled as free-slip boundaries, and the lower guide wall is an-

gled to minimise any pressure gradient present inside the computational domain.

The simulation time step is kept constant at ∆t = 5×10−6s producing a CFL num-

ber which remains below 0.35 throughout the entire computation. After the simu-

lations have a statistically stationary state, statistical samples are accumulated over

a period equating to 18 convective flow-through times, based on the convection ve-

locity, Uc = 0.5(U1 +U2). Cross-plane y − z data is recorded at three measurement

locations, and velocity data was reported by the reference experiment at two stream-

wise locations. Measurement stations 1 to 3 denote data computed from y −z cross-

planes while data at measurement stations A and B is computed from spanwise av-

eraged data. Spanwise averaged data is computed from 168 individual spanwise

measurements. Table 4.2 lists all measurement stations. At least 1500 samples are

ensemble averaged to produce the presented scalar statistics and probability den-

sity functions. Passive scalar is given a value of unity in the low-speed stream and

zero in high-speed stream, mimicking the O3 concentration in the experiment. The

Schmidt number is chosen as Sc = 0.7, and the viscosity is specified as ν= 1.8×10−5.

Statistics are normalised by the similarity variables, η = (x − x0)/(y − yuc ) for mean

flow data and η′ = (x − x0)/(y − y
ξ=0.5) for passive scalar data. x0 is the streamwise

location of the virtual origin, found by overlaying a large number of instantaneous

passive scalar x − y plots and tracing the outlines of passive scalar lines of ξ = 0.01

and ξ = 0.99. The resulting intersection produces the streamwise coordinate, x0.

yuc is the vertical location at which the local streamwise velocity, u, is equal to the

centreline streamwise velocity, uuc = 0.5(U1 −U2).
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Case Inlet type High-speed fluctuations Low-speed fluctuations

MAS-WN-L WN Fig. 4.1b Fig. 4.1b
MAS-RRM-L RRM Fig. 4.1b Fig. 4.1b

Table 4.3: Simulation cases overview.

4.1.3.1 Idealised Simulations (WN)

The computational domain extends from the trailing edge of the splitter plate to the

advective outflow boundary. No solid geometry is included inside the domain. In

the idealised simulations, pseudo-random, white noise fluctuations are imposed on

a mean inflow velocity profile. The resulting inlet fluctuations are temporally and

spatially uncorrelated.

4.1.3.2 Correlated Inflow Simulations (RRM)

The correlated inflow simulations use two virtual domains placed upstream of the

main computational domain to produce temporally and spatially correlated inlet

fluctuations. For both inlet streams, the virtual domains extend 0.026m upstream of

the trailing edge of the splitter plate. The recycling plane at which information about

the flow is extracted to be recycled, is located 10θi upstream of the splitter plate

trailing edge, where θi is the high speed inlet boundary layer momentum thickness,

θi = 0.24mm. Rescaling of the flow inside the virtual domain is done at an interval

of every 50 iterations. The splitter plate is modelled as a solid boundary layer with

infinitesimal thickness. The virtual domains contain 256× 128× 152 cells and the

grid spacing matches that of the main computational domain near the trailing edge

of the splitter plate. For a detailed description of the RRM method, see Xiao et al.

[37].
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4.1.4 Results

4.1.4.1 Mean Flow Statistics

Figure 4.2 shows the spanwise-averaged normalised streamwise velocity. MAS-WN-

L and MAS-RRM-L show good agreement with the reference experimental data at

measurement stations A, 3 and C and both simulations show self-similarity.

The mean streamwise velocity fluctuation data are shown in Figure 4.3. In the pre-

sented figures, the variation bars are a measure of spanwise variation in terms of the

standard deviation. They do not represent measurement errors. The predicted peak

mean streamwise velocity fluctuation magnitudes are shown in Figure 4.3. Both sim-

ulations over-predict the peak fluctuation magnitude in the core of the mixing layer

and under-predict it in the free-streams. It has to be noted that the reference exper-

iment quoted a free-stream turbulence level of ≈ 0.5%, but the reported values are

≈ 5%. Due to the small vertical test section extent, it is likely that the top and bot-

tom walls had an effect on the mixing layer [87]. The MAS-RRM-L simulation shows

a very large spanwise variation compared to MAS-WN-L. When the spanwise vari-

ation is taken into account, the MAS-RRM-L matches the reference data well. The

cause of this spanwise variation is discussed in detail in Section 4.1.4.4.

The growth rate of the mixing layer in the reference experiment was reported in

terms of the local vorticity thickness. The vorticity thickness is defined in Equation

2.2. Table 4.4 lists the vorticity thickness growth rate and the vorticity growth rate

constant, ko (Equation 2.7) for the reference study and the simulations. The vorticity

thickness is obtained by following the procedure of the reference study. The vorticity

growth rate is over-predicted by 23% and 14% compared to the experimental value

for MAS-RRM-L and MAS-WN-L, respectively.

4.1.4.2 Frequency Spectra

Spectral plots of the streamwise velocity fluctuations in the plane of the splitter plate

at measurement station MSB are shown in Figure 4.4. The presented spectral plots
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Case R ko dδω/dx

Masutani & Bowman 0.333 0.211 0.0706
MAS-RRM-L 0.333 0.250 0.0860
MAS-WN-L 0.333 0.240 0.0832

Table 4.4: Experimental and simulation vorticity growth rates and growth constants.

have been computed from 120000 data points, taken at a frequency of 200kHz. For

clarity, the power spectra have been shifted in the vertical axis. Both simulations

show a straight roll-off with no spectral peak. All plots follow the decay law, kn , with

n =−3, indicative of a laminar mixing layer [59]. Similar observations were made in

the power spectra obtained in the centre of the mixing layer of the reference experi-

ment at the same streamwise location.

4.1.4.3 Flow Visualisation

Instantaneous, single plane and spanwise averaged passive scalar measurements are

used to produce flow visualisations of the mixing layer. Data is sampled at a rate of

2kHz.

Typical single plane and spanwise averaged instantaneous passive scalar contour

plots for MAS-RRM-L are shown in Figure 4.5a and 4.5b, respectively. Individual

structures cores separated by braid regions are easily identifiable in the single plane

and spanwise averaged plots. Similar flow visualisations for MAS-WN-L are shown

in Figure 4.6. Unlike the recycling-rescaling simulation, structures become indis-

cernible downstream of x ≈ 0.1m.

4.1.4.4 Streamwise Vortex Structure

Cross-plane plots of the mean streamwise velocity for MAS-RRM-L are shown in Fig-

ure 4.7. The presented cross-plane mean data is computed from a minimum of 1500

individual y − z planes recorded at a frequency of 2.0kHz. At measurement station

2, shown in Figure 4.7a, strong wrinkling of the mean streamwise velocity contour

50



Chapter 4. 4.1. Low Reynolds Number Mixing Layer

lines is visible. This wrinkling persists to the most downstream measurement sta-

tion 3, shown in Figure 4.7. Wrinkling of the streamwise momentum field, such as

the one observed in MAS-RRM-L is caused by spatially stationary, streamwise ori-

ented vortex structures [88]. Increasing the number of samples causes the undula-

tions to become ‘clearer’, which is an indication of the spatially stationary nature of

the streamwise oriented vortices. At multiple spanwise locations, individual undu-

lations can be traced between the two measurement stations. An example of this

is the upwards wrinkling of the lower edge of the mixing layer at z = 0.054m which

can be identified in both plots. Figure 4.8 shows the mean streamwise velocity field

for MAS-WN-L. No wrinkling of the mean streamwise velocity field is evident. The

mean streamwise velocity field is devoid of any undulations and is largely statisti-

cally two-dimensional.

Quantitative data of spatially, stationary streamwise oriented vortex structures have

been obtained in experiments through the interrogation of mean secondary shear

stress, 〈u′w ′〉t . The mean secondary shear stress data is normalised by the square of

the high-speed inlet velocity, U 2
1 .

Cross-plane maps of the mean secondary shear stress for MAS-RRM-L at measure-

ment stations 2 and 3 are shown in Figure 4.9. At station 2 alternating sign clusters

of positive and negative shear stress are present. Vertical stacking of differing sign

clusters is also present. Further downstream at measurement station 3 the number

of alternating sign clusters has decreased markedly. A three-tiered cluster, in which

four positive clusters surround a central patch of negative shear stress, is visible at

z = 0.038m. Individual clusters can easily be tracked between the measurement sta-

tions. Two examples of this are the positive clusters at z = 0.042m and 0.052m. The

peak shear stress magnitude decreases from measurement station 2 to 3. The ob-

served clusters of mean secondary shear stress and their spatially stationary nature

are evidence for the presence of a spatially stationary, streamwise oriented vortex

structure in the MAS-RRM-L simulation. The observed clusters are qualitatively sim-

ilar to comparable cross-planes obtained in experiments Bell et al. [88].

The mean secondary shear stress cross-plane data for MAS-WN-L shown in Figure

4.10 is markedly different. No clustering is visible at either measurement station

at the shear stress of a random appearance. Unlike in the recycling-rescaling sim-
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ulation, there is no evidence of a spatially stationary streamwise vortex structure.

Similar observations have been made in comparable numerical simulations [21].

The mean streamwise vorticity is computed from

Ωx = ∂〈w〉t

∂y
− ∂〈v〉t

∂z
(4.1)

where 〈v〉t and 〈w〉t are the mean vertical and spanwise velocities, respectively. The

presented streamwise vorticity data have been partially normalised by U1, as an ap-

propriate normalising lengthscale is not known [47].

A comparison of mean secondary shear stress and mean streamwise vorticity for

MAS-RRM-L at MS3 is shown in Figure 4.11. When individual clusters of mean sec-

ondary shear stress and mean streamwise vorticity are compared, an anti-correlation

becomes apparent. An anti-correlation between the mean secondary shear stress

and mean streamwise vorticity has been observed by Wiecek et al. [55] while Bell &

Mehta [88] observed a one-to-one correlation.

A quantitative measure of the wrinkling of the mixing layer is obtained by plotting

the mixing layer centreline as a function of downstream distance from the splitter

plate. The centreline of the mixing layer, y0, is defined as the vertical location at

which the mean streamwise velocity is equal to the convection velocity Uc , 〈u〉t =Uc .

The mixing layer centreline at measurement stations 2 and 3 for MAS-RRM-L is

shown in Figure 4.12a. An easily discernible pattern of peaks and troughs is appar-

ent at both measurement stations. Individual maxima and minima can be traced

between the two measurement stations. In experiments, peaks and troughs of the

mixing layer centreline have indicated the presence of a pair of spatially stationary

streamwise vortices with a common upflow and downflow, respectively [88]. The

shift of the centreline towards the low-speed side of the mixing layer is in agreement

with experimental observations [88].

The centrelines for MAS-WN-L at measurement station 2 and 3 are shown in Figure

4.12b. At MS2 small scale undulations are visible. Further downstream the ampli-

tude of the undulations increases but no regular spanwise wavelength is apparent.
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Case Reδ λD (mm) ∆ave (mm)

MAS-RRM-L 4327 0.522 0.120
MAS-WN-L 3920 0.510 0.116

Table 4.5: Smallest length scale significant to passive scalar mixing, λD , and smallest
resolved passive scalar length scale inside the mixing layer, ∆ave , at measurement
station 3.

At both measurement stations, the amplitudes of the undulations are significantly

lower for MAS-WN-L than MAS-RRM-L.

4.1.4.5 Passive Scalar Mixing

The velocity statistics suggest that spatially and temporally correlated inlet fluctua-

tions lead to the development of a spatially stationary, streamwise vortex structure.

In this section, the effects of the spatially stationary streamwise structure on the pas-

sive scalar field are studied. Table 4.5 shows the local Reynolds number based on the

visual thickness, Reδvi s , smallest length scale significant to passive scalar mixing,λD ,

and the smallest resolved scalar based on the average spacing of the mesh inside the

mixing layer, ∆ave . The smallest length scale significant to passive scalar mixing is

given by,

λD = 11.2δvi sRe−3/4
δvi s

Sc−1/2 (4.2)

The average mesh spacing, is a factor of 4 smaller than the smallest scale significant

to passive scalar mixing, indicating that passive scalar mixing is resolved completely.

To visualise the passive scalar entrainment and mixing during a primary structure

passage, time series of three instantaneous passive scalar concentration cross-planes

at measurement station 2 are presented. A primary structure passage for MAS-RRM-

L is shown in Figure 4.13. Figure 4.13a shows the braid, leading the investigated pri-

mary structure. The mixing layer is consists of a single interface zone separating the

free-streams. Undulations caused by spatially stationary streamwise vortex struc-
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tures are visible throughout the entire spanwise extent of the interface zone. The

second plot in the series, shown in Figure 4.13b, is taken in the core of the primary

structure. Two interface zones separate the core of the structure which is comprised

of mixed fluid. At z ≈ 0.032m a patch of unmixed high-speed fluid near the low-

speed interface zone is visible. This patch of unmixed high-speed fluid has most

likely been engulfed rapidly by the mixing layer, as suggested by the Dimotakis en-

gulfment entrainment mechanism. The cross-plane of the trailing braid region is

shown in Figure 4.13c. The mixing layer has returned to a single interface zone. In-

dividual undulations can easily be traced through the time series, evidencing the

spatially stationary nature of the secondary, streamwise oriented vortex structures.

Flow visualisations of typical primary structure passage for MAS-WN-L are shown in

Figure 4.14. The qualitative differences between the recycling-rescaling and white

noise based simulations are immediately evident. Single and dual interface zones

are evident in all time instances. A lack of a spatially stationary streamwise vortex

structure leads to a lack of undulations that are observed in MAS-RRM-L. Unlike the

physically correlated simulation, it is not possible to trace individual undulations

from one image to the next.

Spanwise averaged mean passive scalar data at measurement station 2 for MAS-

RRM-L are shown in Figure 4.15a. The variation bars are the r.m.s. value of the span-

wise variation of the mean passive scalar measurement. MAS-RRM-L reproduces

the passive scalar measurements in both the high- and low-speed sides of the mix-

ing layer well. The spanwise variation observed in MAS-RRM-L, permits the exper-

imental profile to be closely replicated at particular spanwise planes. Figure 4.15b

shows the spanwise averaged mean passive scalar data for MAS-WN-L. The passive

scalar concentration is over-predicted in the low-speed and under-predicted in the

high-speed sides of the mixing layer. The lack of a secondary, spatially stationary

streamwise vortex structure produces no significant spanwise variation, resulting in

very small variation bars. Overall agreement of the spanwise averaged passive scalar

concentration for MAS-WN-L is worse than for MAS-RRM-L.

Figure 4.16 shows the spanwise averaged mean passive scalar fluctuations at mea-

surement station 2. The passive scalar fluctuation magnitude is an indication of the

degree of homogeneity of the flow. If for the duration of the statistical sampling,
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a location in the mixing layer only observes homogeneous fluid, then ξr.m.s. = 0.0

[59]. Conversely, for a mixing layer location that measures only immiscible fluid,

ξr.m.s. = 0.5 [59]. Both simulations reproduce the ‘bi-modal’ shape that has been

observed in studies of the low and high Reynolds number mixing layer [50, 62, 59].

From the large spanwise variation in MAS-RRM-L, it can be seen that the spatially

stationary streamwise vortex structure has a measurable effect on the mean passive

scalar fluctuations.

The time-averaged fractional volume of entrained low-speed volume, Vl , can be cal-

culated from

Vl =
1

|δh −δl |
∫ δh

δl

ξ̄(η′)dη′ (4.3)

where, δh and δl , are the upper and lower extends of the time averaged mixing layer;

e.g. the vertical location where ξ= 0.01 and 0.99, respectively [59]. Alternatively, the

time-averaged fractional flux of low-speed fluid is given by

Ml =
∫ δh
δl
ξ(η′)u(η′)dη′∫ δh
δl

u(η′)dη′
(4.4)

where Ml is the average fraction of the total flow crossing a plane normal to the

streamwise axis that originated from the low-speed stream. Using Equation 4.4, a

composition ratio, Ec can be calculated by

Ec = Vh

Vl
= average volume of high-speed fluid

average volume of low-speed fluid
(4.5)

and corresponding entrainment ratio

Ev = Mh

Ml
= average fractional flow rate of high-speed fluid

average fractional flow rate of low-speed fluid
(4.6)
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Figure 4.17 shows the entrainment ratio as a function of spanwise location at mea-

surement station 2. A strong anti-correlation between the centreline and the en-

trainment ratio is evident in the MAS-RRM-L data, shown in Figure 4.17a. When

the plots are compared to the mean secondary shear stress plot at MS2, shown in

Figure 4.9a, it can be seen how a local entrainment minimum is the product of an

interface between a pair of spatially stationary streamwise vortices with a common

upflow. A local entrainment maximum is produced by an interface between a pair

of streamwise vortices with a common downflow. This illustrates the importance of

the spatially stationary streamwise vortex structure in the entrainment of the passive

scalar in the presented simulations. A peak in the entrainment ratio is representative

of an area where more high speed, high concentration fluid is entrained which pro-

duces a centreline trough. This anti-correlation also visualises the coupling between

the momentum and passive scalar fields reported in experiments [59].

The entrainment ratio and centreline data for MAS-WN-L are shown in Figure 4.17.

The axis scales have been kept constant to visualise the stark contrast in the magni-

tudes of the undulations observed in the two simulations. While the centreline and

entrainment ratios do show some undulations, they are of a low magnitude, and no

spanwise wavelength is evident. No anti-correlation between the mean entrainment

ratio and the centreline is seen.

Table 4.6 compares the minimum, maximum and spanwise averaged entrainment

ratio values for MAS-RRM-L and MAS-WN-L together with the value reported by the

reference experiment. It was not reported if the experimental value was based on

a single spanwise measurement station or was the product of the averaging of mul-

tiple spanwise locations, but it can be assumed that this value is based on a single

spanwise location. The experimental value of Ev = 1.36 is about 10% higher than

predicted by the Dimotakis entrainment model, Equation 2.10. However, experi-

ments of liquid mixing layers by Koochesfahani & Dimotakis [89, 90] have shown the

entrainment ratio in the pre- and transition region of the mixing layer to be higher

than predicted by the Dimotakis model which is based on post-transition data by

Konrad [50].

The spanwise averaged value of the entrainment ratio is identical in both simula-

tions. However, the large undulations of the entrainment ratio and centreline in Fig-
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Case Ev,min Ev,max 〈Ev〉z

Masutani & Bowman - - 1.36
MAS-RRM-L 0.92 1.46 1.22
MAS-WN-L 1.08 1.33 1.22

Table 4.6: Minimum, maximum and spanwise averaged values for the entrainment
ratio at measurement station 3.

ure 4.17a are reflected in a much larger range of entrainment ratio values. Depend-

ing on the spanwise location of the measurement, the reference entrainment ratio

value can be obtained in both simulations. It is reasonable to assume the experi-

ment to have been host to similar spatially stationary streamwise vortex structures

observed in MAS-RRM-L and therefore to have been susceptible to similar spanwise

variations.

The entrainment ratio provides information about the volume ratio of high- to low-

speed free stream fluid. However, in many practical engineering applications more

detailed knowledge about the preferred concentration in the mixing layer is required.

This is particularly true for diffusion controlled combustion processes. Probability

density functions plots (p.d.f.’s) give an indication of the preferred concentration as

well as the probability of finding fluid at a certain concentration at any vertical loca-

tion in the mixing layer. The different types of p.d.f.’s are reviewed in Section 2. In the

pre-transition mixing layer, experiments have reported p.d.f.’s of the non-marching

type [59, 90]. The presented p.d.f.’s have been computed from a minimum of 1600

individual cross-planes, sampled at a frequency of 2.0kHz.

The presented p.d.f.’s are computed in the usual manner [60, 90]. The probability

density function of the passives scalar fraction, ξ, at any given vertical location, y , is

denoted by p(ξ, y). Normalisation of the p.d.f. requires that

∫ 1

0
p(ξ, y)dξ= 1. (4.7)

The average concentration of high-speed fluid, ξ, is therefore given by
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ξ(y) =
∫ 1

0
ξp(ξ, y)dξ . (4.8)

The probabilities of finding unmixed fluid from the low-speed, Pl , and high-speed,

Ph , are given by

Pl (y) =
∫ δ

0
p(ξ, y)dξ (4.9)

Ph(y) =
∫ 1

1−δ
p(ξ, y)dξ (4.10)

where δ is the binning width of the passive scalar data.

The integrated area in the mixed fluid p.d.f. gives the total probability of finding

mixed fluid at any concentration and is given by

Pm(y) =
∫ 1−δ

δ
p(ξ, y)dξ . (4.11)

For the reported p.d.f.s the passive scalar range between 0 ≤ ξ≤ 1, is divided into 40

levels resulting in a delta value of δ = 0.025. The reference study reported p.d.f.’s of

the non-marching type with a preferred concentration of ξ ≈ 0.27 at measurement

station 3. The reference measurements were taken at an unspecified spanwise lo-

cation. For each simulation p.d.f.’s at two spanwise locations are presented. The

spanwise locations have been chosen to show p.d.f.’s at an entrainment maximum

and minimum, respectively.

Figure 4.18 shows the p.d.f.’s for MAS-RRM-L at measurement station 3. The shown

p.d.f.’s are of the non-marching and hybrid type. In Figure 4.18a, the preferred con-

centration value of ξ ≈ 0.33 is close the experimental value of ξ ≈ 0.27. The very

high value of the probability density at the peak and its isolation are suggestive of

the presence of a strong pair of spatially stationary vortex structures with a com-

mon downflow that continuously entrain high-speed fluid into the core of the mix-

ing layer.

The p.d.f. in Figure 4.18b, shows an elevated value of the probability density for the
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high-speed fluid but no preferred concentration. Taken at a local entrainment min-

imum, the spanwise location for this p.d.f. is located between a pair of streamwise

vortices with a common upflow. The increase in the entrainment of low-speed fluid

by the spatially stationary streamwise vortices with a common upflow, dilutes the

preferred concentration value, resulting in a hybrid p.d.f.

Figure 4.19 shows the p.d.f.’s for MAS-WN-L at measurement station 3. Both p.d.f.’s

are of the hybrid with a plateau of slightly elevated probability density values in the

high-speed side of the mixing layer. Due to the lack of a spatially stationary, stream-

wise vortex structure, the produced p.d.f.’s in the WN simulation are always of the

hybrid type, regardless of spanwise location. This is reflective of the statistically two-

dimensional entrainment ratio plot in Figure 4.17b.

4.1.5 Summary

A simulation originating from idealised, white noise inlet conditions, and a simula-

tion utilising spatially- and temporally-correlated inlet fluctuations, have been com-

pared to a reference data set of a low Reynolds number mixing layer by Masutani et

al. [59].

Simulations based on white noise (WN) type inlet conditions are shown to be largely

statistically two-dimensional with little variation of the momentum and passive scalar

field across the spanwise domain extent. The recycling-rescaling simulation (RRM)

uses correlated inlet fluctuations and produces spatially stationary streamwise vor-

tex structures. These structures have strong effects on the momentum and passive

scalar field in the mixing layer. The local entrainment ratio value is found to be

strongly linked to the geometry of the secondary, spatially stationary streamwise vor-

tex structures. The interface between a pair of streamwise vortices with a common

downflow produces a local entrainment maximum while a pair of streamwise vor-

tices with a common upflow produces a local entrainment minimum. Overall agree-

ment with reference data is better in RRM, particularly for the probability density

functions. The RRM simulation produces non-marching probability density func-

tions, in agreement with the reference data, while the idealised simulation produces
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hybrid probability density functions.

The presented results show a very large spanwise dependency of the mixing layer in

the presence of spatially stationary streamwise vortex structures. This spanwise de-

pendence has to be accounted for in measurements taken in experimental studies.

The data also indicates that correlated inlet fluctuations are required for the accu-

rate simulation of a spatially developing low Reynolds number mixing layer. Without

a secondary, spatially stationary vortex structure the mixing layer dynamics are not

reproduced adequately.

4.2 High Reynolds Number Mixing Layer

4.2.1 Introduction

The previous section has investigated the effects of the nature of the imposed inlet

fluctuations on a low Reynolds number mixing layer. While low Reynolds number

mixing layers are an interesting test case, they are not commonly found in engineer-

ing applications. The high Reynolds number mixing layer has been an area of active

research for more than half a century, yet a large spread in the reported growth rates

remains [92]. Two- and three-dimensional numerical simulations have had difficul-

ties matching experimental data, particularly passive scalar measurements [93].

Within the modelling of a high Reynolds number mixing layer lie a number of chal-

lenges, one of which is the simulation of the large, spanwise coherent structures that

have been observed in experimental studies [9, 49]. The reproduction of the be-

haviour of the large scale structures is crucial as they have been shown to be driving

mixing layer entrainment and growth. However, the mechanism with which the high

Reynolds number mixing layer entrains fluid remains a topic of debate [10, 11, 56].

Another challenge is the simulation of the secondary, spatially stationary streamwise

oriented structures developing from upstream streamwise vorticity present in lami-

nar inlet conditions that have been observed in high Reynolds number mixing layers

[47, 50]. In Section 4.1, spatially and temporally correlated inlet fluctuations have
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produced these secondary, spatially stationary streamwise vortex structures. One of

the aims of this section is to investigate if the streamwise structures are present in

simulations of the high Reynolds number mixing layer based on spatially and tem-

porally correlated inlet fluctuations and if they persist through the mixing transition.

As in the previous section, particular attention will be paid to the investigation of

passive scalar entrainment and mixing. Experimental studies of the high Reynolds

number mixing layer have reported probability density functions (p.d.f.’s) in the post-

transition region of the non-marching type [50, 90]. However, hybrid [94, 60] and

marching [62] type p.d.f.’s have also been reported. These differing p.d.f.’s have been

attributed to a number of mixing layer properties such as the local Reynolds number

or the pairing parameter [60]. A dependence on the initial conditions has also been

proposed [60, 63].

Due to the lower computational cost compared to DNS, large eddy simulations offer

the optimal tool to investigate the dependence of the mixing layer, and in particular

the passive scalar entrainment and mixing, to mixing layer properties. This chapter

will focus on the investigation of the effects of the nature of the inflow conditions.

For this, physically correlated and white noise type simulations will be compared

and validated against an experimental dataset by Browand & Latigo [45].

4.2.2 Reference Experiment

The reference wind tunnel was driven by a blower, located 7m upstream of the split-

ter plate, trailing edge. A 3×3m settling chamber was divided into two equal parts

by a 10cm splitter plate. The splitter plate extended through the contraction section

with an angle of two degrees. The trailing edge of the splitter plate extended 46cm

into the test section with an edge thickness of 0.5mm. The test section was 120cm

long, 91.4cm wide and 61cm high.

The free stream velocity of the high-speed inlet, U1 was typically 25m/s with a free

stream streamwise velocity fluctuation magnitude, u′/∆U , of less than 0.1%. The

lower inlet velocity was reported as 5.2m/s. The inlet velocities of the reference ex-

periment result in a velocity ratio of R = 0.66 at the trailing edge of the splitter plate.
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U1 (m/s) U2 (m/s) θ1 (mm) θ2 (mm) R

25.5 5.2 0.457 0.86 0.66

Table 4.7: Summary of flow properties for reference dataset by Browand & Latigo
[45].

The momentum thickness was 0.457mm for the high-speed side and 0.81mm for the

low-speed side. The initial momentum thickness of the mixing layer, θi , was shown

to be similar to the momentum thickness of the high-speed boundary layer, θ1, in

the experiment. The maximum velocity fluctuation magnitudes in the inlet bound-

ary layer were recorded as 2.5% and 2.0% of the high- and low-speed free stream

velocities, respectively. Noise introduced during the recording process lead to an 1%

measurement error of the fluctuation magnitudes in the experiment. A summary of

flow properties is given in Table 4.7.

4.2.3 Simulation Setup

The time step is chosen as∆t = 6×10−7 s and is identical in both simulations. Statis-

tical data is accumulated at every time step, while cross-planes, spanwise averaged

and single plane flow visualisations are acquired every 500 time steps. The CFL num-

ber is kept below 0.35 for the entire duration of the simulation. The presented mean

flow data has been computed from a minimum of 1000000 iterations, equating to ap-

proximately 15 flow through times based on the convective velocity, Uc = 0.5(U1+U2)

where U1 and U2 are the high- and low-speed inlet velocities, respectively. Data pro-

duced from y−z cross-planes has been computed from a minimum of 1200 individ-

ual cross-planes. The Schmidt and viscosity are chosen as Sc = 0.7 and ν= 1.8×10−5,

respectively.

A total of 6 measurement stations have been chosen along the streamwise domain

extent. Measurement stations 1 to 3 are located in the pre-transition region of the

mixing layer and measurement station 4 is located approximately in the transition

region. Measurement stations 5 and 6 are located in the far-field, self-similar region

of the mixing layer. Table 4.8 lists the measurement stations in terms of streamwise

distance from the splitter plate in metres, normalised by the high-speed inlet mo-
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Station x (m) x/θi x∗
i Reδvis (WN) Reδvis (RRM)

MS1 0.0180 40 0.88 13488 7342
MS2 0.0380 83 1.86 19455 15043
MS3 0.0690 151 3.37 28018 26326
MS4 0.1330 291 6.50 39596 51040
MS5 0.2695 590 13.17 87549 103693
MS6 0.5390 1180 26.35 166810 207028

Table 4.8: Measurement stations.

mentum thickness, pairing parameter, as well as the local Reynolds number based

on the visual thickness, Reδvi s .

The local pairing parameter, x∗
i [91], given by

x∗
i = Rx

30θi
(4.12)

where R is the velocity ratio, and θi is the high-speed inlet momentum thickness.

The first, second and third pairing events occur at values of x∗
i = 4,8,and 16, respec-

tively [91].

4.2.3.1 Idealised Simulation (WN)

For the idealised, white-noise (WN) simulation, the mean streamwise velocity pro-

file, shown in Figure 4.31a, are specified at the inlet plane of the computational do-

main. Pseudo-random velocity fluctuations, shown in Figure 4.31b, are superim-

posed onto the mean inflow velocity plane. Similar inlet conditions are specified for

the low-speed inlet stream. This type of inlet condition results in temporally- and

spatially-uncorrelated inlet fluctuations.

4.2.3.2 Recycling-Rescaling Simulation (RRM)

The recycling-rescaling (RRM) simulation uses two auxiliary domains placed up-

stream of the inlet plane to produce spatially and temporally correlated inlet fluc-

tuations. The virtual domains extend a streamwise distance of x/θi = 333 upstream
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Case Inlet type u′
max/U1 (%) v′max/U1 (%) w′

max/U1 (%)

BL-066-WN-L WN 0.95 0.55 0.50
BL-066-RRM-L RRM 0.95 0.55 0.50

Table 4.9: Simulation cases overview.

of the trailing edge of the splitter plate, where θi denotes the high-speed inlet mo-

mentum thickness. At a recycling plane, located 10θi upstream of the main com-

putational domain, the flow is extracted, rescaled and remapped to the inlet of the

virtual domains as explained in detail in Section 3.4.2. At an interval of 50 iterations

the flow inside the virtual domain is rescaled to match the desired fluctuation levels.

The splitter plate separating the two virtual domains is modelled as a no-slip solid

boundary of infinitesimal thickness.

4.2.4 Grid validation

The main computational domain is of dimensions 1630×1326×392θi in the stream-

wise (x), vertical (y) and spanwise (z) directions, respectively. The vertical domain

size has been chosen to match the experimental facility. The main computational

domain commences at the trailing edge of the splitter plate and includes no split-

ter plate geometry. The main domain has been discretised into 768×256×256 cells

in the vertical, streamwise and spanwise directions respectively. An identical mesh

resolution has been utilized in a comparable LES of the same reference experimen-

tal facility [21, 78, 95]. This grid will hereafter be referred to as GR1. The minimum

grid spacing is ∆xmi n/θi = 0.44 and ∆ymi n/θi = 0.086 in the streamwise and vertical

directions respectively. The grid has been stretched in the streamwise and vertical

directions utilising a geometric expansion, while the spanwise nodes are distributed

with a constant spacing. A total of 42 and 46 nodes lie within the high- and low-speed

boundary layers, respectively.

To validate the computational grid, a low resolution simulation utilising a lower res-

olution grid (GR2) is compared with the preferred grid (GR1). The simulations use

the WALE model with a model constant of Cw = 0.56. The inlet conditions are kept

constant. Table 4.10 summarise the specifications for the main computational grid
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Grid Nx Ny Nz ∆xmin/θi ∆ymin/θi ∆zmin/θi

GR1 768 256 256 0.44 0.09 1.57
GR2 512 224 224 0.88 0.18 1.78

Table 4.10: Grid resolutions.

and the low resolution grid.

Figure 4.32 shows mean flow statistics differences between the two compared grids.

The mean streamwise velocity at x/θi = 1000 is shown in Figure 4.32a. Both sim-

ulations collapse onto a single line and agree well with the reference data, indicat-

ing self-similarity. The mean streamwise velocity fluctuations are shown in Figure

4.32b. The GR1 data captures the shape and peak value very well. The peak in the

GR2 simulation is shifted towards the high-speed side of the mixing layer. Figure

4.32c shows the peak streamwise velocity fluctuation as a function of distance from

the splitter plate. The peak magnitude and location is reproduced well in the GR1

simulation. The simulation utilising the GR2 grid over-predicts the peak streamwise

velocity fluctuation.

The local momentum thickness graph is shown in Figure 4.33. Both simulations

achieve self-similarity, characterised of a linear growth rate, at x/θi ≈ 500. The GR1

simulation is self-similar for the entire streamwise domain extent. The low resolu-

tion simulation starts to show a decrease in the growth rate at x/θi ≈ 1000.

Overall the GR1 mesh shows better agreement with the reference data, particularly

for the growth of the mixing layer, and is therefore chosen for all subsequently pre-

sented simulations.

4.2.5 SGS Model Validation

To validate the choice of the subgrid-scale (SGS) model, five simulations are pre-

sented; two simulations utilise the Smagorinksy model with a model constant of

Cs = 0.10 and Cs = 0.18, and two simulations employ the WALE model with model

constants of Cw = 0.30 and Cw = 0.56. An overview of the naming convention for the

model validation simulations is shown in Table 4.11. Instantaneous passive scalar
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concentration with the ratio between the subgrid to molecular viscosity, µsg s/µ, as

contour lines, are shown in Figure 4.34. In the initial region of the mixing layer, both

Smagorinsky model constants predict non-zero values for the eddy viscosity, shown

in Figure 4.34a and 4.34b as contour lines. An increase in the model constant from

Cs = 0.10 to Cs = 0.18 increases the magnitude of the predicted eddy viscosity. Previ-

ous numerical studies have observed similar results for the Smagorinsky model [84].

The WALE model simulations, shown in Figure 4.34c and 4.34d, produce zero eddy

viscosity in the initial region with the only viscosity produced being located inside

the cores of the emerging vortex core, as desired.

The momentum thickness is a measure of the integral thickness of the mixing layer

and is defined in Equation 2.3. Figure 4.35a shows the local momentum thickness

from each simulation together with reference data. The reduction in growth rate

observed near the end of the computational domain is commonly observed in nu-

merical simulations [84, 96] and is a product of large scale structure leaving the

computational domain. The momentum thickness appears to be largely insensi-

tive to the choice of SGS model, and agreement with the reference data is generally

good. Upstream of x/θi ≈ 500 the mixing layer development is delayed in the BL-

066-WN-Cs018 simulation, resulting from the over-prediction of eddy viscosity in

the near field of the mixing layer. In the self-similar region of the mixing layer the

momentum growth rate is very similar between the simulations. Figure 4.35b shows

the maximum streamwise velocity fluctuation as a function of downstream distance

from the splitter plate trailing edge. All simulations produce an overshoot in the

peak fluctuation magnitude which is located further downstream from the trailing

edge of the splitter plate. This type of overshoot is commonly observed in numerical

simulations based on white noise type inlet conditions [21, 78]. The delayed devel-

opment observed for the momentum thickness in BL-066-WN-Cs018 is also evident

here, where the peak is located much further downstream compared to the experi-

ment and the other simulations. The asymptotic final state value of the maximum

streamwise velocity fluctuation magnitude is in good agreement with the reference

value for all simulations. Based on the presented results the WALE model with a

model constant of Cw = 0.56 is chosen for the subsequently presented idealised and

physically correlated simulations.
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Name Model Model constant

BL-066-WN-Cs010 Smagorinsky 0.10
BL-066-WN-Cs018 Smagorinsky 0.18
BL-066-WN-Cw030 WALE 0.30
BL-066-WN-Cw056 WALE 0.56

Table 4.11: Model validation simulations.

4.2.6 Main Simulation Results

4.2.6.1 Mean Flow Statistics

Figure 4.36 shows the normalised momentum thickness growth for BL-066-WN-L

and BL-066-RRM-L. The simulations show extremely good agreement with the ref-

erence data. Self-similarity is evident for both simulations.

In the self-similar region, the relationship between the momentum thickness and

the velocity ratio is linear and given by Equation 2.6. The reference experiment re-

ported a momentum growth rate of km = 0.0357 based on the velocity ratio, R = 0.66.

For case BL-066-RRM-L, the momentum growth rate constant is predicted to be

km = 0.0364, 1.9% higher than the experiment but in good agreement with the linear

relationship. For BL-066-WN-L, km = 0.0341, which is 4.5% lower than the reported

experimental value. A change in the nature of the inlet fluctuations changes the mo-

mentum growth rate constant by 7%.

The visual thickness of the mixing layer is computed by super-imposing a large num-

ber of instantaneous, spanwise averaged passive scalar contour plots. The outlines

of the mixing layer are traced, resulting in the visual thickness of the mixing layer

[9, 60]. The linear relationship for the visual thickness and velocity ratio is given in

Equation 2.4. For BL-066-WN-L, kv = 0.318 or kv ≈ 1/π which is a relationship that

has been observed in comparable numerical simulations based on idealised inlet

conditions [18]. For BL-066-RRM-L, kv = 0.366 which is higher than the idealised

simulations but in good agreement with the comparable experimental data. The vi-

sual growth rate constant of the physically correlated simulation is 15% higher than

that of the idealised simulation.
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Mean velocity data have been normalised by the velocity difference across the mix-

ing layer, U0 = U1 −U2, in accordance with the reference experimental data [45].

Local velocity values are used due to the pressure gradient that is present in experi-

ments and simulations of mixing layers with fixed horizontal guide walls.

The mean streamwise velocity profiles for BL-066-RRM-L and BL-066-WN-L at the

streamwise location of x/θi = 1000 are shown in Figure 4.37a. This streamwise lo-

cation has been chosen to allow comparison with reference data. Both simulations

show self-similar shapes, matching that of the reference experimental data well. The

mean streamwise fluctuation magnitudes at x/θi = 1000 shown in Figure 4.37b are

in good agreement with the reference data. In both simulations the maximum fluc-

tuation magnitude and shape at this streamwise location is captured very well.

Figure 4.38 shows the maximum streamwise velocity fluctuation as a function of the

streamwise distance from the splitter plate trailing edge. While the maximum in-

tensity of the reference experiment is matched well in the BL-066-RRM-L simula-

tion, this maximum is located slightly closer to the splitter plate than the reference

data. The BL-066-WN-L simulation over-predicts the maximum fluctuation magni-

tude slightly. In the self-similar region of the mixing layer, both simulations match

the reference value well. Self-similarity is attained at approximately x/θi ≈ 450 in

both simulations which is in good agreement with the x/θi ≈ 1000 criteria that have

been suggested in experimental studies [75].

Streamwise velocity fluctuation spectral plots taken along the mixing layer centre-

line are show in Figure 4.39. Linear stability theory predicts the most amplified dis-

turbance in a two-stream mixing layer to be given by

St ≈ f δω
4(U1 −U2)

≈ 0.017

R
(4.13)

where f is the frequency, δω is the local vorticity thickness, and R, the velocity ratio

[97]. For the presented simulations this results in a Strouhal number of St ≈ 0.0258.

At x/θi = 44 peaks in the power spectral density are observed in both simulations.

BL-066-RRM-L predicts a peak Strouhal number of St ≈ 0.0248 which is in good

agreement with the value predicted by Equation 4.13. The peak Strouhal number for
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BL-066-WN-L is St ≈ 0.0187 which is lower than calculated by Equation 4.13. At the

downstream measurement stations the power spectra approaches the k−5/3 slope,

indicative of fully developed turbulent flow [21].

4.2.7 Flow Visualisation

Up to 2000 individual single plane and spanwise averaged flow visualisation images,

sampled at 3.33 kHz, are recorded from both simulations. The sampling frequency

results from the time step of the simulation and a chosen output frequency. The en-

trainment and mixing of the passive scalar allows the visualisation of the primary,

spanwise oriented structures. This approach is based on similar passive scalar mea-

surements performed in experimental studies [59]. After an initial wash-out, span-

wise averaged data is computed from 256 individual nodal values, spaced uniformly

in the spanwise direction. Ensemble average data is compute at every time step.

Figure 4.40a shows an instantaneous passive scalar contour plot taken at the midspan

of the domain in BL-066-RRM-L. Near the splitter plate, a vortex sheet is visible. Af-

ter the roll-up, which occurs at x∗
i ≈ 2 or x/θi ≈ 90, large scale, spanwise vortices

occupy the entire vertical extent of the mixing layer. As the vortices convect down-

stream they increase in size thereby increasing the mixing layer thickness. Struc-

ture interactions are seen to be of the pairing type as observed in experiments by

Winant & Browand [49]. The vortices persist through the mixing transition into the

self-similar far field of the mixing layer. Throughout the entire streamwise extent

structures show a high degree of circularity. Examples of this are visible at x/θi ≈ 600

and 900. A spanwise averaged passive scalar contour plot taken at the same time in-

stant is shown in Figure 4.40b. The structures that have been identified in the single

plane contour plot are easily recognisable in the spanwise averaged contour plot as

well. The qualitative similarity between the single plane and the spanwise averaged

flow visualisations suggests that the vortex structures are quasi-two-dimensional.

Similar flow visualisations for BL-066-WN-L are shown in Figure 4.41. In the single

plane flow visualisation, Figure 4.41a, some large scale structures are identifiable at

x/θi ≈ 950 and 1400. However, identifying the individual structures is subjectively

harder than in BL-066-RRM-L. The process of spanwise averaging, shown in Figure

69



Chapter 4. 4.2. High Reynolds Number Mixing Layer

4.41b, leaves only two large scale structures, at x/θi = 950 and 1400, identifiable. In

the pre-transition region no individual structures are easily discernible.

Cross-plane (y − z) data, sampled at a frequency of 3.3 kHz are used to compute

pseudo-three-dimensional perspective views. The iso-surfaces at ξ = 0.99 and ξ =
0.01 define the upper and lower boundaries of the mixing layer, respectively. The

grey scale colouring is based on the streamwise velocity where white and black colours

indicate streamwise velocity values that are higher and lower than the high-speed

free stream velocity, respectively. Local streamwise velocity over-speeds indicate the

presence of concentrated spanwise vorticity inside the vortex core [21].

Perspective views for BL-066-RRM-L at measurement station 4 are shown in Figure

4.42a. The structures passing through the measurement plane that are not undergo-

ing any type of interaction are of a quasi-two-dimensional appearance. Small scale

undulations ‘riding’ on the high-speed interface zones are visible. The perspective

view of BL-066-WN-L at measurement station 4 is shown in Figure 4.42b. Undu-

lations on the high-speed interface are present but there appears to be no temporal

correlation, meaning it is not possible to track individual undulations between pass-

ing structures. Branches between the primary vortices and localised pairings are vis-

ible, and the mixing layer appears less quasi-two-dimensional than BL-066-RRM-L.

Perspective views at measurement station 5 are shown in Figure 4.43. Measurement

station 5 is located in the self-similar, far-field region of the mixing layer, and the

local Reynolds number is above the Re ≈ 104 criterion for fully developed, post-

transitional flow that has been stipulated by experimental research [8]. Figure 4.43a

shows that even in the fully developed region of the mixing layer, the flow field in

BL-066-RRM-L is dominated by large scale, spanwise coherent vortices of a quasi-

two-dimensional appearance. The perspective view for BL-066-WN-L at measure-

ment station 5, shown in Figure 4.43b, is qualitatively similar to that observed at

measurement station 4. Some large scale structures show branching type structures

that connect passing structures. Branching between primary vortices indicates that

localised pairings are taking place [21]. This type of structure branching has been ob-

served in experimental studies [44] as well as numerical simulations which utilised

comparable, idealised inlet conditions [18, 21].
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Figure 4.44 shows the vertical diameter of individually tracked structures. The verti-

cal size of a structure is defined by the ξ= 0.01 and 0.99 contour lines. This approach

has previously been used in experimental [11] and numerical studies [18]. The dif-

ference in the primary structure observed in the perspective views is also evident in

the structure growth tracks. Figure 4.44a shows individual structure tracks for BL-

066-RRM-L. The growth of the primary vortices is best approximated by what has

been termed ‘square root of time growth’ by McMullan & Garrett [21]. In experi-

ments, square root of time growth has been observed in vortical structures growing

continuously through irrotational roll-up [98] and turbulent diffusion [99]. Square

root of time growth has also been reported in recent RRM-type numerical simula-

tions by McMullan & Garrett [21]. Figure 4.44b shows the growth of the primary vor-

tices in BL-066-WN-L. The growth is best approximated as linear growth as observed

by D‘Ovidio & Coats [11] in experiments and by McMullan et al. [78] in LES based

on white noise type inlet conditions. Primary structure growth is discussed in more

detail in Chapter 6.

4.2.7.1 Streamwise Structure

The primary structures present in the two types of simulation have been shown to

have different internal geometries. The simulation utilising spatially- and temporally-

correlated inlet fluctuations produces large scale structures with a high degree of

spanwise coherence, resulting in a quasi-two-dimensional flow field and structures

that grow as the square root of time. In the perspective views small scale undula-

tions are seen to be located on top of the primary structures. Previous experimental

[55, 47] and numerical [21] have shown these undulations to be a result of spatially

stationary vortex structures. The structures in the idealised simulation, in contrast,

show little spanwise regularity and branching between neighbouring structures is

observed. In this section cross-plane data are used to investigate the origin and ef-

fect of the spatially stationary streamwise structures.

Figure 4.45 shows the mean streamwise velocity and mean streamwise vorticity y−z

cross-planes for BL-066-RRM-L at measurement station 2. A local pairing parame-

ter of x∗
i ≈ 1.86 indicates that MS2 lies in the region of the first roll up. Any stream-

wise vorticity present therefore originates in the upstream boundary layers [21]. The

71



Chapter 4. 4.2. High Reynolds Number Mixing Layer

mean streamwise velocity field, shown in Figure 4.45a, shows wrinkling which is par-

ticularly evident in the low-speed interface zone. The corresponding mean stream-

wise vorticity map, shown in Figure 4.45b, shows multiple clusters of three tiered

vorticity patches with opposing signs. This type of clustering has been observed in

experiments and is referred to as vorticity ‘quadrupoles’ or ‘three-tiered clustering’

[88]. The spanwise location of z/θi = 45 lies between two patches of negative and

positive vorticity, indicating a common downflow which producess a trough in the

mean streamwise velocity lines in Figure 4.45a at the same spanwise location. At

z/θi = 55, a common upflow is observed which wrinkles the low-speed interface

zone heavily towards the centre of the mixing layer. The effect of the present vortic-

ity appears to be weaker in the high-speed interface zone, which could be a result

of the balance of the momentum of the streamwise structures compared to the mo-

mentum contained in the free stream fluid.

The mean streamwise velocity for BL-066-WN-L is shown in Figure 4.46a. A distinct

lack of undulations is observable. The vorticity map shown in Figure 4.46b, does not

contain any evidence of the presence of any spatially stationary streamwise oriented

vorticity and is essentially random in nature. This allows the link between a lack of

spatially stationary streamwise vorticity and undulations of the mean streamwise

velocity field to be made.

Mean streamwise velocity and mean streamwise vorticity contour maps for BL-066-

RRM-L at measurement station 3 are shown in Figure 4.47. The local pairing pa-

rameter for MS3 is x∗
i = 3.37 which is in the region of the second pairing event.

The mean streamwise velocity map of BL-066-RRM-L, shown in Figure 4.47a, shows

heavy wrinkling of the velocity contour lines. The undulations have increased in

magnitude compared to MS2. The mean streamwise vorticity is shown in Figure

4.47b. The three-tiered cluster formations have disappeared, and the streamwise

vorticity has realigned itself into a single row of alternating sign vortices. Peaks and

troughs of the the mean streamwise velocity field contour lines are at their extreme

at the interface between particularly strong streamwise vortices. Examples of this

are the interfaces at 40 < z/θi < 60, and 130 < z/θi < 150.

In comparison, the mean streamwise velocity contour maps for BL-066-WN-L, shown

in Figure 4.48a, show little spanwise variation. The streamwise vorticity shown in
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Figure 4.48b, shows no evidence of any type of spatially stationary streamwise vor-

tex structure.

Post transition mean streamwise velocity and mean streamwise vorticity plots for

BL-066-RRM-L at measurement station 5 are shown in Figure 4.49. Wrinkling of

the mean streamwise velocity field is still present but with a reduced magnitude.

The streamwise vorticity map in Figure 4.49b, shows evidence of spatially stationary

streamwise vortex structures but at a reduced number compared to measurement

station 3.

The BL-066-WN-L maps shown in Figure 4.50 are of particular interest as the mean

streamwise velocity map starts to show some weak undulations in the low-speed

interface zone. The mean streamwise vorticity also appears to be more organised

than any of the shown upstream locations but no preferred spanwise wavelength is

evident.

The wrinkling of the mixing layer can be studied using mixing layer centreline lo-

cus plots, shown in Figure 4.51, at every measurement station. The mixing layer

centreline, y0, is defined as the vertical location at which the local streamwise ve-

locity is equal to the convection velocity, Uc . In the pre-transition region which

includes measurement stations 1 to 3, a regular spanwise wavelength is evident in

the recycling-rescaling based simulation peaks and troughs data. Centreline wrin-

kling is greatest at spanwise locations which lie between high strength patches of

streamwise vorticity, similar to what is observed in the mean streamwise velocity

data. In the post-transition region the number of undulations decreases while the

magnitude increases between measurement station 5 and 6. The spacing increase

of the peaks and troughs with streamwise distance will be discussed in Chapter 5.

The centreline locus plots for BL-066-WN-L in Figure 4.51b show no clear spanwise

wavelength in the pre-transition region. At measurement stations 5 and 6 the cen-

treline does show peaks and troughs but the magnitude of the wrinkling is less than

in BL-066-RRM-L.
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Case x∗
i Reδ λD (mm) ∆ave (mm)

BL-066-RRM-L 26.35 207028 0.171 0.668
BL-066-WN-L 26.35 166810 0.183 0.619
Meyer Case 3B et al. [94] 28.1 103000 0.096 0.245

Table 4.12: Smallest length scale significant to passive scalar mixing, λD , and small-
est resolved passive scalar length scale inside the mixing layer,∆ave , at measurement
station 6.

4.2.7.2 Passive scalar Mixing and Entrainment

The velocity statistics show that a change in the nature of the imposed inlet fluc-

tuations has an effect on the momentum field in both the pre- and post-transition

regions of the mixing layer. In this section the effect of the inlet fluctuation nature

and the presence, or lack, of a spatially stationary streamwise vortex structure on

the passive scalar field is studied. Whilst no scalar data was recorded in Browand

& Latigo [45], data by Meyer et al. [94] which were recorded at R = 0.60, x∗
i = 28.1,

Reδ = 103000 have been included in some graphs. The Meyer et al. [94] data has

been included for guidance purposes rather than a like-for-like comparison. The

smallest resolved passive scalar length scale significant to mixing at measurement

station 6 is shown in Table 4.12. As the average grid spacing in the mixing layer is

larger than the size of the smallest passive scalar length scale significant to mixing

by a factor of 4, the passive scalar is well resolved even at the most downstream mea-

surement station.

Figure 4.52a and 4.52b show the mean passive scalar concentration at measurement

stations 3 and 5, located in the pre- and post-transition of the mixing layer, respec-

tively. Three distinct lines are shown; spanwise averaged data and data for the two

additional lines, taken spanwise locations lying between two streamwise vortices

with a common downflow and upflow, respectively. The variation bars shown on the

spanwise averaged data denote a ±1 standard deviation in the spanwise variation of

the computed flow statistics. At measurement station 3, shown in Figure 4.52a, the

streamwise vortices have a strong effect on the mean passive scalar concentration.

At the spanwise plane with a common downflow, z/θi = 41, more high-speed fluid

is entrained, increasing the passive scalar concentration throughout the entire ver-
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tical extent of the mixing layer. At z/θi = 54, a spanwise location with a common

upflow, the reverse is observed and the mean passive scalar values decrease over-

all. The spanwise variation, denoted with variation bars, of the spanwise averaged

data is greatest in the mixing layer centre with a reduction towards the free streams.

Figure 4.52b shows the mean passive scalar concentration at measurement station

5. The mean passive scalar data shows an increased concentration of high-speed

fluid in the low-speed side of the mixing layer, producing a ‘hump’ in the low-speed

side of the mixing layer. This triple inflection passive scalar profile has also been

observed in experiments [50, 59]. The spanwise variation has reduced greatly com-

pared to measurement station 3 and the two spanwise locations are very similar to

the spanwise averaged measurement. The reduction in spanwise variation could be

linked to the decreased maximum magnitude of the streamwise vorticity as well as

the reduced relative strength of the undulations observed in the centreline at greater

downstream locations.

Figure 4.52c shows the mean passive scalar fluctuations at measurement station

3 for BL-066-RRM-L. As observed in the mean passive scalar measurements, the

choice of spanwise location shifts the fluctuation profile along the vertical axis de-

pending on the flow orientation of the streamwise vortex structures influencing the

chosen spanwise plane. At measurement station 5, shown in Figure 4.52d, the two

spanwise locations agree well with the spanwise averaged data and the variation bars

have decreased in size compared to MS3. The ‘bi-modal’ shape produced by the

simulations is in good agreement with experimental data of both, the low Reynolds

number mixing layer [59], and the high Reynolds number mixing layer [50].

The mean passive scalar concentration for BL-066-WN-L at MS3 and MS5 is shown

in Figure 4.53a and 4.53b. The measurements taken at an entrainment maximum

and minimum show no discernible difference compared to the spanwise averaged

data. This is also evident in the passive scalar fluctuation plots shown in Figure 4.53c

and 4.53d, where no difference between the different spanwise positions and the

spanwise averaged data is evident.

A series of instantaneous passive scalar concentration cross-planes for BL-066-RRM-

L at measurement station 3 are shown in Figure 4.54. The series investigates the be-

haviour of the passive scalar in the leading braid region, inside the structure core and
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in the trailing braid region. Figure 4.54a is taken in the leading braid region before

the passage of the investigated structure. The free streams are separated by a nar-

row interface region with a large number of regularly spaced undulations. Inside the

core of the structure, depicted in Figure 4.54b, two interface regions separated by the

structure core are visible. After the structure has left the measurement plane, shown

in Figure 4.54c, the flow returns to a single interface region. At several spanwise

locations individual undulations can be tracked throughout the structure passage.

Examples of this are seen at z/θi = 220,240 and 280.

Instantaneous passive scalar concentration plots of BL-066-RRM-L at measurement

station 5 are shown in Figure 4.55. In Figure 4.55a, the two free streams carrying pas-

sive scalar with values of 1 and 0 are separated by a thin interface region in which

kinks and ‘mushroom’ shaped instabilities visible. Figure 4.55b shows the cross-

plane passive scalar map as the primary structure passes the measurement station.

The free streams are now separated by a large structure core in which mixing is taking

place. Of particular interest is a thin pocket of unmixed high-speed fluid is present

near the low-speed stream, most notable in the region of 40 < z/θi < 200. The ob-

served pocket of unmixed fluid must have been entrained or engulfed rapidly by

the mixing layer, as opposed to having been continually entrained by the interface

zones. After the core of the structure has left the measurement station depicted in

Figure 4.55c, the upper interface moves downwards towards the low-speed stream.

The presented cross-planes are qualitatively very similar to flow visualisations by the

Bernal & Roshko [54].

Instantaneous cross-planes of the passive scalar concentration during a structure

passage at MS3 for BL-066-WN-L are shown in Figure 4.56. The cross-planes in the

braid region are qualitatively different to their BL-066-RRM-L counterparts. Unlike

the RRM simulation, there is less spanwise coherence and at multiple spanwise lo-

cations, such as at z/θi ≈ 120 the free streams are separated only by a very thin inter-

face region. The co-existence of single and double interface zones during the struc-

ture passage is a result of the branching between primary vortices observed in the

perspective views. In contrast the RRM simulation produces an almost uniform flow

field with a constant visual thickness across the entire span. The cross-plane map

taken in a structure core is shown in Figure 4.56b. The spanwise incoherence is also

evident in this map. At some spanwise locations, z/θi ≈ 100 and 350 what appears
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to be a structure core is evident while at other spanwise locations at the same time

instance, the free streams are only separated by a very thin interface zone, such as

at z/θi ≈ 170. Similar observations can be made for the cross-planes at MS5, shown

in Figure 4.57. Most notable is the qualitative similarity between the braid and core

maps. Even in the structure core plot, Figure 4.57b, a braid region type flow arrange-

ment is evident at z/θi ≈ 180. The observed engulfment of fluid in which unmixed,

high-speed fluid is found near the low-speed free stream is not evident in any of the

plots. The passive scalar concentration inside the primary vortex in Figure 4.57b is

largely homogeneous. Undulations of the interface zones are present, but they are

of a low magnitude and do not show the characteristic ‘mushroom’ shape that is ob-

served in the recycling-rescaling based simulation.

Quantitative data on the internal mixing process in the core of a primary structure

and the braid regions between two neighbouring structures in the post-transition

region of the mixing layer can be obtained from instantaneous, spanwise averaged,

passive scalar concentrations taken through the core and braid regions of typical

passing structures, shown in Figure 4.58.

Spanwise averaged, passive scalar profiles in a typical structure passing through

measurement station 5 in BL-066-RRM-L, are shown in 4.58a. The passive scalar

concentration profiles in the leading and trailing braid regions are of a similar shape

but shifted in the horizontal axis. The concentration profile inside the structure core

shows a reversal. It has been suggested that this passive scalar reversal is connected

to the non-marching probability density functions observed in experimental studies

[18]. The reversal is also a good indication of the engulfment entrainment mecha-

nism.

Similar profiles for BL-066-WN-L are shown in Figure 4.58b. The passive scalar pro-

files at the three distinct stages of a structure passage are very similar. The width

of the mixing layer, ie the horizontal distance between 0.01 < 〈ξ〉z < 0.99, is similar

for both simulations. Unlike the recycling-rescaling based simulation, the idealised

simulation does not show a reversal of the passive scalar concentration inside the

structure core. The presented plots are in agreement with passive scalar concentra-

tion plots for a white noise type simulation by McMullan et al. which have shown a

‘plateau’ of the passive scalar inside a primary vortex but no reversal [18].
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To further investigate the entrainment of passive scalar into the mixing layer, the

entrainment ratio at measurement stations 3 to 6 are presented. The entrainment

ratio has been computed as described in Section 4.6. The variation of the entrain-

ment ratio, Ev , across the span in BL-066-RRM-L and BL-066-WN-L at measurement

station 3 is shown in Figure 4.59a and 4.60a, respectively. The peak and troughs of

the entrainment ratio plot in Figure 4.59a correspond to interface zones of mean

streamwise vorticity, similar to what has been observed for the mixing layer centre-

line locus plots in Figure 4.51. A clear anti-correlation for BL-066-RRM-L between

the centreline, shown in Figure 4.51a, and the entrainment ratio is evident. The en-

trainment values for BL-066-RRM-L range from 0.98 to 1.52 compared to 1.23 to 1.34

for BL-066-WN-L, reflecting the greater spanwise variation present in the recycling-

rescaling based simulation. The large variation is also evidence of the strong effects

that the spatially stationary streamwise vortices have on the flow in the initial re-

gion. A lack of spatially stationary streamwise structures results in an entrainment

ratio with little spanwise variation as is the case in Figure 4.60a for BL-066-WN-L.

A similar trend is observed in the entrainment ratio at measurement station 4, shown

in Figure 4.59b and 4.60b. The number of undulations has decreased compared to

MS3 a result of the rearrangement process of the streamwise vortex structures which

will be discussed in more detail in Section 5. Compared to MS3, the peak entrain-

ment ratio value for BL-066-RRM-L has decreased. As the streamwise structures are

spanwise stationary, individual peaks and troughs can easily be traced between Fig-

ure 4.59a and 4.59b which is not possible for BL-066-WN-L.

Figure 4.59c and 4.60c show the entrainment ratio at measurement station 5, located

in the self-similar, far field region of the mixing layer. At measurement station 5 the

entrainment ratio in the two presented simulation starts to be qualitatively similar.

The entrainment ratio at the last measurement station is shown in Figure 4.59d and

4.60d. The regular spaced undulations observed at measurement stations 1 to 4 have

become less pronounced, and the entrainment ratio plots for BL-066-RRM-L and

BL-066-WN-L are now qualitatively similar.

Table 4.13 summarises the entrainment ratio at measurement stations 2 to 6. In both

simulations the entrainment ratio decreases in the transition zone before it asymp-

totes to a final state which is comparable for both simulations. Notable are the large
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Simulation Measurement station Ev,max Ev,min 〈Ev〉z

BL-066-RRM-L MS 2 1.65 1.18 1.39
BL-066-RRM-L MS 3 1.52 0.98 1.25
BL-066-RRM-L MS 4 1.47 1.14 1.33
BL-066-RRM-L MS 5 1.41 1.24 1.33
BL-066-RRM-L MS 6 1.42 1.25 1.31
BL-066-WN-L MS 2 1.76 1.59 1.69
BL-066-WN-L MS 3 1.35 1.24 1.30
BL-066-WN-L MS 4 1.43 1.32 1.37
BL-066-WN-L MS 5 1.43 1.32 1.37
BL-066-WN-L MS 6 1.43 1.31 1.36

Table 4.13: Entrainment ratios at measurement stations 2 to 6 for BL-066-RRM-L and
BL-066-WN-L.

differences in the spanwise variation of the entrainment ratio. Particularly in the

pre-transition, the spanwise variation is very large for BL-066-RRM-L but even in

the self-similar, post-transition region the spanwise variation in the physically cor-

related simulation remains much higher than in the idealised one.

For the presented velocity ratio, R = 0.66, the Dimotakis entrainment model (Equa-

tion 2.10) predicts a value of Ev = 1.44. McMullan et al. found the entrainment ratio

in their idealised simulations to be approximated well by Ev = 1+0.5R which for the

presented velocity ratio results in an entrainment ratio value of Ev = 1.33. This value

is very close to the spanwise averaged entrainment values reported in these simula-

tions. However, it has to be noted that depending on the chosen spanwise location,

agreement for both simulations is good with both entrainment ratio relations. Meyer

et al. [94] reported an entrainment ratio value of Ev = 1.24 for a comparable mixing

layer.

While the entrainment ratio gives information about how much high-speed fluid is

being entrained into the mixing layer, it offers no insight into the mixing process.

The mixing process can be quantified using the probability of finding mixed fluid of

any composition, Pm , which is given by

Pm(y) =
∫ 1−ε

ε
p(ξ̄, y)d ξ̄ (4.14)
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where ε is the the measurement resolution of the passive scalar. In this study, ε =
0.025, a value based on comparable experiments [59]. Therefore, passive scalar val-

ues of 0 ≤ ξ≤ 0.025 denote pure low-speed fluid and passive scalar values of 0.975 ≤
ξ≤ 1 denote pure high-speed fluid.

Another quantification can be made using the average concentration of high-speed

mixed-fluid, ξm , given by

ξm(y) =
∫ 1−ε
ε ξ̄p(ξ̄, y)d ξ̄

.Pm(y) (4.15)

For each simulation Pm and ξm at two distinct spanwise locations are presented.

These spanwise locations have been chosen to correspond to entrainment ratio max-

ima and minima values at measurement station 6. The vertical variable, y , is nor-

malised by the local mixing layer visual thickness, δvi s . Pm and ξm for BL-066-RRM-

L at measurement station 6 are shown in Figure 4.61a. The Pm curve for BL-066-

RRM-L agrees extremely well with the reference data. Like the experiment, Pm ap-

proaches values of unity but is not attained in the mixing layer. This indicates that

at every point in the vertical extent of the mixing layer unmixed fluid can be found.

Similarly good agreement is seen for the average mixed fluid concentration found at

any vertical location, ξm . The rise in concentration in the low-speed side of the mix-

ing layer shows how, relatively, unmixed high-speed fluid is found on the low-speed

side of the mixing layer. The presented Pm and ξm measurements together with the

cross-planes of ξ are a strong indication of the engulfment entrainment mechanism,

described in detail in Section 2.3.4 [56].

The Pm data for BL-066-WN-L is shown in Figure 4.61b. At both spanwise measure-

ment locations values of unity for Pm are found in the mixing layer, indicating that

at no time instant unmixed free stream fluid can be found in the core of the mixing

layer. The idealised simulation does not reproduce the increase in the average mixed

fluid concentration seen in the low-speed side of the mixing layer in the reference

data. In the centre of the mixing layer the gradient for ξm is steeper than BL-066-

RRM-L, describing a mixing layer which entrains and mixes high-speed fluid grad-

ually and continuously. The slight rise in ξm at the very edge of the mixing layer is

explained by occasional entrainment of fluid during interactions between primary
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structures of the very largest scale. The over-mixing observed in Pm as well as the

shape of ξm , combined with the instantaneous vertical passive scalar concentra-

tion in Figure 4.58 suggest entrainment by the nibbling mechanism. The nibbling or

Corrsin & Kistler [57] entrainment mechanism describes a mixing layer in which en-

trainment is produced by the nibbling of irrotational free-stream fluid by small-scale

eddies in the interface zones of the mixing layer. The nibbling entrainment mecha-

nism is commonly observed in DNS based on idealised inlet conditions [100, 101]. It

has even been suggested that the engulfment entrainment mechanism [56] is an ar-

tifact of experimental studies and not representative of some practical applications

[101].

The entrainment mechanism is also reflected in the probability density function

(p.d.f.). Probability density functions give information about the probability of find-

ing mixed fluid of any concentration at every vertical location in the mixing layer.

The engulfment entrainment mechanism has previously been connected to p.d.f.’s

of the non-marching type [50]. P.d.f.’s at measurement station 6 are presented in

Figure 4.62 and 4.63. Two spanwise locations are shown for both simulations. The

spanwise locations have been chosen to represent a spanwise location with an en-

trainment maximum and minimum value, respectively. Figure 4.62 shows the p.d.f.’s

for BL-066-RRM-L. At both locations the p.d.f.’s are of the non-marching type. The

preferred concentration, ξ ≈ 0.6 is in excellent agreement with p.d.f’s of compara-

ble mixing layers at R = 0.38 for which a preferred concentration of ξ ≈ 0.6 was re-

ported [50]. The p.d.f.’s for BL-066-WN-L are shown in Figure 4.63. Both p.d.f.’s are

of the marching type which describes a p.d.f. in which the preferred concentration

is a function of the vertical location. Marching type p.d.f.’s have been observed in a

number of DNS of a spatially evolving mixing layer [102].

4.2.8 Summary

In this chapter large eddy simulations of a high Reynolds number, spatially devel-

oping mixing layer have been performed. Two types of inlet fluctuation methods

have been compared. The first type of inlet generation method, termed white-noise

(WN), produces pseudo-random three-dimensional velocity fluctuations and was

used for the BL-066-WN-L simulation. An alternative inlet generation method, recycling-
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rescaling (RRM), produces physically correlated inlet fluctuations [37]. The RRM

inlet generation method was used for the BL-066-RRM-L simulation. By keeping

the inlet condition statistics constant for both simulations, the effects of spatial and

temporal correlation of the inlet boundary layer fluctuations have been evaluated.

Using mean secondary shear stress and streamwise vorticity, cross-plane plots, a

secondary, spanwise stationary, streamwise oriented structure is identified in the

simulation based on the recycling-rescaling inlet generation method in BL-066-RRM-

L. In contrast, BL-066-WN-L does not show any evidence of such a structure. Pseudo-

perspective views of the idealised simulation, show large scale primary structures

with branching between neighbouring structures. This is in agreement with com-

parable numerical simulations based on similar idealised inlet conditions [18]. In

BL-066-RRM-L, the perspective views show quasi-two-dimensional, Brown-Roshko

type primary structures with undulations that ‘ride’ on top of the primary roller

structures.

Investigation of cross-plane data suggests the presence of spatially stationary stream-

wise vortex structures in the BL-066-RRM-L simulation, similar to ones observed by

experimental studies [54]. Subsequent analysis of passive scalar data shows a strong

link between the presence or lack of a streamwise oriented structure and passive

scalar entrainment and mixing. The streamwise oriented structures present in BL-

066-RRM-L, lead to large undulations of the entrainment ratio and mixing layer cen-

treline along the span. BL-066-WN-L does show similar undulations, however, their

respective magnitudes are much lower. The probability density functions (p.d.f.’s)

for BL-066-WN-L are of the marching type. Spanwise interrogation finds that the

p.d.f.’s for BL-066-WN-L show little spanwise variation and are always of the march-

ing type. The spatially and temporally correlated inlet fluctuations used in BL-069-

RRM-L, produce p.d.f.’s which are of the non-marching type. The preferred concen-

tration and shape of the presented p.d.f.’s is in very good agreement with experimen-

tal data.

The presented data suggests that passive scalar in the BL-066-WN-L is entrained by

a nibbling mechanism while the BL-066-RRM-L simulation entrains fluid by engulf-

ment. This is evident in cross-plane passive scalar visualisations which show un-

mixed high-speed fluid in the low-speed side of the mixing layer in BL-066-RRM-L.
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Instantaneous passive scalar measurements taken inside primary structures cores

show similar trends and support entrainment by engulfment while the same data

suggests a nibbling entrainment mechanism for the idealised simulations. This is a

novel finding of this thesis.

Experimental evidence for the presence of a secondary, streamwise oriented vor-

tex structure which persists into the self-similar region of the mixing layer is strong

and numerous. The presented simulations show that depending on the type of in-

let condition that is used, extremely good agreement with experimental data can be

achieved for mean flow as well as passive scalar data. The large spanwise variation

observed in some of the measurements also suggests that the choice of the spanwise

location in experimental studies can be critical, even in a fully developed mixing

layer.

4.2.9 Conclusions

In this chapter simulations of low and high Reynolds number mixing layers have

been used to investigate the effects of spatial and temporal correlation of inlet con-

ditions.

The presented simulations illustrate the need to model inlet conditions accurately.

In particular, the spatial and temporal correlation of the inlet conditions has been

shown to be critical in producing primary and secondary structure dynamics in agree-

ment with experiments. Results from a recent DNS by Attili et al. [3] of a spatially

developing mixing layer from idealised inlet conditions have shown that the prob-

lem of accurate passive scalar entrainment and mixing is not solved by resolving all

scales of motion. Accurate passive scalar statistics are the result of simulating phys-

ically realistic primary and secondary vortex dynamics which can only be done by

using physically realistic inlet conditions.
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4.3 Figures

(a) Mean streamwise velocity profile. (b) Low level fluctuations (-L).

Figure 4.1: Inlet conditions.

(a) MAS-RRM-L. (b) MAS-WN-L.

Figure 4.2: Mean streamwise velocity at measurement stations A and 3.
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(a) MAS-RRM-L. (b) MAS-WN-L.

Figure 4.3: Mean streamwise velocity fluctuation magnitude at measurement station
2.

Figure 4.4: Power spectral density plots at measurement station MSA. Lines have
been shifted in the vertical axis for clarity.

(a) Instantaneous single plane passive scalar
contour map.

(b) Instantaneous spanwise averaged passive
scalar contour map.

Figure 4.5: Instantaneous passive scalar contour maps of MAS-RRM-L.
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(a) Instantaneous single plane passive scalar
contour map.

(b) Instantaneous spanwise averaged passive
scalar contour map.

Figure 4.6: Instantaneous passive scalar contour maps of MAS-WN-L.

(a) MAS-RRM-L MS2. (b) MAS-RRM-L MS3.

Figure 4.7: Mean streamwise velocity for MAS-RRM-L at measurement stations 2
and 3.

(a) MAS-WN-L MS2. (b) MAS-WN-L MS3.

Figure 4.8: Mean streamwise velocity for MAS-WN-L at measurement stations 2 and
3.

(a) MAS-RRM-L MS2. (b) MAS-RRM-L MS3.

Figure 4.9: Mean secondary shear stress for MAS-RRM-L at measurement stations 2
and 3. Dashed lines denote negative values.
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(a) MAS-WN-L MS2. (b) MAS-WN-L MS3.

Figure 4.10: Mean secondary shear stress for MAS-WN-L at measurement stations 2
and 3. Dashed lines denote negative values.

(a) Mean secondary shear stress. (b) Mean streamwise vorticity.

Figure 4.11: Mean secondary shear stress and mean streamwise vorticity for MAS-
RRM-L at measurement station 3.

(a) MAS-RRM-L. (b) MAS-WN-L.

Figure 4.12: Mixing layer centreline plots for MAS-RRM-L and MAS-WN-L at mea-
surement stations 2 and 3.
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(a) Leading braid region. (b) Primary structure core.

(c) Trailing braid region.

Figure 4.13: Cross-stream passive scalar measurements during a primary structure
passage for MAS-RRM-L at measurement station 2.

(a) Leading braid region. (b) Primary structure core.

(c) Trailing braid region.

Figure 4.14: Cross-stream passive scalar measurements during a primary structure
passage for MAS-WN-L at measurement station 2.
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(a) MAS-RRM-L MS2. (b) MAS-WN-L MS2.

Figure 4.15: Spanwise averaged mean passive scalar concentration at measurement
station 2. Error bars denote the r.m.s. value of the spanwise variation, not measure-
ment error.
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(a) MAS-RRM-L MS2. (b) MAS-WN-L MS2.

Figure 4.16: Spanwise averaged mean passive scalar fluctuation measurements at
measurement stations 2. Error bars denote the r.m.s. value of the spanwise varia-
tion, not measurement error.

(a) MAS-RRM-L MS3. (b) MAS-WN-L MS3.

Figure 4.17: Entrainment ratio, Ev , and centreline locus, y0, plots at measurement
station 2.

(a) z = 0.048m. (b) z = 0.085m.

Figure 4.18: Probability density function plots for MAS-RRM-L at measurement sta-
tion 3.
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(a) z = 0.029m. (b) z = 0.085m.

Figure 4.19: Probability density function plots for MAS-WN-L at measurement sta-
tion 3.

(a) Mean streamwise velocity. (b) Mean streamwise velocity fluctuations.

Figure 4.20: Mean streamwise velocity statistics.
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Figure 4.21: Power spectral density plots at MSA. Lines have been shifted in the ver-
tical axis for clarity.

(a) MAS-RRM-M. (b) MAS-RRM-H.

Figure 4.22: Instantaneous passive scalar contour maps for MAS-RRM-M and MAS-
RRM-H.

(a) MAS-RRM-M MS3. (b) MAS-RRM-H MS3.

Figure 4.23: Streamwise velocity y − z cross-planes at measurement station 3.
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(a) MAS-RRM-L. (b) MAS-RRM-M.

(c) MAS-RRM-H.

Figure 4.24: Mean streamwise vorticity maps at measurement station 2. Dashed
lines denote negative values.

(a) MAS-RRM-L. (b) MAS-RRM-M.

(c) MAS-RRM-H.

Figure 4.25: Mean streamwise vorticity maps at measurement station 3. Dashed
lines denote negative values.
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(a) Leading braid region. (b) Primary structure core.

(c) Trailing braid region.

Figure 4.26: Cross-stream passive scalar measurements during a primary structure
passage for MAS-RRM-M at measurement station 3.

(a) Leading braid region. (b) Primary structure core.

(c) Trailing braid region.

Figure 4.27: Cross-stream passive scalar measurements during a primary structure
passage for MAS-RRM-H at measurement station 3.
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(a) Spanwise averaged mean passive scalar
concentration.

(b) Spanwise averaged mean passive scalar
fluctuations.

Figure 4.28: Spanwise averaged mean passive scalar concentration and mean pas-
sive scalar fluctuations at measurement stations 3. For clarity spanwise variation
bars are only shown for MAS-RRM-L.

(a) MAS-RRM-M z = 0.057m. (b) MAS-RRM-M z = 0.072m.

Figure 4.29: Probability density function plots for MAS-RRM-M at measurement sta-
tion 3.
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(a) MAS-RRM-H z = 0.078m. (b) MAS-RRM-H z = 0.064m.

Figure 4.30: Probability density function plots for MAS-RRM-H at measurement sta-
tion 3.

(a) Streamwise velocity profile. (b) Velocity fluctuations.

Figure 4.31: Inlet velocity profiles and inlet velocity fluctuation profiles.

(a) Mean streamwise velocity. (b) Mean streamwise velocity fluctuations.

(c) Peak streamwise velocity fluctuation.

Figure 4.32: Velocity statistics for GR1 and GR2.
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Figure 4.33: Local momentum thickness for GR1 and GR2.
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(a) BL-066-WN-Cs010 (b) BL-066-WN-Cs018

(c) BL-066-WN-Cw030 (d) BL-066-WN-Cw056

Figure 4.34: Contour maps of instantaneous passive scalar concentration and con-
tour lines of the ratio of the subgrid to molecular viscosity for (a) BL-066-WN-Cs010,
(b) BL-066-WN-Cs018, (c) BL-066-WN-Cw030, and (d) BL-066-WN-Cw056.

(a) Local momentum thickness. (b) Peak streamwise velocity fluctuation.

Figure 4.35: Local momentum thickness and peak streamwise velocity fluctuation.

Figure 4.36: Local momentum thickness for BL-066-WN-L and BL-066-RRM-L
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(a) (b)

Figure 4.37: Flow statistics at x/θi = 1000.

(a)

Figure 4.38: Peak normalised streamwise velocity fluctuation.

(a) BL-066-RRM-L. (b) BL-066-WN-L.

Figure 4.39: Streamwise velocity fluctuation spectral plots along the mixing layer
centreline. Spectra have been shifted along vertical axis for clarity.

(a) Instantaneous, single plane passive scalar
contour lines.

(b) Instantaneous, spanwise averaged pas-
sive scalar contour lines.

Figure 4.40: Instantaneous, single plane and spanwise averaged passive scalar con-
tour lines for BL-066-RRM-L.
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(a) Instantaneous, single plane passive scalar
contour lines.

(b) Instantaneous, spanwise averaged pas-
sive scalar contour lines.

Figure 4.41: Instantaneous, single plane and spanwise averaged passive scalar con-
tour lines for BL-066-WN-L.

(a) BL-066-RRM-L. (b) BL-066-WN-L.

Figure 4.42: Perspective view of the mixing layer at measurement station 4.

(a) BL-066-RRM-L. (b) BL-066-WN-L.

Figure 4.43: Perspective view of the mixing layer at measurement station 5.
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(a) BL-066-RRM-L. (b) BL-066-WN-L.

Figure 4.44: Structure diameter growth tracks.

(a) Mean streamwise velocity. (b) Mean streamwies vorticity.

Figure 4.45: Mean streamwise velocity and mean streamwise vorticity y − z cross-
planes for BL-066-RRM-L at measurement station 2.

(a) Mean streamwise velocity. (b) Mean streamwies vorticity.

Figure 4.46: Mean streamwise velocity and mean streamwise vorticity y − z cross-
planes for BL-066-WN-L at measurement station 2.
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(a) Mean streamwise velocity. (b) Mean streamwies vorticity.

Figure 4.47: Mean streamwise velocity and mean streamwise vorticity y − z cross-
planes for BL-066-RRM-L at measurement station 3.

(a) Mean streamwise velocity. (b) Mean streamwies vorticity.

Figure 4.48: Mean streamwise velocity and mean streamwise vorticity y − z cross-
planes for BL-066-WN-L at measurement station 3.

(a) Mean streamwise velocity. (b) Mean streamwies vorticity.

Figure 4.49: Mean streamwise velocity and mean streamwise vorticity y − z cross-
planes for BL-066-RRM-L at measurement station 5.
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(a) Mean streamwise velocity. (b) Mean streamwies vorticity.

Figure 4.50: Mean streamwise velocity and mean streamwise vorticity y − z cross-
planes for BL-066-WN-L at measurement station 5.

(a) BL-066-RRM-L. (b) BL-066-WN-L.

Figure 4.51: Centreline locus plots at measurement stations 1 to 6.

(a) Mean passive scalar concentration at
MS3.

(b) Mean passive scalar concentration at
MS5.

(c) Mean passive scalar concentration fluctu-
ations MS3.

(d) Mean passive scalar concentration fluctu-
ations MS5.

Figure 4.52: Passive scalar statistics for BL-066-RRM-L at measurement station 3 and
5.
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(a) Mean passive scalar concentration at
MS3.

(b) Mean passive scalar concentration at
MS5.

(c) Mean passive scalar concentration fluctu-
ations MS3.

(d) Mean passive scalar concentration fluctu-
ations MS5.

Figure 4.53: Passive scalar statistics for BL-066-WN-L at measurement station 3 and
5.

(a) Leading braid region. (b) Structure core.

(c) Trailing braid region.

Figure 4.54: Passage of primary roller structure in the BL-066-RRM-L simulation at
measurement station 3.
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(a) Leading braid region. (b) Structure core.

(c) Trailing braid region.

Figure 4.55: Passage of primary roller structure in the BL-066-RRM-L simulation at
measurement station 5.

(a) Downstream braid region. (b) Structure core.

(c) Upstream braid region.

Figure 4.56: Passage of primary roller structure in the BL-066-WN-L simulation at
measurement station 3.
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(a) Downstream braid region. (b) Structure core.

(c) Upstream braid region.

Figure 4.57: Passage of primary roller structure in the BL-066-WN-L simulation at
measurement station 5.

(a) BL-066-RRM-L. (b) BL-066-WN-L.

Figure 4.58: Spanwise averaged passive scalar concentration during a structure pas-
sage at measurement station 5.

106



Chapter 4. 4.3. Figures

(a) MS3. (b) MS4.

(c) MS5. (d) MS6.

Figure 4.59: Entrainment ratio for BL-066-RRM-L.

(a) MS3. (b) MS4.

(c) MS5. (d) MS6.

Figure 4.60: Entrainment ratio for BL-066-WN-L.
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(a) BL-066-RRM-L. (b) BL-066-WN-L.

Figure 4.61: Mixed fluid statistics at measurement station 6.

(a) z/θi = 200. (b) z/θi = 350.

Figure 4.62: Probability density function for BL-066-RRM-L at measurement station
6 at two spanwise locations.
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(a) z/θi = 180. (b) z/θi = 280.

Figure 4.63: Probability density function for BL-066-WN-L at measurement station
6 at two spanwise locations.
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Chapter 5
Parametric Study of the High Reynolds

Number Mixing Layer

In this chapter small changes in the inlet boundary layer fluctuation magnitude, ve-

locity ratio and the high-speed inlet boundary layer momentum thickness are in-

vestigated using simulations based on physically correlated inlet fluctuations. The

simulations with varying velocity ratio values agree well with experimental data and

theories. A critical aspect of the inlet condition is shown to be the inlet boundary

layer fluctuation magnitude which affects the streamwise vortex structure persist-

ing into the self-similar, far-field region of the mixing layer.

5.1 Introduction

In Chapter 4.2, two large eddy simulations with differing inlet conditions have been

presented. The first simulation, BL-066-WN-L, was based on inlet conditions with

pseudo random velocity fluctuations that matched a desired profile and intensity.

The second simulation, BL-066-RRM-L was based on an inlet generation method

which uses a recycling-rescaling method by Xiao et al.[37], that produces spatially

correlated inlet fluctuations. Besides the spatial correlation of the inlet fluctuations,

all other simulation parameters were kept constant.
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Case R U1 (m/s) U2 (m/s) θ1 (mm) θ2 (mm)

Browand & Latigo [45] 0.69 25.5 4.6 0.457 0.86
Meyer et al. [94] Case 1 0.44 29.5 12.8 0.179 0.32
Meyer et al. [94] Case 2 0.49 42.0 14.1 0.140 0.32
Meyer et al. [94] Case 3 0.60 50.5 12.8 0.140 0.32

Table 5.1: Summary of flow properties for reference dataset by Browand & Latigo [45]
and Meyer et. al. [94].

It was found that the spatial and temporal correlation of inlet fluctuations in the in-

let boundary layer, leads to stationary, streamwise oriented vortex structures. Such

streamwise oriented vortices have previously been observed in experiments, in the

pre- and post-transition region of comparable mixing layers [47]. Overall, the simu-

lation utilising spatially correlated inlet fluctuations showed agreement with experi-

mental data than the idealised simulation. Special attention was paid to the effect of

these secondary structures on passive scalar transport and mixing. Interestingly, the

presence of secondary structures lead to a change in the probability density func-

tion from a marching to a non-marching type with a preferred concentration which

showed very good agreement to comparable p.d.f.’s observed in experiments. Based

on the conclusion that spatial correlation of the inlet boundary layer fluctuation is

necessary to produce spatially stationary, streamwise oriented vortex structures, the

presented simulations in this chapter exclusively use the recycling-rescaling inlet

generation method.

The aim of this chapter is to investigate the effect of changing inlet conditions in a

high Reynolds number mixing layer. Particular attention is paid to the secondary,

streamwise oriented vortex structure and passive scalar mixing. The chapter is di-

vided into three sections; the first section investigates the effect of the inlet boundary

layer fluctuation magnitude. The second section is a parameter testing of the veloc-

ity ratio, R, and the final section investigates the role of the inlet boundary layer

momentum thickness.
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Simulation R U1 (m/s) U2 (m/s) θ1 (mm) θ2 (mm) u′/U1 (%)

BL-066-RRM-L 0.66 25.6 5.2 0.457 0.81 1.0
BL-066-RRM-M 0.66 25.6 5.2 0.457 0.81 1.8

Table 5.2: Simulation parameters.

Station x (m) x/θi x∗
i Reδ

MS1 0.0180 40 0.88 7342
MS2 0.0380 83 1.86 15043
MS3 0.0690 151 3.37 26326
MS4 0.1330 291 6.50 51040
MS5 0.2695 590 13.17 103693
MS6 0.5390 1180 26.35 207028

Table 5.3: Measurement stations.

5.2 Inlet Fluctuation Magnitude

5.2.1 Simulation Setup

The presented simulations are based on the experiments by Brown & Latigo [45] of

high Reynolds number mixing layers. The experimental conditions were described

in Chapter 4.2, Section 4.2.2. The mean streamwise velocity profile and the mean ve-

locity fluctuations at the splitter plate trailing edge are shown in Figure 5.1. In both

simulations, the low-speed stream utilises the BL-066-RRM-L velocity fluctuation

profiles. The inlet mean streamwise velocity profile, shown in Figure 5.1a, matches

the experimental data well and is a good approximation of a Blasius profile. The in-

let velocity fluctuations for BL-066-RRM-L and BL-066-RRM-M are shown in Figure

5.1b and 5.1c, respectively. The peak streamwise velocity fluctuation magnitude is

≈ 1.0%U1 for the BL-066-RRM-L simulation and ≈ 1.8%U1 for BL-066-RRM-M.

The outflow condition is of a standard advective type and ensures global mass con-

servation inside the computational domain. In line with the reference experiment,

the upper and lower guidewalls are unangled and are modelled as free-slip bound-

aries. The spanwise domain boundaries are periodic. The time step for the pre-
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sented simulations is chosen as ∆t = 6× 10−7s and the maximum CFL number is

kept below 0.35 during the entire simulation. The passive scalar has a value of unity

and zero in the high- and low-speed inlet stream, respectively.

The presented simulation utilise the same grid dimensions and grid resolutions as

the simulations in Chapter 4.2. The WALE sub-grid scale model with a model con-

stant value of Cw = 0.56 has been chosen based on the sub-grid scale validation re-

sults in Section 4.2. A detailed grid and model validation is presented in Section 4.2.

The reported statistics data have been obtained over a period of fifteen convective

flow-through times, where one flow-through time is based on the convection ve-

locity of the flow, Uc = (U1 +U2)/2. Single plane and spanwise averaged, x − y flow

visualisations are recorded at a frequency of 3.3 kHz. At five streamwise measure-

ment stations, cross-planes (y − z) are recorded at a frequency of 3.3 kHz. The mea-

surement stations are listed in 5.3. Spatial coordinates have been normalised with

respect to the initial momentum thickness of the flow, θi which was reported to be

identical to the momentum thickness of the high-speed boundary layer, θ1 [45]. Fur-

thermore, the streamwise distance from the splitter plate trailing edge is also ex-

pressed in terms of the local pairing parameter, x∗
i = Rx/30θi [60, 91].

5.2.2 Results

5.2.2.1 Velocity Statistics

Normalised mean streamwise velocity profiles recorded, at x/θi = 1000, are shown in

Figure 5.2a. Both simulations show very good agreement with the reference dataset

and a typical self-similar velocity profile. Streamwise velocity fluctuations at x/θi =
1000 are shown in Figure 5.2b. Both simulations capture the peak velocity fluc-

tuation magnitude as well as the free-stream velocity fluctuation levels well. The

peak streamwise velocity fluctuation magnitude, as a function of streamwise dis-

tance from the splitter plate trailing edge, is shown in Figure 5.2c. The value of the

maximum streamwise velocity fluctuation is predicted well, but the peaks in the sim-

ulations are located slightly closer to the trailing edge of the splitter plate than was
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reported in the reference data. Similar observations have been made in comparable

numerical simulations [21]. In the far-field, asymptotic region of the mixing layer

both simulations reproduce the experimental value well.

Power spectra density plots taken at x/θi = 44 and x/θi = 219 for BL-066-RRM-L and

BL-066-RRM-M, are shown in Figure 5.3a and Figure 5.3b, respectively. The peak in

the spectra at x/θi = 44 occurs at St ≈ 0.0284 in both simulations. Further down-

stream, at x/θi = 219, the spectra in both simulations, approaches the k−5/3 slope,

indicative of a fully developed turbulent flow.

The local momentum thickness for both simulations are shown in Figure 5.4, to-

gether with the reference data. Both simulations produce an initially flat region,

followed by a short region of high momentum growth, followed by an asymptotic,

linear region of growth. Self-similarity is attained in both simulations at x/θi ≈ 350.

Both simulations produce a growth rate value of km ≈ 0.036 which is in very good

agreement with the reference value of km ≈ 0.0357.

From analysis of the mean statistics the two simulations are virtually identical. In

the next section the flow structure and passive scalar data is investigated in more

detail.

5.2.2.2 Flow Visualisation

Instantaneous single-plane and spanwise averaged passive scalar flow visualisations

for BL-066-RRM-L and BL-066-RRM-M are shown in Figure 5.5 and Figure 5.6, re-

spectively. Qualitatively similar, spanwise coherent, primary vortex structures are

easily identified in both simulations. Individual primary structures can easily be

recognised in both, the single-plane and spanwise averaged visualisations.

Perspective views for BL-066-RRM-L at measurement stations 3 and 5 are shown in

Figure 5.7. At measurement station 3, shown in Figure 5.7a, roller type structures

are visible. At measurement station 5, located downstream of the transition, the pri-

mary structures have increased in size but are still of a quasi-two-dimensional ap-

pearance. Streamwise velocity over-speeds on top of the structures and dark braid
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regions indicate that the spanwise vorticity is contained inside the primary vortices.

The perspective views for BL-066-RRM-M at measurement station 3, shown in Fig-

ure 5.8, are qualitatively similar to those for BL-066-RRM-L. At measurement station

5 the perspective view is qualitatively less regular and an increased number of struc-

ture interactions are visible. During time instances without vortex interactions the

flow is well organised into regular primary vortices and regular braid regions.

Figure 5.9 shows the vertical diameter of individually tracked structures. Individ-

ual structures have been tracked from their ‘birth’ to an eventual interaction with a

neighbouring structure. The growth of the primary vortices is similar in both sim-

ulations and best approximated by a square root of time growth [21]. Square root

of time growth has been observed in experiments [98] and numerical simulations

based on recycling-rescaling type inlet fluctuations [21].

5.2.2.3 Streamwise Vortex Structure

The primary vortex structure in both simulations has shown to be qualitatively sim-

ilar. In this section the effect of a small inlet fluctuation change on the secondary,

spatially stationary streamwise vortex structure is evaluated.

In addition to the previously listed measurement stations, an additional cross-plane

(y − z) is placed 26θi upstream of the splitter plate trailing edge. Mean streamwise

vorticity plots, Ωx , at this location are shown in Figure 5.10a and 5.11a. In compar-

ison, the mean streamwise vorticity patches in BL-066-RRM-L are seen to be fewer

in number and lower in magnitude, compared to BL-066-RRM-M. The peak stream-

wise vorticity in BL-066-RRM-M is about 14% higher than that in BL-066-RRM-L. In

the RRM inlet generation method the inlet fluctuations are rescaled based on the

spanwise averaged value of the streamwise velocity fluctuation magnitude. This al-

lows larger streamwise vortices to grow while still satisfying the desired spanwise

averaged inlet fluctuation magnitude. This explains the 14% higher peak stream-

wise vorticity from a 1% increase in the spanwise averaged inlet streamwise velocity

fluctuation magnitude. Mean streamwise vorticity planes at measurement station 2,

located in the region of the first roll-up which occurs at x∗
i ≈ 2, are shown in Figure
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5.10b and 5.11. Three-tiered vorticity clustering is evident in both simulations. The

peak magnitudes of the streamwise vorticity are higher in the BL-066-RRM-M simu-

lation. Careful investigation of the vorticity data shows that strong vorticity clusters

observed at MSA have remained spatially stationary and developed into three-tiered

clusters.

Cross-planes at measurement station 3 are shown in Figure 5.10c and 5.11c. MS3

is located in the region of the second pairing interaction at x∗
i ≈ 4. The streamwise

vorticity has unwrapped from three-tiered clusters at MS3 into a single row of alter-

nating sign vorticity clusters. This rearrangement process has been observed in ex-

periments [88] as well as numerical simulations [21]. Individual vorticity clusters can

easily be traced through the upstream measurement stations beginning at MSA. Fig-

ure 5.10d and 5.11d showΩx at measurement station 4, located in the post-transition

region of the mixing layer. Clusters of mean streamwise vorticity are still present,

showing the persistence of the streamwise vortices trough the mixing transition. Di-

rect comparison between BL-066-RRM-L and BL-066-RRM-M suggests that the in-

creased energy contained in the BL-066-RRM-M streamwise structures helps to sta-

bilise them through the mixing transition.

The effect of the secondary, spatially stationary streamwise vortices on the velocity

field can be quantified using mixing layer centreline locus plots, shown in Figure

5.12. While the number of undulations is similar for both simulations, the undu-

lation magnitudes are considerably higher for BL-066-RRM-M than BL-066-RRM-L.

At MS4 the peak amplitude in BL-066-RRM-M is approximately double of that in

BL-066-RRM-L. After the mixing layer transition, individual peaks and troughs of

the centreline are visible for both simulations. At the last measurement station the

undulation amplitudes are similar for both simulations.

Quantitative data on the secondary, streamwise oriented vortex structure is pro-

duced by measuring the average streamwise structure spacing, s. Figure 5.13a shows

the streamwise structure spacing with increasing distance from the splitter plate

trailing edge. As the spatially stationary streamwise vortices re-arrange themselves

from three-tiered clusters to a single row of alternating sign vortices, the streamwise

structure spacing decreases [88], this process is captured well in both simulations.

After the transition which occurs between MS4 and MS5, the number of streamwise
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oriented vortices is larger in the BL-066-RRM-L than the BL-066-RRM-M simulation.

The ratio of the spanwise wavelength of the streamwise vortices and the vorticity

thickness of both simulations as a function of pairing parameter, is shown in Fig-

ure 5.13b. In the pre-transition region, the difference between the two simulations

is small. In the post-transition, self-similar region of the mixing layer, Λ/δω ≈ 0.95

for BL-066-RRM-L andΛ/δω ≈ 1.0 for BL-066-RRM-M. These values are in the range

reported in experiments ofΛ/δω ≈ 0.8−1.28 [54, 47, 52].

5.2.2.4 Passive Scalar Mixing

The presented mean flow statistics and cross-plane data suggest that the spatially

stationary streamwise vortex structures are stronger in the higher fluctuation sim-

ulation. In this section, the effect of the inlet fluctuation magnitude on the passive

scalar entrainment and mixing is investigated.

The entrainment ratio as a function of spanwise location at measurement stations 3

and 5 is shown in Figure 5.14. The vertical axis is kept constant to visualise the de-

crease in the entrainment ratio amplitude between the pre- and post-transition. At

measurement station 3, BL-066-RRM-M shows larger variations than BL-066-RRM-

L, likely as a result of the stronger spatially stationary streamwise vortex structures.

In both simulations, the amplitude of the entrainment ratio variations across the

span decreases rapidly during the mixing transition. Table 5.4 lists the maximum,

minimum, and spanwise averaged entrainment ratios. The spanwise averaged en-

trainment ratio values at measurement station 5, of Ev = 1.33 and 1.32 for BL-066-

RRM-L and BL-066-RRM-M, respectively, are lower than the value of Ev = 1.45 pre-

dicted by the Dimotakis [56] model for the presented flow parameters. However, for

a single spanwise location, the simulations are within 2% and 5% of the Dimotakis

model for BL-066-RRM-L and BL-066-RRM-M.

The effect of the spatially stationary streamwise vortex structures on the entrain-

ment ratio in a spanwise sense can be quantified by comparing the standard devi-

ation of the entrainment ratio as a function of downstream distance, shown in Fig-

ure 5.15. In both simulations the entrainment ratio variation peaks in between the

primary roll-up at x∗
i ≈ 2 and the third pairing event at x∗

i ≈ 8. An increase in the
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Simulation Measurement station Ev,min Ev,max Ev,z

BL-066-RRM-L MS3 0.98 1.52 1.25
BL-066-RRM-L MS5 1.24 1.41 1.33
BL-066-RRM-L MS6 1.25 1.42 1.31
BL-066-RRM-M MS3 0.95 1.62 1.26
BL-066-RRM-M MS5 1.23 1.41 1.32
BL-066-RRM-M MS6 1.21 1.38 1.28

Table 5.4: Entrainment ratios in the pre-transition (MS3) and post-transition (MS5
& MS6) region of the mixing layer.

inlet fluctuation magnitude moves the peak downstream. The peak in the varia-

tion magnitude corresponds to the area in which the secondary spatially stationary

streamwise vortex structures re-arrange themselves from three-tiered clusters into a

single row of counter rotating vortices. The data suggests that the increase in the in-

let fluctuation magnitude leads to stronger, spatially stationary streamwise vortices

that take a longer time to re-arrange from three-tiered type vorticity arrangements

to a single row of counter rotating vortices. In self-similar region the streamwise vor-

tices are arranged in a single row of counter rotating vortices and both simulations

asymptote to a similar level of entrainment ratio variation.

Figure 5.16 shows the mixed fluid statistics for both simulations at measurement

station 6. Experimental data by Meyer et al. [94], recorded at R = 0.60, x∗
i = 28.1,

Reδ = 103000 have been included for guidance purposes and should not be under-

stood as a like-for-like comparison. For each simulation, two spanwise locations are

reported; one where the local entrainment is at a maximum and the other where the

local entrainment is at a minimum. In both simulations the mixed fluid probability,

Pm , does not attain a value of unity. This demonstrates that unmixed high-speed

fluid penetrates across the mixing layer centreline. A non-unity peak value of Pm is

evidence of the engulfment entrainment mechanism. At the peak entrainment lo-

cation, BL-066-RRM-M reproduces the experimental mixed fluid probability better

than BL-066-RRM-L.

ξm denotes the average mixed fluid concentration found at any vertical location in

the mixing layer. Both simulations show an increase in the passive scalar concentra-

tion in the low-speed outer region of the mixing layer. This reversal is indicative of
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disproportionately high amounts of high-speed fluid being entrained into the low-

speed side of the mixing layer. This is another good indicator of the engulfment

entrainment mechanism.

Probability density functions for BL-066-RRM-L are shown in Figure 5.17. At both

spanwise locations the p.d.f.’s are of the non-marching type. At the entrainment

peak location the preferred concentration is ξ = 0.58. At the second spanwise loca-

tion the peak in the preferred scalar value is broader with lower probabilty density

values but is still of the non-marching type. The p.d.f.’s for BL-066-RRM-M at mea-

surement station 6 are shown in Figure 5.18. At both spanwise locations the p.d.f.’s

are of the non-marching type but compared to those for BL-066-RRM-L, the proba-

bility density values are higher at the peaks. The preferred concentration is ξ= 0.60

which is in very good agreement with comparable data by Konrad [50] who mea-

sured a preferred concentration of ξ = 0.60 for a mixing layer of R = 0.38. The ob-

served non-marching p.d.f.’s are also an indication of the engulfment entrainment

mechanism [50]. It has been suggested that the non-marching p.d.f. shape is linked

to the engulfment entrainment mechanism. The reasoning behind this is that rapid

engulfment of free-stream fluid is required to produce a clearly preferred concentra-

tion value inside the mixing layer [47].

5.2.3 Summary

The effect of a small change in the streamwise velocity fluctuation in the high-speed

inlet boundary layer has been investigated. The peak streamwise velocity fluctua-

tion in the high-speed boundary layer has been chosen as 1.0% and 1.8% for the

BL-066-RRM-L and BL-066-RRM-M simulations, respectively. With the exception of

the streamwise velocity fluctuation in the high-speed boundary layer, all other sim-

ulation parameters have been kept constant.

A small change in the streamwise velocity fluctuation magnitude does not result in

a measurable difference in the mean flow statistics. Single plane and spanwise aver-

aged imagery of the primary flow structure are qualitatively similar in the presented

simulations. However, the small change in the inlet condition has a quantifiable ef-
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fect on the secondary, streamwise vortex structure. The measured changes are small

in the near-field of the mixing layer. In the transition and post-transition region, an

increase of the inlet fluctuation magnitude increases the strength of the individual

streamwise oriented vortex structures.

The small change in the inlet condition is also shown to affect the passive scalar

field. While the presented p.d.f.’s are all of the non-marching type, and show a sim-

ilar preferred concentration, the p.d.f.’s for BL-066-RRM-M show a higher value for

the probability density and more distinct peaks, compared to BL-066-RRM-L.

The simulations have shown that even very small changes in the inlet boundary layer

conditions have a quantifiable effect on the momentum and passive scalar fields.

For both simulations, large spanwise variations are observed and even a very small

increase in the inlet fluctuation magnitude leads to a further increase in the span-

wise variation. It has previously been suggested by Bell et al. [103] that the span-

wise variation of mixing layer data might lead to significant misinterpretations of

the results. The author agrees with Bell et al. [103] regarding the importance of ac-

counting for spanwise variations. Higher levels of inlet boundary layer fluctuation

magnitudes are investigated further in Chapter 6.

5.3 Velocity Ratio Effects

5.3.1 Introduction

In this section, the effect of changes of the inlet velocity ratio is investigated. To vary

the velocity ratio, the low-speed inlet velocity is changed while keeping the high-

speed inlet velocity constant. In the previous section, the -M inlet fluctuation mag-

nitude has shown better agreement with experimental data and has therefore been

chosen as the desired fluctuation magnitude for the hereafter presented simulations.

Data obtained in the BL-066-RRM-M simulation is compared against reference data

by Browand & Latigo [45].
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Simulation R U1 (m/s) U2 (m/s) θ1 (mm) θ2 (mm) u′
max/U1 (%)

BL-039-RRM-M 0.39 25.6 11.2 0.457 0.81 1.8
BL-052-RRM-M 0.52 25.6 8.0 0.457 0.81 1.8
BL-066-RRM-M 0.66 25.6 5.2 0.457 0.81 1.8

Table 5.5: Simulation parameters.

5.3.2 Simulation Setup

The presented simulations are summarised in Table 5.5. The high-speed velocity is

kept constant for all simulations, and the low-speed inlet velocity is altered to vary

the resulting velocity ratio, R. To isolate the effect of changing the velocity ratio, all

other simulation parameters are kept constant. The -M, 1.8%U1, inlet fluctuation

magnitude is shown in Figure 5.1c and is used for all hereafter presented simula-

tions.

5.3.3 Results

5.3.3.1 Velocity Statistics

The mean streamwise velocity profiles, recorded at x/θi = 1000, are shown in Fig-

ure 5.19a. The simulations show very good agreement with experimental data for

R = 0.66. Figure 5.19b shows the mean streamwise velocity fluctuation at x/θi =
1000. In the centre of the mixing layer, the simulations match the experimental data

for R = 0.66 closely. In the outer regions of the mixing layer, BL-066-RRM-M shows

some over-prediction of the fluctuation magnitude. The maximum streamwise ve-

locity fluctuation with downstream distance from the splitter plate is shown in Fig-

ure 5.19c. The trend of a peak with a subsequent relaxation to an asymptotic value

is similar for all the presented velocity ratios. The maximum value of the stream-

wise velocity fluctuation is captured well in the BL-066-RRM-M simulation, how-

ever, the peak is located slightly closer to the splitter plate than in the reference data.

The self-similar, asymptotic value of the maximum streamwise velocity fluctuation

is very similar in each simulation and in good agreement with the reference data.
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The mean flow statistics suggest that, for the imposed inlet conditions, the simula-

tions asymptote to a particular self-similar state.

Power spectral density plots of the streamwise velocity fluctuations recorded at x/θi =
44, are shown in Figure 5.20a. The power spectral density peaks are located at St ≈
0.044,0.045 and 0.0284 for BL-039-RRM-M, BL-052-RRM-M and BL-066-RRM-M, re-

spectively. Agreement with theoretical values of the Strouhal number is good for

BL-039-RRM-M and BL-066-RRM-M, while BL-052-RRM-M over-predicts the most

amplified Strouhal number slightly. At x/θi = 217, shown in Figure 5.20b, all three

simulations approach the −5/3 slope indicative of a fully developed turbulent flow.

Figure 5.21 shows the momentum thickness of the mixing layer for the presented

simulations together with experimental data of R = 0.66. The momentum thickness

of BL-066-RRM-M shows very good agreement with the experimental data, both in

the near-field and the far-field, self-similar region of the mixing layer. The presented

simulations achieve self-similarity at x/θi ≈ 350, a value which is constant for all

simulations. All simulations produce a momentum growth rate constant of km ≈
0.036 which is close to the reported value of km ≈ 0.0357 for R = 0.66 by Browand &

Latigo [45] and satisfies the linear relationship in Equation 2.6.

5.3.3.2 Flow Visualisation

Single plane passive scalar flow visualisation images, taken at mid-span, are shown

in Figure 5.22. The simulations show large scale vortex structures throughout the

entire streamwise domain extent. Close to the splitter plate trailing edge, a single

vortex sheet is visible. After the roll-up, the vortices grow and occupy the entire ver-

tical extent of the mixing layer in the self-similar, far-field region of the mixing layer.

Spanwise averaged passive scalar flow visualisation images are shown in Figure 5.23.

Individual large scalar structures identified in the single plane visualisations can eas-

ily be identified in the spanwise averaged planes. The relationship between R and

mixing layer growth is visually represented in the increasing size of the primary vor-

tices.
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Measurement station x/θi x∗
i (R = 0.39) x∗

i (R = 0.52) x∗
i (R = 0.66)

MS1 39 0.5 0.7 0.9
MS2 83 1.1 1.4 1.8
MS3 151 1.9 2.6 3.3
MS4 291 3.8 5.0 6.4
MS5 590 7.6 10.2 12.9
MS6 1180 15.2 20.3 25.8

Table 5.6: Measurement stations.

5.3.3.3 Streamwise Vortex Structure

As the simulations are based on different values of R, the local pairing parameter, x∗
i ,

at every measurement station is different for each simulation. Table 5.6 lists the mea-

surement stations in terms of their normalised downstream distance, x/θi , and the

local pairing parameter value. The data is normalised against U1 which is constant

for all simulations. The mean streamwise vorticity has been partially normalised by

U1.

Cross planes (y − z) data at measurement station 2 for BL-039-RRM-M are shown

in Figure 5.24. Small scale undulations are visible in the mean streamwise veloc-

ity and the mean passive scalar fields, shown in Figure 5.24. The mean secondary

shear stress and the mean streamwise vorticity shown in Figure 5.24c and 5.24d,

respectively, show an anti-correlation, evident at z/θi = 70, which is in agreement

with Wiecek et al. [55]. Three-tiered vorticity clustering is present in the streamwise

vorticity in Figure 5.24d. The cross-plane data for BL-052-RRM-M at measurement

station 2 is shown in Figure 5.25. Some wrinkling is present in the mean stream-

wise velocity and mean passive scalar contour plots. The secondary shear stress and

streamwise vorticity plots in Figure 5.25c and 5.25d are qualitatively similar to those

of BL-039-RRM-M. Two clusters of three-tiered streamwise vorticity are visible. The

wrinkling in the mean streamwise velocity and mean passive scalar concentration

maps for BL-066-RRM-M at MS2, shown in Figure 5.26a and 5.26b, is much more

pronounced than in the other two simulations. Particularly in the low speed inter-

face zones, several undulations of large amplitude are observable. The mean sec-

ondary shear stress plot in Figure 5.26c shows a large number of shear stress patches

with high intensities. Three-tiered clustering of mean streamwise vorticity, shown in
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Figure 5.26d, is also evident for BL-066-RRM-M.

Cross-plane data for BL-039-RRM-M at measurement station 4 are shown in Figure

5.27. The wrinkling of the mean streamwise velocity and the mean passive scalar

fields is stronger compared to those at MS2 in Figure 5.24. The secondary shear

stress and streamwise vorticity plots, shown in Figure 5.27c and 5.27d respectively,

show a single row of alternating sign banding. From the mean streamwise vortic-

ity plot, it is evident how an interface between positive to negative vorticity distorts

the velocity field in Figure 5.27a, and the passive scalar field in Figure 5.27b, towards

the low-speed stream. This can be observed at z/θi = 30 and 60. For a negative

to positive change in the streamwise vorticity, the momentum and passive scalar

fields are undulated towards the high-speed stream, examples of this are visible at

z/θi = 40,80 and 210. Undulations in the mean streamwise velocity and mean pas-

sive scalar concentration maps at measurement station 4 are also present for BL-

052-RRM-M, shown in Figure 5.28a and 5.28b. Single row banding of the secondary

shear stress and streamwise vorticity are also visible. Figure 5.29 shows the cross-

plane data for BL-066-RRM-M at MS4. Heavy wrinkling of the mean streamwise

velocity and mean passive scalar concentration fields is evident. The wrinkling in

BL-066-RRM-M at MS4 is stronger compared to the other velocity ratio values. In-

spection of the mean secondary shear stress in Figure 5.29c reveals a single row of

alternating sign shear stress with very high peak intensities. The mean streamwise

vorticity map in Figure 5.29d is reflective of the secondary shear stress map, how-

ever, the derivative nature of the streamwise vorticity maps makes their interpreta-

tion more challenging than the secondary shear stress data.

BL-039-RRM-M cross-plane data at measurement station 6 are shown in Figure 5.30.

The observed undulations of the mean streamwise velocity and the mean passive

scalar concentration fields suggest that the effect of the streamwise vortex structures

persists into the self-similar, far-field of the mixing layer. This is shown by the mean

secondary shear stress in Figure 5.30c which shows a single row type arrangement

of spatially stationary streamwise structures. Compared to the upstream measure-

ment stations the number of structures and their respective strength has decreased.

Comparison of the mean passive scalar concentration plot in Figure 5.30b and the

shear stress data in Figure 5.30c shows the spatially stationary streamwise structures

to occupy the entire visual thickness of the mixing layer. The cross-plane data for
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BL-052-RRM-M at measurement station 6, shown in Figure 5.31, shows the same

trends as those observed in BL-039-RRM-M. The secondary shear stress plots sug-

gest that fewer structures are present in BL-052-RRM-M than BL-039-RRM-M at the

same measurement station. BL-066-RRM-M cross-plane data at measurement sta-

tion 6 is shown in Figure 5.32. The magnitudes of the secondary shear stress, shown

in Figure 5.32c, are considerably higher than those observed for the other simula-

tions.

The centreline loci for all simulations are shown in Figure 5.33. Starting at mea-

surement station 3, all simulations show undulations in the centreline of the mix-

ing layer. The effect of the spatially stationary streamwise vortex structures on the

momentum field is evident. The similarity between the presented centrelines and

experimental streamwise velocity data, taken in the plane of the splitter plate by Bell

& Mehta [47] is striking.

Quantitative data about the number of streamwise vortices is computed by calcu-

lating the mean streamwise structure spacing, s, with downstream distance from

the splitter plate, shown in Figure 5.34a. As the secondary, streamwise oriented vor-

tex structures unwrap from three-tiered formations to a single row of alternate sign

vortices the streamwise structure spacing decreases. In the re-arrangement phase,

the simulations show slight differences in the absolute spacing value, but the over-

all trend is similar. With increasing distance, the simulations start to diverge and at

measurement station 6, located in the far-field, self-similar turbulent region of the

mixing layer, the three simulations show significantly different values for the stream-

wise structure spacing. The data suggests that in the self-similar region of the mixing

layer the spanwise spacing of the streamwise vortex structures is a function of the

velocity ratio parameter, R.

When comparing the streamwise structure spacing as a function of downstream dis-

tance, the difference in the mixing layer growth rate, a function of R, is not taken into

account. To isolate the effect of an increase in the growth rate with an increase in R,

the ratio of the spanwise wavelength of the streamwise vortex structures to the lo-

cal vorticity thickness is computed, shown in Figure 5.34b. After the re-organisation

of the streamwise vortices, the simulations asymptote to a value of approximately

unity, showing a linear relationship between the local vorticity thickness and the
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Case x∗
i Reδ λD (mm) ∆ave (mm)

BL-039-RRM-M 15.2 64243 0.260 0.464
BL-052-RRM-M 20.3 136073 0.182 0.553
BL-066-RRM-M 25.8 166810 0.183 0.619
Meyer et al. Case 1B [94] 14.8 34300 0.164 0.245
Meyer et al. Case 2B [94] 21.3 65400 0.117 0.245
Meyer et al. Case 3B [94] 28.1 103000 0.096 0.245

Table 5.7: Smallest length scale significant to passive scalar mixing, λD , and smallest
resolved passive scalar length scale inside the mixing layer, ∆ave , at measurement
station 6.

spanwise wavelength of the streamwise vortices. At measurement station 6, Λ/δω =
1.0, 0.97, and 1.02 for BL-039-RRM-M, BL-052-RRM-M and BL-066-RRM-M, respec-

tively. The obtained values lie in the range of recorded experimental data; Jimenez

[52] reported Λ/δω ≈ 1−1.25, Bernal & Roshko [54] obtained Λ/δω ≈ 0.8±0.14, and

Bell et al. [88] reported Λ/δω ≈ 1.28±0.21. The spanwise wavelength of the stream-

wise vortex structures to the local vorticity thickness shows that the spatially station-

ary, streamwise structures are dynamically similar and independent of R.

5.3.3.4 Passive Scalar Mixing

Table 5.7 shows the smallest passive scalar length scale significant to mixing and the

smallest resolved scalar length scale at measurement station 6. The ratio of∆ave /λD

is 1.8, 3.0 and 3.4 for R = 0.39,0.52 and 0.66, respectively. This indicating that passive

scalar mixing is well resolved in the simulations.

Passive scalar statistics of BL-039-RRM-M at measurement station 6 are shown in

Figure 5.35. For each simulation two p.d.f.’s taken at an entrainment maximum and

minimum are reported. The p.d.f.’s shown in Figure 5.35a and 5.35b are of the non-

marching type. The preferred concentration is ξ≈ 0.60 with a peak probability den-

sity value of P ≈ 2.6. The vertical extent of the mixing layer is similar at both span-

wise measurement stations. Figure 5.35c shows the local entrainment ratio and the

mixing layer centreline across the spanwise extent of the mixing layer. A clear anti-

correlation between the entrainment ratio and the centreline is evident. The en-
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trainment ratio ranges between Ev = 1.18 and 1.46 with a mean value of 〈Ev〉z = 1.37.

The mixed fluid probability, Pm , approaches unity, but is not equal to, in the centre

of the mixing layer, indicating that unmixed fluid is being entrained deep into the

mixing layer. The simulation captures the averaged mixed fluid concentration, ξm

extremely well.

Figure 5.36 shows the passive scalar statistics of BL-052-RRM-M at measurement

station 6. The presented p.d.f.’s are both of the non-marching type with a preferred

concentration of ξ ≈ 0.59 at both spanwise measurement locations. The peak vis-

ible in the p.d.f. in Figure 5.36b, is slightly more defined and has higher value for

the probability density. The entrainment ratio and centreline plots shown in Fig-

ure 5.36c are quantitatively similar to those of BL-039-RRM-M. An anti-correlation

is also observed and the entrainment ratio ranges between a minimum of Ev = 1.24

and a maximum of Ev = 1.37 with a spanwise averaged value of 〈Ev〉z = 1.35. The

mixed fluid statistics of BL-052-RRM-M agree well with the general shape of the ex-

perimental data, and as in the experiment, the peak value of Pm < 1.

The passive scalar statistics of BL-066-RRM-M are shown in Figure 5.36. The p.d.f.

taken at a spanwise plane between two vortices with a common downflow, shown

in Figure 5.36a, is broader than observed in the other simulations but is still of the

non-marching type. The preferred concentration is ξ≈ 0.58 and the peak probabil-

ity is ≈ 2.7. The p.d.f. shown in Figure 5.36b, taken at an entrainment ratio minima,

shows a very clearly defined peak surrounded by very low probability density values.

The preferred concentration is ξ ≈ 0.60. Figure 5.36c shows the entrainment ratio

and centreline at measurement station 6. The minimum and maximum values of

the entrainment ratio are Ev = 1.21 and Ev = 1.37, respectively with a mean value

of 〈Ev〉z = 1.32. The mixed fluid statistics, shown in Figure 5.36d, match those of

the reference data very well. The mixed fluid probability, Pm , data taken at the en-

trainment ratio minima matches the experimental data very well, both in shape and

magnitude. Good agreement is seen in the average mixed fluid composition, ξm ,

particularly in the low-speed side of the mixing layer where the characteristic peak

is captured very well.

Table 5.8 shows the maximum, minimum and spanwise averaged entrainment ra-

tios. Predicted entrainment ratio values by Dimotakis [56] (Equation 2.10) have been
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Simulation Ev,min Ev,max Ev,z Dimotakis [56]

BL-039-RRM-M 1.18 1.46 1.37 1.27
BL-052-RRM-M 1.24 1.37 1.35 1.35
BL-066-RRM-M 1.21 1.37 1.32 1.45

Table 5.8: Entrainment ratios at measurement station 6.

included. The Dimotakis [56] entrainment model is based on high Reynolds num-

ber mixing layer experiments by Konrad [50]. The values predicted by the Dimo-

takis model for R = 0.39 and 0.52 lie in the range of the entrainment ratio values

observed in the simulations. The maximum entrainment value for BL-066-RRM-M

is 6% smaller than predicted by Equation 2.10.

5.3.4 Summary

Three LES of varying velocity ratios of R = 0.39,0.52 and 0.66 have been performed.

The mean flow statistics show self-similarity to be obtained in all simulations. The

momentum growth rate of BL-066-RRM-M shows good agreement with reference

data and BL-039-RRM-M and BL-052-RRM-M follow the linear momentum growth

relationship. The simulations attain self-similarity at similar streamwise locations.

Streamwise oriented vortex structures are observed in all three simulations. The

streamwise structure spacing is shown to be dependent on the velocity ratio. When

the velocity ratio difference is taken into account, all three simulations asymptote

to a similar value of the ratio between the spanwise wavelength of the streamwise

structure and the local vorticity thickness. While the number of spatially stationary

streamwise vortices changes, the underlying flow dynamics of the spatially station-

ary streamwise vortex structures appear to remain unchanged with a change of R.

After normalisation, the passive scalar statistics for all simulations agree well with

comparable experimental data by Meyer et al. [94].
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Simulation θ1 (mm) θ2 (mm)

BL-039-RRM-L 0.45 0.81
BL-039-LBL-RRM-L 0.69 0.81

Table 5.9: Simulation inlet boundary layers.

5.4 Effects of High-Speed Boundary Layer Thickness

5.4.1 Introduction

In the previous parts of this chapter, the inlet boundary layer fluctuation magnitude

and the velocity ratio have been studied. In this last part, the inlet boundary layer

thickness is studied to complete the study of effects of small inlet condition changes

on the high Reynolds number mixing layer.

5.4.2 Simulation Setup

For this section the R = 0.39 velocity ratio and the -L inlet fluctuation magnitude are

chosen. The normalised inlet profile shown in Figure 5.1a is applied as the high-

speed inlet boundary condition for the BL-039-RRM-L simulation. For the large

boundary layer simulation, BL-039-LBL-RRM-L, the high-speed boundary layer is

≈ 50% larger than that of BL-039-RRM-L. Table 5.9 lists both simulations with their

respective inlet boundary layers. All other simulation parameters are kept constant.

The grid and sub-grid scale model remain unchanged. Experimental data for R =
0.66 has been included to guide as a reference rather than as a like-for-like compar-

ison.
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5.4.3 Results

5.4.3.1 Mean Flow Statistics

Mean streamwise velocity data at x/θi = 1000 is shown in Figure 5.38a. After normal-

isation, the agreement with reference data is good for both simulations indicating

that self-similarity is achieved in both. The spanwise averaged, mean streamwise

velocity fluctuations at x/θi = 1000 are shown in Figure 5.38b. The peak values and

shape of the curves are similar for both simulations. Figure 5.38c shows the peak

streamwise velocity fluctuation with downstream distance from the splitter plate.

Although the inlet fluctuation magnitude has not been changed, the peak fluctu-

ation magnitude is ≈ 19% lower in BL-039-LBL-RRM-L compared to BL-039-RRM-

L. Self similarity is obtained at x/θi ≈ 750 in both simulations which is within the

x/θi = 1000 criteria stipulated by experimental research [75]. The asymptotic final

state value is similar in both simulations and in is similar to that of the included

guidance data.

Figure 5.39 shows the momentum thickness for BL-039-RRM-L and BL-039-LBL-

RRM-L, normalised by the respective inlet momentum thickness. The higher bound-

ary layer thickness simulation rolls up further downstream and has a lower growth

rate than BL-039-RRM-L. The momentum growth rate constants are km = 0.036 and

km = 0.028 for BL-039-RRM-L and BL-039-LBL-RRM-L, respectively.

Streamwise velocity fluctuation spectra, recorded in the plane of the splitter plate

(y = 0), are shown in Figure 5.40. Linear stability theory, based on Equation 4.13,

suggests the most amplified disturbance to be St = 0.044. At x/θi = 44, shown in

Figure 5.40a, the peak Strouhal number of St = 0.044 for BL-039-RRM-L is in good

agreement with the theory. The power spectral density peak for BL-039-LBL-RRM-L

is at a slightly increased Strouhal number of St = 0.051 which is 15% higher than

predicted by Equation 4.13. At x/θi = 444, shown in Figure 5.40b, both simulations

are approaching the −5/3 slope, characteristic of fully developed turbulent flow.
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Measurement station x (m) x/θi x∗
i x/θi LBL x∗

i LBL

MS1 0.0180 40 0.52 3 0.03
MS2 0.0380 84 1.1 55 0.7
MS3 0.0690 153 2.0 100 1.3
MS4 0.1330 296 3.8 192 2.5
MS5 0.2695 598 7.8 391 5.1
MS6 0.5390 1198 15.6 781 10.2

Table 5.10: Measurement stations.

5.4.3.2 Streamwise Vortex Structure

The cross-planes (y − z) of the secondary shear stress, 〈u′w ′〉t , presented here, have

been normalised by the high speed inlet velocity, U1. Table 5.10 lists the measure-

ment stations in terms of non-dimensional distance from the splitter plate as well as

a function of the local pairing parameter, x∗
i = Rx/(30θi ).

Secondary shear stress cross-planes at measurement station 2 are shown in Figure

5.41. Three-tiered cluster formations of secondary shear stress are present in the BL-

039-RRM-L simulation while the delayed development in BL-039-LBL-RRM-L leads

to a secondary shear stress plot with very low magnitudes. At measurement station

3, shown in Figure 5.42, the BL-039-RRM-L simulation has started to unwrap into a

single row of alternating sign shear stress. Shear stress levels for BL-039-LBL-RRM-

L are still considerably lower. Measurement station 5 is shown in Figure 5.43. In

both simulations regularly spaced patches of secondary shear stress are present. At

the last measurement station, both simulations still show evidence of spatially sta-

tionary streamwise oriented vortices. The shear stress magnitude remains higher in

BL-039-RRM-L than BL-039-LBL-RRM-L.

The centreline loci for BL-039-RRM-L, shown in Figure 5.45a, shows a large num-

ber of undulations that decrease in number and increase in strength with increasing

downstream distance in agreement with previously presented results for different

values of R. The centreline loci for BL-039-LBL-RRM-L shown in Figure 5.45 are

quantitatively different to any previously reported centreline plots. The centreline

at MS2 shows two relatively large undulations at z/θi = 50 and 230. At MS3 more

wrinkling of the centreline is present, and the two undulations present at MS2 are
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amplified. MS4 follows this pattern as well, and the magnitude of the two large scale

undulations has increased even further. At the penultimate measurement station,

a larger number of undulations are present, and a spanwise wavelength is evident

but compared to the BL-039-RRM-L simulation their amplitudes are 40% smaller. At

measurement station 5 the centreline locus plot is similar to BL-039-RRM-L, but the

amplitude is still smaller.

The number of secondary structures can be evaluated using the streamwise struc-

ture spacing, s, shown in Figure 5.46a. If the inlet momentum thickness is accounted

for both simulations, show similar trends for the streamwise structure spacing. This

is also evident in the ratio of the spanwise wavelength of the streamwise vortices to

the local vorticity thickness, shown in Figure 5.46b. From Figure 5.46b it can be seen

that the streamwise structure spacing is dependent on the local vorticity thickness.

5.4.3.3 Passive Scalar Mixing

Probability density functions at measurement station 6 are shown in Figure 5.47 and

5.48 for BL-039-RRM-L and BL-039-LBL-RRM-L, respectively. The p.d.f.’s for both

simulations are of the non-marching type with a preferred concentration of ξ≈ 0.58

which is in good agreement with comparable experimental values [50]. Notable is

the higher probability density value of the preferred concentration for BL-039-RRM-

L compared to BL-039-LBL-RRM-L.

5.4.4 Summary

Two large eddy simulations with a varying high-speed inlet boundary layer momen-

tum thickness have been compared. BL-039-RRM-L uses a high-speed boundary

layer momentum thickness value reported by a comparable high Reynolds number

mixing experiment [45]. BL-039-LBL-RRM-L uses a high-speed inlet boundary layer

0.5 times larger than that in BL-039-RRM-L. All other simulation parameters have

been kept constant.
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The mean flow statistics are shown to be heavily influenced by the momentum thick-

ness in the near field and transition region of the mixing layer. An increase in the in-

let boundary layer thickness effectively delays the roll up of the mixing layer. In the

self-similar region of the mixing layer, the two simulations show very similar values

for the momentum growth rate and velocity profiles.

The delay in the development is also evident in the secondary, streamwise oriented

vortex structures which are present in both simulations. The streamwise structure

spacing is shown to grow at a similar rate between the two simulations. If the delayed

development is accounted for, the presented mixing layers are dynamically similar

in the far-field and asymptote to similar final states.

5.5 Conclusions

In this chapter the influence of small changes in the flow conditions on the simu-

lated mixing layer has been assessed. The small changes include small inlet fluctu-

ation changes, velocity ratio effects, and the effect of the high-speed boundary layer

thickness.

To study the effect of very small inlet fluctuation changes, simulations with high-

speed boundary layer inlet fluctuation magnitudes of 1% and 1.8% of the high-speed

inlet velocity have been compared. If the velocity ratio is accounted for in the nor-

malisation, the mean flow statistics are shown to be largely unaffected by this small

change in fluctuation magnitude. When perspective views are compared, slight dif-

ferences in the streamwise oriented vortex structures are apparent. Further investi-

gation reveals that even a very small change in the inlet fluctuation magnitude has

a measurable effect on the intensity of the secondary, streamwise vortex structure

which is shown to affect the momentum and the passive scalar fields. This finding is

supported by Plesnika et al. [104], and it is the first time that this has been observed

in numerical simulations.

The second part of this chapter is a parametrised study of the velocity ratio, R, by

varying the high-speed inlet velocity while keeping all other inlet conditions con-
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stant. In total three values of R are compared, R = 0.39,0.52 and 0.66. It is found

that changing R results in a change of the streamwise vortex structure spacing as a

result of the change in the vorticity thickness growth rate, which is a function of the

velocity ratio. It is shown that if the change in the vorticity growth rate is accounted

for, the streamwise vortex structure spacing for all R values asymptotes to a value of

Λ/δω ≈ 1.

In the final section of this chapter, a change in the high-speed inlet boundary layer

momentum thickness is studied. One simulation utilises a value of the high-speed

inlet boundary layer momentum thickness of θi = 0.45mm, based on the value re-

ported by the reference experiment [45]. The large boundary layer simulation, -LBL,

uses an increased boundary layer momentum thickness of θi = 0.69mm. It is shown

that an increase of the boundary layer momentum thickness leads to a delay in the

development of the mixing layer due to the increased streamwise distance of the roll

up location from the splitter plate trailing edge. The simulation with the larger inlet

boundary layer shows a reduced momentum growth rate compared to the reference

case. Passive scalar measurements are shown to be insensitive to the inlet boundary

layer momentum thickness.

Arguably, the most interesting of the inlet parameters investigated in this chapter

is the inlet boundary layer fluctuation magnitude. The presented simulations show

that even very small changes in the fluctuation level have a significant effect on the

streamwise vortex structure which is shown to persist into the self-similar, far-field

region of the mixing layer. This novel finding is in agreement with experimental re-

sults by Plesniak et al. [104]. Higher inlet boundary layer fluctuation magnitudes will

be investigated in the next chapter.
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5.6 Figures

(a) Mean streamwise velocity. (b) BL-066-RRM-L velocity fluctuations.

(c) BL-066-RRM-M velocity fluctuation.

Figure 5.1: High-speed stream inflow conditions for BL-066-RRM-L and BL-066-
RRM-M.
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(a) Mean streamwise velocity at z/θi = 1000. (b) Streamwise velocity fluctuation at z/θi =
1000.

(c) Maximum streamwise velocity fluctua-
tion.

Figure 5.2: Velocity statistics for BL-066-RRM-L and BL-066-RRM-M.

(a) BL-066-RRM-L. (b) BL-066-RRM-M.

Figure 5.3: Vertically shifted, power spectral density plots at x/θi = 44 and x/θi =
219.
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Figure 5.4: Local momentum thickness of the mixing layer.

(a) Single plane instantaneous passive scalar
concentration contour lines.

(b) Spanwise averaged instantaneous passive
scalar concentration contour lines.

Figure 5.5: Instantaneous flow visualisations for BL-066-RRM-L.

(a) Single plane instantaneous passive scalar
concentration contour lines.

(b) Spanwise average instantaneous passive
scalar concentration contour lines.

Figure 5.6: Instantaneous flow visualisations for BL-066-RRM-M.
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(a) Measurement station 3. (b) Measurement station 5.

Figure 5.7: Perspective views for BL-066-RRM-L at measurement station 3 and 5.

(a) Measuremnt station 3. (b) Measurement station 5.

Figure 5.8: Perspective views for BL-066-RRM-M at measurement station 3 and 5.
For legend refer to Figure 5.7a.

(a) BL-066-RRM-L. (b) BL-066-RRM-M.

Figure 5.9: Vertical structure size growth tracks.
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(a) MSA. (b) MS2.

(c) MS3. (d) MS4.

Figure 5.10: Streamwise vorticity y − z cross-planes for BL-066-RRM-L.

(a) MSA. (b) MS2.

(c) MS3. (d) MS4.

Figure 5.11: Streamwise vorticity y − z cross-planes for BL-066-RRM-M.
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(a) BL-066-RRM-L. (b) BL-066-RRM-M.

Figure 5.12: Centreline evolution at measurement stations 2 through 6.

(a) Streamwise structure spacing. (b) Ratio of spanwise wavelength of stream-
wise structure to local vorticity thickness.

Figure 5.13: Streamwise vortex structure evolution.

(a) BL-066-RRM-L MS3. (b) BL-066-RRM-M MS3.

(c) BL-066-RRM-L MS5. (d) BL-066-RRM-M MS5.

Figure 5.14: Entrainment ratio at measurement stations 3 and 5.
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Figure 5.15: Streamwise development of the entrainment ratio variation.
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(a) BL-066-RRM-L. (b) BL-066-RRM-M.

Figure 5.16: Mixed fluid statistics at measurement station 6.
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(a) z/θi = 106.

(b) z/θi = 348.

Figure 5.17: Probability density functions for BL-066-RRM-L at measurement station
6.
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(a) z/θi = 117.

(b) z/θi = 360.

Figure 5.18: Probability density functions for BL-066-RRM-M at measurement sta-
tion 6. For legend refer to Figure 5.17a.
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(a) Mean streamwise velocity at x/θi = 1000. (b) Streamwise velocity fluctuation at x/θi =
1000.

(c) Maximum streamwise velocity fluctua-
tion.

Figure 5.19: Mean flow statistics.

(a) x/θi = 44. (b) x/θi = 217.

Figure 5.20: Power spectra density plots at x/θi = 44 and x/θi = 217. For clarity,
spectra have been shifted along the vertical axis.

Figure 5.21: Local momentum thickness of the mixing layer.
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(a) BL-039-RRM-M. (b) BL-052-RRM-M.

(c) BL-066-RRM-M.

Figure 5.22: Single plane, passive scalar flow visualisations.

(a) BL-039-RRM-M. (b) BL-052-RRM-M.

(c) BL-066-RRM-M.

Figure 5.23: Spanwise averaged, passive scalar flow visualisations.
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(a) Mean streamwise velocity. (b) Mean passive scalar concentration.

(c) Mean secondary shear stress. (d) Mean streamwise vorticity.

Figure 5.24: Cross-plane maps at measurement station 2 for BL-039-RRM-M.

(a) Mean streamwise velocity. (b) Mean passive scalar concentration.

(c) Mean secondary shear stress. (d) Mean streamwise velocity.

Figure 5.25: Cross-plane maps at measurement station 2 for BL-052-RRM-M.
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(a) Mean streamwise velocity. (b) Mean passive scalar concentration.

(c) Mean secondary shear stress. (d) Mean streamwise velocity.

Figure 5.26: Cross-plane maps at measurement station 2 for BL-066-RRM-M.

(a) Mean streamwise velocity. (b) Mean passive scalar concentration.

(c) Mean secondary shear stress. (d) Mean streamwise velocity.

Figure 5.27: Cross-plane maps at measurement station 4 for BL-039-RRM-M.
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(a) Mean streamwise velocity. (b) Mean passive scalar concentration.

(c) Mean secondary shear stress. (d) Mean streamwise velocity.

Figure 5.28: Cross-plane maps at measurement station 4 for BL-052-RRM-M.

(a) Mean streamwise velocity. (b) Mean passive scalar concentration.

(c) Mean secondary shear stress. (d) Mean streamwise velocity.

Figure 5.29: Cross-plane maps at measurement station 4 for BL-066-RRM-M.
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(a) Mean streamwise velocity. (b) Mean passive scalar concentration.

(c) Mean secondary shear stress. (d) Mean streamwise velocity.

Figure 5.30: Cross-plane maps at measurement station 6 for BL-039-RRM-M.

(a) Mean streamwise velocity. (b) Mean passive scalar concentration.

(c) Mean secondary shear stress. (d) Mean streamwise velocity.

Figure 5.31: Cross-plane maps at measurement station 6 for BL-052-RRM-M.
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(a) Mean streamwise velocity. (b) Mean passive scalar concentration.

(c) Mean secondary shear stress. (d) Mean streamwise velocity.

Figure 5.32: Cross-plane maps at measurement station 6 for BL-066-RRM-M.

(a) BL-039-RRM-M. (b) BL-052-RRM-M.

(c) BL-066-RRM-M.

Figure 5.33: Centreline evolution at measurement stations 1 through 6.
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(a) Streamwise structure spacing. (b) Ratio of spanwise wavelength of stream-
wise structure to local vorticity thickness.

Figure 5.34: Streamwise vortex structure evolution.

(a) BL-066-RRM-L, z/θi = 170. (b) BL-066-RRM-L, z/θi = 211.

(c) Entrainment ratio and centreline lo-
cus.

(d) Mixed fluid statistics.

Figure 5.35: Passive scalar statistics of BL-039-RRM-M at measurement station 6.
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(a) BL-066-RRM-L, z/θi = 92. (b) BL-066-RRM-L, z/θi = 148.

(c) Entrainment ratio and centreline lo-
cus.

(d) Mixed fluid statistics.

Figure 5.36: Passive scalar statistics of BL-052-RRM-M at measurement station 6.

(a) BL-066-RRM-L, z/θi = 116. (b) BL-066-RRM-L, z/θi = 197.

(c) Entrainment ratio and centreline lo-
cus.

(d) Mixed fluid statistics.

Figure 5.37: Passive scalar statistics of BL-066-RRM-M at measurement station 6.
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(a) Mean streamwise velocity at x/θi = 1000. (b) Streamwise velocity fluctuation at x/θi =
1000.

(c) Maximum streamwise velocity fluctua-
tion.

Figure 5.38: Mean flow statistics.

Figure 5.39: Local momentum thickness of the mixing layer.

(a) x/θi = 44 (b) x/θi = 444

Figure 5.40: Vertically shifted, power spectral density plots at x/θi = 44 and x/θi =
444.
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(a) BL-039-RRM-L. (b) BL-039-LBL-RRM-M.

Figure 5.41: Secondary shear stress contour maps at measurement station 2.
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(a) BL-039-RRM-L. (b) BL-039-LBL-RRM-M.

Figure 5.42: Secondary shear stress contour maps at measurement station 3.

(a) BL-039-RRM-L. (b) BL-039-LBL-RRM-M.

Figure 5.43: Secondary shear stress contour maps at measurement station 5.

(a) BL-039-RRM-L. (b) BL-039-LBL-RRM-M.

Figure 5.44: Secondary shear stress contour maps at measurement station 6.

(a) BL-039-RRM-L. (b) BL-039-LBL-RRM-L.

Figure 5.45: Centreline evolution at measurement stations 2 through 6.
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(a) Streamwise structure spacing. (b) Ratio of spanwise wavelength of stream-
wise structure to local vorticity thickness.

Figure 5.46: Streamwise vortex structure evolution.
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(a) BL-039-RRM-L, z/θi = 80.

(b) BL-039-RRM-L, z/θi = 220.

Figure 5.47: Probability density functions at measurement station 6.

158



Chapter 5. 5.6. Figures

(a) BL-039-LBL-RRM-L, z/θi = 30.

(b) BL-039-LBLs-RRM-L, z/θi = 55.

Figure 5.48: Probability density functions at measurement station 6.
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Chapter 6
Elevated Inflow Fluctuation Magnitude

Effects

6.1 Inlet Fluctuation Magnitude Effects

6.1.1 Introduction

The previous chapters have investigated a number of inlet parameters such as spa-

tial correlation, and small changes in the boundary layer fluctuation magnitudes, as

well as boundary layer momentum thickness. During those numerical experiments,

the inlet boundary layer fluctuation magnitude was singled out for further investi-

gation.

In this chapter, the effect of large boundary layer fluctuation magnitude changes is

studied using large eddy simulations based on spatially correlated inlet fluctuations.

Three numerical simulations with varying high-speed inlet boundary layer fluctua-

tion magnitudes ranging from 2% to 10% u′
max/U1 where U1 is the high-speed inlet

velocity.
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Case High-speed fluctuations Low-speed fluctuations

BL-066-RRM-M Fig. 6.1b Fig. 6.1b
BL-066-RRM-H Fig. 6.1c Fig. 6.1b
BL-066-RRM-VH Fig. 6.1d Fig. 6.1b

Table 6.1: Simulation cases and inlet boundary layer fluctuation profiles.

6.1.2 Simulation Setup

The computational domain, grid and sub-grid scale model remain unchanged com-

pared to Section 4.2.3. Three levels of inlet boundary layer fluctuations are com-

pared. The different fluctuation levels are designated with the suffixes -M, -H and -

VH, corresponding to maximum streamwise inlet fluctuation magnitude of 2%,6.5%

and 10% of U1, respectively. An overview of the simulation cases and their respec-

tive inlet boundary layer fluctuation magnitude profiles is given in Table 6.1. For a

selected number of results the -L fluctuation intensity has been included for com-

pleteness. A complete presentation of results based on the -L dataset is found in

Chapter 4.2.

The mean streamwise velocity profile specified at the inlet plane of the auxiliary up-

stream domain is shown in Figure 6.1a. A similar Blasius type inlet profile is im-

posed on the low-speed inlet plane. The inlet profiles are kept constant while the

inlet boundary layer fluctuation magnitudes are varied. The inlet boundary layer

momentum thickness is kept constant for all simulations.

The time step is chosen as ∆t = 6× 10−7, and the CFL number is kept below 0.35

for the entire duration of all simulations. Cross-plane (y − z) and flow visualisation

data are recorded every 500 time steps which corresponds to a sampling frequency

of 3.33kHz. Mean flow data has been computed from a minimum of 1000000 it-

erations equating to approximately 15 flow through times based on the convective

velocity, Uc = 0.5(U1 +U2) where U1 and U2 are the high- and low-speed inlet veloc-

ities, respectively. Cross-plane data is ensemble averaged from a minimum of 1200

instantaneous planes. The measurement stations are listed in Table 6.2.
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Station x (m) x/θi x∗
i

MS1 0.0180 40 0.88
MS2 0.0380 83 1.86
MS3 0.0690 151 3.37
MS4 0.1330 291 6.50
MS5 0.2695 590 13.17
MS6 0.5390 1180 26.35

Table 6.2: Measurement stations.

6.1.3 Results

6.1.3.1 Mean Flow Statistics

The mean streamwise velocity at x/θi = 1000 is shown in Figure 6.2a. All simula-

tions show self-similarity and agreement with reference data is very good. Mean

streamwise velocity fluctuation magnitudes at x/θi = 1000 are shown in Figure 6.2b.

The predicted peak intensity is close to that of the reference data for all simulations.

In the interface regions, the BL-066-RRM-M over-predicts the streamwise velocity

fluctuation magnitude slightly. This over-prediction of the peak streamwise velocity

fluctuation is commonly observed in LES of spatially evolving mixing layers [21].

Figure 6.2c shows the peak streamwise velocity fluctuation with downstream dis-

tance from the splitter plate trailing edge. BL-066-RRM-M shows best agreement

with the reference data, both for the peak magnitude as well as the streamwise loca-

tion of the peak. An increase in the inlet fluctuation level to the level of BL-066-RRM-

H moves the peak fluctuation upstream to close proximity with the splitter plate but

does not alter the peak magnitude. A further increase in the inlet fluctuation magni-

tude changes the shape noticeably. In the far-field, self-similar region of the mixing

layer, all three simulations show very similar values for the fluctuation magnitude

and capture the reference value well.

Power spectral density plots at two streamwise locations are shown in Figure 6.3.

At x/θi = 44, shown in Figure 6.3a, only BL-066-RRM-M shows a clear peak of the

Strouhal number. This peak is located at St ≈ 0.0284 which is close to the predicted
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Case ko

BL-066-RRM-M 0.0358
BL-066-RRM-H 0.0305
BL-066-RRM-VH 0.0307
Browand & Latigo (lam.) [45] 0.0342
Browand & Latigo (turb.) [45] 0.0301

Table 6.3: Momentum thickness growth rates.

theoretical Strouhal number of St = 0.0257. BL-066-RRM-H and BL-066-RRM-VH

are approaching the −5/3 slope indicative of turbulent flow. Power spectral density

plots at x/θi = 219 are shown in Figure 6.3b. All simulations show a −5/3 slope,

indicative of a fully developed turbulent mixing layer.

The momentum thickness distribution from each simulation is shown in Figure 6.4.

BL-066-RRM-M capture the experimental momentum growth well in the pre- and

post-transition of the mixing layer. BL-066-RRM-H matches BL-066-RRM-M closely

in the near field but starts to diverge at x/θi ≈ 500, producing a lower growth rate in

the self-similar region. BL-066-RRM-VH grows at an almost constant rate, match-

ing the growth rate of BL-066-RRM-H in the far field. Table 6.3 lists the momentum

growth rates. For a laminar inlet boundary layer with a peak streamwise fluctuation

magnitude of 2.5% U1, the experiment reported a momentum growth rate constant

of ko = 0.0342. The peak inlet fluctuation magnitude of 2% in BL-066-RRM-M is

slightly lower than that of the experiment. However, the growth rate constant is pre-

dicted well at ko = 0.0358 which is only 4% higher than the reference value. The

higher fluctuation simulations produce growth rate constant values of ko = 0.0305

and ko = 0.0307. These values are very close to the reference growth rate value of

ko = 0.0301 for a mixing layer developing from tripped inlet conditions [45].

While the mean streamwise velocity and mean streamwise velocity fluctuations are

similar for all simulations, differences in the spectral density plots and momentum

growth rates are observed. Mixing layer growth has been shown to be driven by the

large scale primary vortices that make up the post-transition mixing layer. These

vortices are analysed in detail in the next section.
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6.1.3.2 Flow Structure

Figure 6.5 shows instantaneous spanwise averaged, and instantaneous single plane,

passive scalar flow visualisations for BL-066-RRM-M. Large-scale structures are iden-

tifiable throughout the entire streamwise domain extent, and the large scale struc-

tures can easily be identified in the single plane flow visualisation, suggesting a high

degree of spanwise regularity. Flow visualisations for BL-066-RRM-H are shown in

Figure 6.6. Large scale vortices are visible in the pre- and post-transition of the mix-

ing layer for the spanwise averaged and single plane visualisations. BL-066-RRM-VH

passive scalar flow visualisations are shown in Figure 6.7. The main difference com-

pared to the other simulations is seen in the vortex sheet which starts to develop

from the trailing edge of the splitter plate. In the transition and post-transition re-

gion, the flow visualisations are qualitatively similar to those of the other simula-

tions.

The underlying 3-D structures are investigated with perspective views in the transi-

tion and post-transition region of the mixing layer. Perspective views at measure-

ment station 3 for BL-066-RRM-M, BL-066-RRM-H and BL-066-RRM-VH are shown

in Figure 6.8. The upper and lower bounds of the mixing layer are defined by the

passive scalar concentrations of ξ= 0.01 and 0.99. The perspective view for BL-066-

RRM-M is qualitatively different to those for BL-066-RRM-H and BL-066-RRM-VH.

The primary vortices in BL-066-RRM-M are very regular the spanwise direction. Pri-

mary vortex structures and the braid regions separating them are easily discerned.

In BL-066-RRM-H, shown in Figure 6.8b, the primary vortices show less spanwise

regularity and local branching between the primary vortices is observed. Figure 6.8c

shows the perspective view for BL-066-RRM-VH at MS3. The mixing layer is qual-

itatively similar to the one in BL-066-RRM-H but is more irregular still. The local

branching observed in the BL-066-RRM-H, and BL-066-RRM-VH simulations has

previously been observed in experiments [44], temporal [68] and spatial simulations

based on idealised inlet conditions [21, 105, 65].

The perspective view for BL-066-RRM-M at MS4 is shown in Figure 6.9a. Most of

the primary vortices are spanwise coherent. However, some local branching and

tearing interactions are observed. The perspective views of BL-066-RRM-H and BL-

066-RRM-VH are shown in Figure6.9b and 6.9c, respectively. In both simulations
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localised branching between the primary vortices is visible. The very high inlet fluc-

tuations magnitudes in BL-066-RRM-VH produce primary vortices with a highly ir-

regular iso-surface.

6.1.3.3 Streamwise Vortex Structure

To study the state of the boundary layers before it enters the main computational

domain, data at an additional measurement station A (MSA), is recorded. This addi-

tional measurement station lies 26θi upstream of the splitter plate trailing edge.

The mean streamwise vorticity planes at MSA are shown in Figure 6.10. Spatially sta-

tionary, streamwise vortices are present in all simulations. The spanwise wavelength

and vertical size of the streamwise vortex structures decreases with an increase in the

inlet fluctuation magnitude. The cause of this is that the recycling-rescaling method

rescales the flow in the pre-cursor domain to match a desired spanwise averaged

magnitude but the spatial evolution of the inlet fluctuations evolves ‘naturally’. This

evolution appears to produce few and stronger vorticity clusters for low inlet fluc-

tuation magnitudes and a large number of weaker vorticity clusters for high inlet

fluctuation magnitudes.

The mean streamwise vorticity data at measurement station 2 are shown in Fig-

ure 6.11. Three-tiered vorticity clustering is present in BL-066-RRM-M and BL-066-

RRM-H while the mean streamwise vorticity in BL-066-RRM-VH is qualitatively sim-

ilar to that observed in the idealised simulations in Chapter 4.2. Cross examination

of the vorticity shows that the vorticity clusters at MS2 have remained spatially sta-

tionary and can be directly linked to those observed at MSA, upstream of the splitter

plate trailing edge.

Figure 6.12 shows the mean streamwise vorticity at measurement station 3. In BL-

066-RRM-M and BL-066-RRM-H the vorticity has re-arranged itself from three-tiered

clustering into a single row of counter rotating vortices. This re-arrangement has

been observed in experiments [88] and temporally and spatially correlated numer-

ical simulations [21]. When BL-066-RRM-M and BL-066-RRM-H are compared, it

can be seen that the streamwise vortices in BL-066-RRM-H are much less clear than
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those in BL-066-RRM-M. The mean streamwise vorticity levels for BL-066-RRM-VH

are irregularly distributed and most of the vorticity appears to have been dissipated.

Mean secondary shear stress cross-plane maps at measurement station 5 are shown

in Figure 6.13. The non-derivative nature of the mean secondary shear stress data

makes it easier to identify spatially stationary streamwise vortices than in the dif-

ferentiated mean streamwise vorticity data [88]. This allows for the identification of

spatially stationary streamwise vortices in the post-transition region. Experimental

studies have shown an anti-correlation between the secondary shear stress and the

streamwise vorticity [88]. The mean secondary shear for BL-066-RRM-M is shown in

Figure 6.13a. From the mean secondary shear stress clusters visible it is evident that

the spatially stationary streamwise vortices continue to be important even in the far-

field region of the mixing layer. A lack of clearly distinguishable clustering at MS3 in

Figure 6.13b, shows that BL-066-RRM-H produces weakened stationary streamwise

vortices in the pre-transition flow, which may, or may not, disappear in the far-field.

For the mean secondary shear stress in BL-066-RRM-VH, shown in Figure 6.13c it is

not possible to identify individual spatially stationary streamwise vortices.

From the cross-planes, it is clear that BL-066-RRM-M and BL-066-RRM-H produce

spatially stationary streamwise vortices. However, it is unclear if a spatially station-

ary streamwise vortex structure exists in BL-066-RRM-VH. Quantitative evidence

about the secondary structures is obtained from centreline loci plots, shown in Fig-

ure 6.14. This approach has also been used in experiments [88] and numerical sim-

ulations [21] to establish the presence and quantify the effects of spatially stationary

streamwise vortices. Undulations of the centreline loci are visible at measurement

stations 2 to 4 for BL-066-RRM-M and BL-066-RRM-H, shown in Figure 6.14a and

6.14b. These undulations indicate the presence of spatially stationary streamwise

vortices. In contrast, the mixing layer centreline locus for BL-066-RRM-VH shows

no undulations and is statistically two-dimensional. The mean streamwise vortic-

ity and mean secondary shear stress planes, as well as the mixing layer centreline

loci data, suggest that spatially stationary streamwise vortices are present in BL-066-

RRM-M and BL-066-RRM-H. In the highest fluctuation case, it is unclear if spatially

stationary streamwise vortex structures develop.

To study the effect of the inlet fluctuation magnitude on the spanwise wavelength,
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the streamwise vortex structure spacing against the pairing parameter, x∗
i , is plot-

ted in Figure 6.15. The streamwise vortex spacing is calculated by measuring the

mean spacing between spatially stationary streamwise vortices in the mean sec-

ondary shear stress cross-plane data. Data by BL-066-RRM-VH is excluded as it is

not possible to identify any spatially stationary streamwise vortex structures in the

cross-plane data. The included reference data by Bell & Mehta [88] and Plesniak et

al. [104] were recorded in the same experimental facility. From the graph, it is im-

mediately evident that the increase of the inlet fluctuation magnitude leads to a re-

duced number of spatially stationary streamwise vortices and therefore an increase

in the streamwise vortex structure spacing, s. The simulations reproduce the trend

observed in the reference data of a spacing decrease with a subsequent spacing in-

crease. The streamwise vortex spacing observed in BL-066-RRM-H is very similar to

the data reported by Bell & Mehta [88].

From the presented data it is concluded that the effects of an increase of the inlet

fluctuation level on the mixing layer are two-fold. In the near-field of the mixing

layer, an increase of the fluctuation magnitude leads to an increase in the number of

spatially stationary streamwise vortices and a reduced streamwise vortex size. Dur-

ing the first and second pairing events and the resulting streamwise vorticity rear-

rangement, the trend reverses, however. In the post-transition region of the mixing

layer a higher inlet fluctuation level results in fewer spatially streamwise vortices.

6.1.3.4 Primary Structure Growth

The vertical size of a structure is defined as the vertical distance between the 〈ξ〉z =
0.01 and 〈ξ〉z = 0.99 concentration analogues in a vertical plane of the structure’s

centre of rotation. This type of analysis has been used in comparable numerical

studies [21] as well as experimental studies of turbulent mixing layers [11]. In this

study, the growth of individual primary vortices is studied by tracking the vertical

size from their first appearance up until an interaction event with a neighbouring

structure.

The primary structure growth tracks for BL-066-RRM-M are shown in Figure 6.16.

Experimental studies have suggested that structures which grow continuously through
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irrotational roll-up [98] or turbulent diffusion [99] do so with the square root of time

[21]. This is shown to be true for the primary structures tracked in BL-066-RRM-M

which grow at a high rate before their growth slows down and they start to interact

with neighbouring structures. This square root of time growth is observed in the

pre- and post-transition of the mixing layer. Similar observations have been made

in other numerical simulations based on low level, physically correlated inlet fluctu-

ations [21].

Structure growth tracks for BL-066-RRM-H are shown in Figure 6.17. Some of the

tracked structures grow as the square root of time and others grow continuously and

linearly. Continuous linear growth has been observed in experiments by D’Ovidio &

Coats [11], in white noise type LES of a spatially evolving mixing layer by McMullan

et al. [18] and in the idealised simulations in Chapter 4.2. The weakened streamwise

vortices make some primary vortex structures grow as the square root of time in the

near-field region, while the primary structure growth is largely of the continuous

linear type in the far-field region.

The primary structure tracks for BL-066-RRM-VH are shown in Figure 6.18. As the

fluctuation level is increased even further, the growth mechanism is exclusively of

the continuous linear type. One of the commonalities between the idealised sim-

ulations by McMullan et al. [18], the idealised simulations in Chapter 4.2 and the

presented very high-level fluctuation recycling-rescaling simulations is the lack of a

spatially stationary streamwise vortex structure. The link between the spatially sta-

tionary streamwise vortices and primary structure growth is discussed in detail later

in this chapter.

6.1.3.5 Passive Scalar Mixing

Instantaneous passive scalar planes for BL-066-RRM-M at measurement station 5

are shown in Figure 6.19. In the downstream braid, shown in Figure 6.19a, large

undulations are visible such as the ones at z/θi = 160 and 220. These ‘mushroom’

shaped undulations have been linked to spatially stationary streamwise vortex struc-

tures [64]. In the core of the structure, shown in Figure 6.19b, the mixing layer is

made up of two interface zones and the structure core. Unmixed high speed and
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low speed fluid can be seen as light and dark patches, respectively, near the inter-

face zones. These patches of unmixed fluid, close to the opposing free stream, are

evidence of the engulfment entrainment mechanism. The undulations observed in

the downstream braid, depicted in Figure 6.19a, are visible in the low and high speed

interface zones, particularly the one highlighted previously, at z/θi ≈ 160. After the

structure passage, the mixing layer returns to a single interface zone, shown in Figure

6.19.

A primary structure passage for BL-066-RRM-H at measurement station 5 is visu-

alised in Figure 6.20. In the downstream braid, shown in Figure 6.20a, five large un-

dulations are visible. Cross-examination with Figure 6.13b shows how positive shear

stress patches entrain low speed fluid into the high speed side, seen in the instan-

taneous plot as dark tongues of fluid reaching into the high-speed side. Similarly,

negative clusters of secondary shear stress in Figure 6.13b, entrain high-speed fluid

into the low-speed side of the mixing layer. The cross-plane taken in the core of

the structure shows less spanwise coherence than that for BL-066-RRM-M. In Figure

6.20c the mixing layer has returned to a single interface zone. The undulations at

z/θi ≈ 100 and 200 have remained spatially stationary.

The instantaneous passive scalar cross-planes for BL-066-RRM-VH are shown in Fig-

ure 6.21. Unlike the other two simulations, there is no qualitative difference between

the braid and core plots. At any of the three depicted time instances, single interface

zones and vortex cores are visible. Large undulations of the interface zones are visi-

ble, but they do not appear to be spatially stationary and can not be tracked through

the time series.

The presented instantaneous passive scalar plots give qualitative, but no quantita-

tive, evidence of the entrainment mechanism of the mixing layer. One quantitative

measure of the entrainment behaviour is the spanwise averaged passive scalar con-

centration inside a typical primary structure core, shown in Figure 6.22. The differ-

ence in the passive scalar concentration lines is striking. The passive scalar concen-

tration measurement in BL-066-RRM-M shows a reversal in the centre of the mixing

layer. As the inlet fluctuation magnitude increases this phenomenon reduces and

for BL-066-RRM-VH the passive scalar concentration distribution is quantitatively

similar to that of BL-066-WN-L shown in Figure 4.58b. Similar passive scalar con-
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Simulation Ev,min Ev,max Ev,z

BL-066-RRM-M 1.21 1.38 1.28
BL-066-RRM-H 1.24 1.40 1.32
BL-066-RRM-VH 1.24 1.43 1.34

Table 6.4: Entrainment ratios at measurement station 6.

centrations plots have been reported in a simulation using white noise type inlet

conditions by McMullan et al. [18].

The entrainment ratio and centreline loci at measurement station 4 are shown in

Figure 6.23. In the interest of comparison, the vertical axis extents have been kept

constant. The entrainment ratio and centreline locus in BL-066-RRM-M, shown in

Figure 6.23a, are heavily undulated. The reduced number and strength of the spa-

tially stationary streamwise vortices in BL-066-RRM-H and BL-066-RRM-VH lead to

fewer and weaker undulations of the entrainment ratio and mixing layer centreline

loci.

Figure 6.24 shows the entrainment ratio and centreline loci at measurement station

6. In the far-field region of the mixing layer, the entrainment ratio and centreline

loci plots for the varying fluctuation levels are very similar. It has been suggested in

experiments that the effect of the spatially stationary streamwise vortex structures

is greatest in the near-field and the number and strength of the streamwise vortices

decrease with streamwise distance [104]. In light of the shown differences in the

spatially stationary streamwise structures in the simulations, this is a possible ex-

planation for the large differences observed in the near-field and observed similarity

in the post-transition region. Table 6.4 lists the maximum, minimum and spanwise

averaged entrainment ratio values for the presented simulations at MS6. For the ve-

locity ratio of R = 0.66 the Dimotakis entrainment model (Equation 2.10) predicts

an entrainment ratio value of Ev = 1.45. This predicted value is slightly higher than

observed in the simulations.

The standard deviation of the entrainment ratio as a function of downstream dis-

tance is shown in Figure 6.25. For BL-066-RRM-M the spanwise variation of the

entrainment ratio peaks downstream of the roll up before decreasing and asymp-

toting to a value of ≈ 4%. As the inlet fluctuation magnitude increases the peak vari-
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Simulation Ev,max Ev,min

BL-066-RRM-M 117 364
BL-066-RRM-H 253 340
BL-066-RRM-VH 350 30

Table 6.5: Chosen spanwise locations for mixed fluid statistics.

ation decreases to ≈ 5% for BL-066-RRM-H. In the self-similar region, the value of

the standard deviation of the entrainment ratio is similar to that of BL-066-RRM-M.

The highest fluctuation magnitude tested produces no peak in the entrainment ratio

and shows a slow increase in the variation until it asymptotes to an almost identical

value as the other performed simulations.

For each simulation, mixed fluid statistics at two spanwise locations are reported.

The spanwise locations have been chosen to correspond to an entrainment maxi-

mum and minimum. Table 6.5 lists the spanwise locations. The mixed fluid prob-

ability, Pm , and the average mixed fluid concentration, ξm , for BL-066-RRM-M at

measurement station 6 are shown in Figure 6.26a. Experimental data by Meyer et al.

[94], recorded at R = 0.60, x∗
i = 28.1, Reδ = 103000 is included for guidance purposes

rather than a like-for-like comparison. In the engulfment entrainment mechanism

unmixed fluid is entrained deep into the mixing layer, past the centreline produc-

ing a non-unity value for the mixed fluid probability at any vertical location. A peak

value of Pm = 0.989 for BL-066-RRM-M in the centre of the mixing layer indicates

that unmixed fluid can be found in the centre of the mixing layer, which suggests

engulfment to be the dominating entrainment mechanism. Agreement with exper-

imental data is also excellent in both interface zones, particularly for the peak en-

trainment measurement taken at z/θi = 117. The average mixed fluid concentration,

ξm , for BL-066-RRM-M shows a local concentration peak in the low-speed side of the

mixing layer indicating the presence of unmixed high-speed fluid in the low-speed

interface zone.

The Pm curve for BL-066-RRM-H at MS6 is shown in Figure 6.26b. The curve is

much broader compared to BL-066-RRM-M. Of interest is the unity peak value of

Pm , meaning that unmixed fluid does not penetrate far into the mixing layer core.

The spanwise variation of Pm is also reduced compared to BL-066-RRM-M. The av-
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eraged mixed fluid concentration shows no increase in high-speed fluid in the low-

speed side of the mixing layer as observed in BL-066-RRM-M and the curves for both

spanwise measurements are similar. This is a confirmation of the low spanwise vari-

ation seen in previous passive scalar measurements and suggests that no or only

very weak spatially stationary streamwise vortex structures are present at MS6.

The mixed fluid data for BL-066-RRM-VH are shown in Figure 6.26c. The spanwise

variation is minimal, and the mixed fluid probability is very broad compared to the

other simulations. As with BL-066-RRM-H, the maximum Pm value is unity. The

average mixed fluid concentration shows almost no spanwise variation and does not

show an increase in the high-speed concentration in the low-speed interface zone.

The broadening of the Pm curve that is seen with an increase in the inlet boundary

layer fluctuation magnitude has previously been observed in an experimental study

by tripping the high-speed boundary layer [86].

Figure 6.27 shows the probability density functions (p.d.f.’s) for BL-066-RRM-M at

measurement station 6. The spanwise locations at which the p.d.f.’s have been ob-

tained are listed in Table 6.5. Both p.d.f.’s are of the non-marching type. Experimen-

tal studies of mixing layers originating from laminar inlet conditions have reported

predominantly non-marching p.d.f.’s [50, 60, 86]. The preferred concentration of 0.6

is very close to the value of ξ= 0.6 obtained in comparable experimental studies [50].

The p.d.f.’s for BL-066-RRM-H are shown in Figure 6.28. The p.d.f.’s at both spanwise

locations are now of the marching type. Marching type p.d.f.’s have been reported

by Batt [62]. However, at z/θi = 340 there is a slight increase in the probability den-

sity value close to the high-speed inlet. With this local peak in the high-speed side

the p.d.f.’s could be classed as hybrid. Hybrid type p.d.f.’s have been reported in ex-

periments where one inlet stream was tripped [60]. The p.d.f.’s for BL-066-RRM-VH

are shown in Figure 6.29. The p.d.f.’s at both spanwise locations are of the marching

type.
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6.1.4 Summary

The effect of the high-speed inlet boundary layer fluctuation magnitude has been in-

vestigated by performing large eddy simulations with a velocity ratio of R = 0.66 and

varying inlet fluctuation magnitudes of 1.0% (-L), 2.0% (-M), 6.5% (-H) and 10.0%

(-VH). All other simulation parameters have been kept constant.

It has been found that an increase in the inlet boundary layer fluctuation magni-

tude has strong effects on the spatially stationary streamwise vortex structure. An

increase of the fluctuation level leads to decrease of the size of the streamwise vor-

tices at the inlet plane of the domain. The lowest level fluctuation simulation shows

the highest number of spatially stationary streamwise vortices. This number is re-

duced for the medium fluctuation level simulation and reduced further for the high

fluctuation level simulation. The ‘very high’ level fluctuation simulation shows no

evidence of spatially stationary streamwise vortices.

The inlet fluctuation level is shown to be critical for the number and strength of

the spatially stationary, streamwise vortex structures in the near- and far-field of the

mixing layer. The spanwise variation observed in the pre-transition and transition

region of the mixing layer is highest in the lower inlet fluctuation simulations with

fewer, but stronger spatially stationary streamwise vortices. In the highest inlet fluc-

tuation simulation, the lack of spatially stationary streamwise vortices leads to very

little spanwise variation.

It is also shown how the presence or lack of spatially stationary streamwise vortices

affects the growth of the primary structures. For spatially stationary streamwise vor-

tex containing simulations, the primary structures grow as the square root of time

before interacting with neighbouring structures. In the highest inlet fluctuation sim-

ulations, most of the primary structures grow continuously and linearly.

The spatially stationary streamwise vortices are also shown to influence the passive

scalar entrainment and mixing. Lasheras & Choi [64] have shown the spatially sta-

tionary streamwise vortices to be critical to mixing layer entrainment, particularly

in the near-field. With an increase in the inlet fluctuation magnitude, a change from

the engulfment to the nibbling entrainment mechanism is observed. This is evi-
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dent in the mixed fluid statistics as well as the probability density functions (p.d.f.’s)

which are of the non-marching type for the low and medium inlet fluctuation mag-

nitude simulations and of the hybrid and marching type for the high and highest

inlet fluctuation level simulations.

In the last section of this chapter, it will be investigated if the observed changes in the

mixing layer with a velocity ratio of R = 0.66 are repeatable for the different velocity

ratios of R = 0.39 and 0.52.

6.2 Velocity Ratio Changes

6.2.1 Introduction

The previous section has shown how increasing the inlet boundary layer fluctua-

tion magnitude reduces and eventually prohibits the growth of the spatially sta-

tionary streamwise vortex structure. In this section, it will be investigated if this

phenomenon is also observed at different velocity ratios. Three velocity ratios of

R = 0.39, 0.52 and 0.66 together with inlet fluctuation levels of -L, -M, -H and -VH

are investigated.

6.2.2 Simulation Setup

The domain, grid and sub-grid scale models are evaluated in Section 4.2.3. The inlet

boundary layer fluctuations are described in Section 6.1.2. Table 6.6 lists the simu-

lations, the velocity ratio, R, and inlet fluctuation levels.
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Case R High-speed fluctuations Low-speed fluctuations

BL-039-RRM-L 0.39 Fig. 5.1b Fig. 6.1a
BL-039-RRM-M 0.39 Fig. 6.1a Fig. 6.1a
BL-039-RRM-H 0.39 Fig. 6.1b Fig. 6.1a
BL-039-RRM-VH 0.39 Fig. 6.1c Fig. 6.1a

BL-052-RRM-L 0.52 Fig. 5.1b Fig. 6.1a
BL-052-RRM-M 0.52 Fig. 6.1a Fig. 6.1a
BL-052-RRM-H 0.52 Fig. 6.1b Fig. 6.1a
BL-052-RRM-VH 0.52 Fig. 6.1c Fig. 6.1a

BL-066-RRM-L 0.66 Fig. 5.1b Fig. 6.1a
BL-066-RRM-M 0.66 Fig. 6.1a Fig. 6.1a
BL-066-RRM-H 0.66 Fig. 6.1b Fig. 6.1a
BL-066-RRM-VH 0.66 Fig. 6.1c Fig. 6.1a

Table 6.6: Simulation cases and inlet boundary layer fluctuation profiles.

6.2.3 Results

6.2.3.1 Mean Flow Statistics

The momentum thickness variations are shown in Figure 6.30. Table 6.7 lists the

momentum growth rate constant, ko (Equation 2.6) in the self-similar region. For

all values of R the growth rate constants for the two lower inlet fluctuation magni-

tudes and the two higher fluctuation magnitudes are similar. The -L and -M inlet

fluctuation magnitudes produce values of ko similar to those reported by Browand

& Latigo [45] for their laminar inlet case. The momentum growth rate constants in

the -H and -VH inlet fluctuation levels are closer to the growth rate of the mixing

layer developing from tripped inlet conditions in the Browand & Latigo experiments

[45].

Experimental values for the vorticity growth rate, δω/(x−x0), have traditionally shown

very high spreads, something which has long been a subject of concern and possible

reasons for this large spread have been suggested by numerous authors [13]. The

structure of the boundary layer on the splitter plate and the level of the inlet fluc-

tuation magnitudes are one of the suggested causes for the large spread [46, 45].

Figure 6.31 compares the vorticity growth rate as function of the velocity ratio, R.
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Case ko

BL-039-RRM-L 0.0364
BL-039-RRM-M 0.0357
BL-039-RRM-H 0.0321
BL-039-RRM-VH 0.0319

BL-052-RRM-L 0.0354
BL-052-RRM-M 0.0345
BL-052-RRM-H 0.0319
BL-052-RRM-VH 0.0317

BL-066-RRM-L 0.0364
BL-066-RRM-M 0.0358
BL-066-RRM-H 0.0326
BL-066-RRM-VH 0.0323

Browand & Latigo (lam.) [45] 0.0342
Browand & Latigo (turb.) [45] 0.0301

Table 6.7: Momentum thickness growth rate constants.

The vorticity growth rates in the simulations are on the lower edge of the reported

experimental values but inside the spread.

Quantitative evidence of the development of the spatially stationary streamwise vor-

tex structures is produced from the mixing layer centreline locus plots. Figure 6.32

shows the mixing layer centreline with varying inlet fluctuation magnitudes at mea-

surement station 6, located in the far-field, turbulent region of the mixing layer. The

centreline data has been vertically shifted, and only the presence and number of

undulations, are evaluated. For all velocity ratios an increase in the inlet fluctua-

tion level leads to a decrease in the number, and strength of the spatially stationary

streamwise vortices.

6.2.3.2 Primary Structure Growth

The results have indicated that the inlet fluctuation level plays a significant role in

the number and strength of the spatially stationary streamwise vortices. In this part,

the primary structure growth is investigated.
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Case δω/(x−x0)

BL-039-RRM-L 0.0667
BL-039-RRM-M 0.0652
BL-039-RRM-H 0.0634
BL-039-RRM-VH 0.0631

BL-052-RRM-L 0.0861
BL-052-RRM-M 0.0847
BL-052-RRM-H 0.0778
BL-052-RRM-VH 0.0756

BL-066-RRM-L 0.1137
BL-066-RRM-M 0.1112
BL-066-RRM-H 0.1026
BL-066-RRM-VH 0.1012

Table 6.8: Vorticity growth rate.

Typical primary structure growth tracks of the primary vortices in the R = 0.39 cases

are shown in Figure 6.33. In the -L and -M fluctuation simulations the post-transition

structures grow primarily as the square root of time. In BL-039-RRM-H some struc-

tures grow as the square root of time, and others grow with continuously and lin-

early. The primary vortices in the highest fluctuation simulation, -VH, grow pre-

dominantly continuously and linearly.

Similar observations are made in the R = 0.52 simulations. The growth of the pri-

mary structures in the -L and -M cases is fitted by a square root of time curve. The -H

simulation is host to some structures which grow as the square root of time, but the

majority show a continuous, linear growth. In the -VH the primary vortices grow lin-

early as they convect downstream before interacting with their downstream neigh-

bour.

Primary structure growth tracks for R = 0.66 follow a similar trend and are discussed

in detail Section 6.1.3.4.
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6.2.3.3 Passive Scalar Mixing

Passive scalar statistics are shown for each velocity ratio and four fluctuation levels.

The spanwise locations have been chosen correspond to an entrainment maximum.

The mixed fluid probability, Pm and average mixed fluid concentration, ξm , are shown

in Figure 6.35. The included reference data by Meyer et al. [94] is of comparable val-

ues of R and streamwise locations. Previously presented results for R = 0.66 have

shown non-unity peak values for Pm for the -L and -M inlet fluctuation levels and

peak values of unity for the -H and -VH inlet fluctuation magnitudes. Figure 6.35a

shows the Pm and ξm curves for R = 0.39. The -L and -M fluctuation levels produce

non-unity values for Pm while -H and -VH produce a peak value of Pm = 1. The local

peak of the mixed fluid concentration in the low speed region of the mixing layer

gets weaker with an increase in the inlet fluctuation magnitude.

Similar observations are made for the passive scalar entrainment and mixing mea-

surements for R = 0.52 in Figure 6.35b. The -L and -M fluctuation levels show good

agreement with the reference data. The -H and -VH simulation cases show evidence

of over-mixing. The broadening of the Pm curve observed at higher fluctuation level

has previously been reported by comparable experimental studies of mixing layers

developing from tripped inlet boundary layers [86]. The mixed fluid statistics for

R = 0.66 are shown in Figure 6.35c. As is observed for R = 0.39 and 0.52, the -L and

-M fluctuation level data matches the data by Meyer et al. [94] best. The lack of a

spatially stationary streamwise vortex structure in the two highest fluctuation level

simulations leads to over-mixing of the passive scalar.

The p.d.f. for BL-039-RRM-L, shown in Figure 6.36a, shows a clearly defined pre-

ferred concentration and the p.d.f. shape is of the non-marching type. This is also

true for the p.d.f. for BL-039-RRM-M, shown in Figure 6.36b. However, compared

to the lower inlet fluctuation simulation, the peak is broader and less well defined,

but the p.d.f. is still of the non-marching type. As the inlet fluctuation magnitude

increases further, the p.d.f. type changes to marching for BL-039-RRM-H and BL-

039-RRM-VH, shown in Figure 6.36c and 6.36d, respectively.

Similar observations are made for the p.d.f.’s for the R = 0.52 simulations, shown in
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Figure 6.37. The -L and -M inlet fluctuation magnitude simulations produce p.d.f.’s

of the non-marching type with a clearly defined peak with a preferred concentra-

tion that is similar to values obtained in experimental mixing layers. For the higher

fluctuation levels, -H and -VH, the p.d.f.’s are of the marching types, shown in Figure

6.37c and 6.37d, respectively.

6.2.4 Summary

In this section, the effect of large inlet fluctuation magnitude changes on varying

velocity ratios has been investigated. In total three velocity ratio values of R = 0.39,

0.52 and 0.66 have been compared. It has been shown that observations made for

R = 0.66 in previous sections hold true for two other values of the velocity ratio,

R = 0.39 and 0.52. For all values of R, an increase of the inlet fluctuation levels re-

sults in the weakening and eventual suppression of the development of the spatially

stationary, streamwise oriented vortex structure. The lack of a spatially stationary,

streamwise vortex structure leads to large-scale spanwise structures with an inher-

ently 3-D geometry and an over-mixing of the passive scalar.

6.3 Discussion

Organised, large scale structures in the turbulent mixing layer have been a subject

of academic interest ever since their discovery by Brown & Roshko [9]. While many

researchers subsequently found the Brown & Roshko type structures in their experi-

ments, others observed structures that were more three-dimensional and less span-

wise coherent [106] and some suggested that the Brown & Roshko type structure was

atypical and that the majority of coherent structures were three-dimensional with

helical type interactions [44].

The simulations presented in this study show that white noise type, idealised inlet

conditions lead to inherently 3-D primary, large scale structures with continuous

linear growth, and a lack of spatially stationary, streamwise vortices. Passive scalar
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data show evidence for the nibbling entrainment mechanism. Similar results have

been observed in a DNS by Attili et al. [3]. Physically correlated, low-level inlet fluc-

tuations produce spatially stationary, streamwise vortices which ride on top of the

quasi 2-D primary vortex structures. The primary large-scale structures in the phys-

ically correlated simulations grow as the square root of time and passive scalar en-

trainment happens by engulfment.

Some of the confusion around passive scalar entrainment, and probability density

function types, is the result of 2-D simulations, such as those by Zhou & Pereira [93],

producing non-marching p.d.f.’s. However, this is a necessary consequence of 2-D

simulations as the mixing layer growth is the result of primary structure interactions

which are necessarily of the rotation-amalgamation behaviour due to the lack of the

third dimension. During the rotation-amalgamation behaviour of the primary struc-

tures, fluid is entrained by engulfment which produces non-marching p.d.f.’s. Fur-

thermore, the spanwise variation observed in experiments [103] and in physically

correlated, 3-D simulations cannot be modelled in 2-D simulations. Whilst 2-D sim-

ulations are therefore superficially attractive, as they appear to model passive scalar

entrainment well, they are not representative of the real flow and do not attain the

‘correct’ self-similar state [107].

In contrast, it is shown that physically correlated, low level inlet fluctuations produce

spatially stationary, streamwise vortices. This results in primary structures which

grow as the square root of time and are separated by thin braid regions. Interac-

tions of the primary vortices are of the classical pairing type as described by Brown

& Roshko [9]. Mixing layer entrainment is shown to be of the engulfment type which

produces non-marching p.d.f.’s.

As the inlet fluctuation level is increased the spatially stationary streamwise vortex

structure is weakened and eventually suppressed. The braid regions become thicker

and branches between the primary structures are observed. The thick interconnect-

ing braids are used to exchange spanwise vorticity [21] between the large-scale struc-

tures which now grow continuously and linearly as they convect downstream. A lack

of classical pairings means that entrainment happens primarily by nibbling which

produces marching p.d.f.’s. Increasing the inlet fluctuation level also reduces the

mixing layer growth rate, in agreement with experiments by Karasso & Mungal [60]
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and Pickett & Ghandhi [86] who observed similar effects when the inlet boundary

layer was tripped. This is the first time that large-scale structure evolution, growth

rate and probability density function shapes have been linked.

The presented findings strongly agree with Rogers & Moser [6] who suggested that

The link between the hydrodynamic structures and the character (march-

ing or non-marching p.d.f.’s) of the scalar mixing is clear. Non-marching

p.d.f.’s are expected whenever organized rollers with clean braid regions

and ‘classical’ pairings dominate the layer. These are necessary to ‘rapidly’

distribute free-stream fluid throughout the thickness of the layer. The

marching pdf, which one would expect from an eddy-viscosity model,

occurs when the flow is not so well organized.

The data suggest that spatially stationary streamwise vortices are a categorising fea-

ture of the flow. If the spatially stationary streamwise vortices are present, struc-

tures grow as the square root of time, are spanwise coherent and p.d.f.’s are of the

non-marching type. Flows which do not produce a secondary, streamwise oriented

vortex structure produce spanwise incoherent structures, continuous linear growth

and p.d.f.’s of the marching type. The current simulations show that a lack of a spa-

tially stationary streamwise vortex structure can be achieved by using spatially and

temporally correlated inlet fluctuations with high fluctuation magnitudes.

6.4 Conclusions

In this chapter, the effects of the fluctuation level present in the high-speed bound-

ary layer on the mixing layer evolution have been investigated. It has been shown

that changes in the inlet fluctuation magnitude have strong effects on a number of

mixing layer aspects, including the growth rate, spatially stationary streamwise vor-

tex structures and passive scalar entrainment and mixing.

An increase in the inlet fluctuation level increases the spatially stationary streamwise

vortex structure wavelength and reduces their strength. This subsequently affects
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other mixing layer properties such as the growth rate and primary vortex growth

mechanism. For lower fluctuation levels the primary structures grow as the square

root of time as suggested by theoretical analysis [98, 99] and observed in comparable

recycling-rescaling based simulations [21]. At high fluctuation levels the primary

structures grow continuously and linearly as observed in experiments [11, 106].

The lack of spatially stationary streamwise vortex structures and the change in the

primary structure growth mechanism also has a significant effect on the entrain-

ment on the mixing of the passive scalar. Low and medium fluctuation magnitudes

produce probability density functions of the non-marching type in line with experi-

mental observations. High inlet fluctuation levels produce marching p.d.f.’s similar

to experiments utilising inlet conditions with high boundary layer fluctuation levels

[86].

The second part of this chapter analysed three velocity ratios of R = 0.39, 0.52 and

0.66. It is shown that the observations made in the for R = 0.66 in the post-transition

region also hold true for the velocity ratios of R = 0.39 and 0.52. Centreline plots

show that the suppression effect of high inlet fluctuation magnitudes on the spatially

stationary streamwise vortex structures is also observed for different velocity ratios.

Mixing layer growth and large scale structure dynamics are similar to those observed

for R = 0.66, which is also true for the passive scalar measurements.

The simulations show that the inlet boundary layer fluctuation magnitude has a

strong effect on the plane mixing layer in the pre- and post-transition region. This

chapter highlights the importance of inlet or initial conditions in experimental stud-

ies of the high Reynolds number mixing layer; an area which has not received a

great amount of attention recently but could explain a large number of unexplained

observations about mixing layers such as the large spread of reported mixing layer

growth rates and differing probability density functions for mixing layers based on

‘identical’ bulk experimental parameters.
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6.5 Figures
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(a) Streamwise velocity inlet profile. (b) Velocity fluctuations for BL-066-RRM-M.

(c) Velocity fluctuations for BL-066-RRM-H. (d) Velocity fluctuations for BL-066-RRM-VH.

Figure 6.1: Streamwise velocity inlet profile and high-speed stream inflow fluctua-
tion conditions.
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(a) Mean streamwise velocity at x/θi = 1000. (b) Streamwise velocity fluctuations at x/θi =
1000.

(c) Maximum streamwise velocity fluctua-
tion.

Figure 6.2: Mean flow statistics.

(a) x/θi = 44 (b) x/θi = 219

Figure 6.3: Power spectral density of streamwise velocity fluctuations. Power spectral
density shifted along vertical axis for clarity.
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Figure 6.4: Local momentum thickness against downstream distance from the split-
ter plate trailing edge.

(a) Single plane. (b) Spanwise averaged.

Figure 6.5: Instantaneous single plane and spanwise averaged passive scalar flow
visualisations for BL-066-RRM-M.

(a) Single plane. (b) Spanwise averaged.

Figure 6.6: Instantaneous single plane and spanwise averaged passive scalar flow
visualisations for BL-066-RRM-H.
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(a) Single plane. (b) Spanwise averaged.

Figure 6.7: Instantaneous single plane and spanwise averaged passive scalar flow
visualisations for BL-066-RRM-VH.

(a) BL-066-RRM-M. (b) BL-066-RRM-H.

(c) BL-066-RRM-VH.

Figure 6.8: Perspective views at measurement station 3.
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(a) BL-066-RRM-M. (b) BL-066-RRM-H.

(c) BL-066-RRM-VH.

Figure 6.9: Perspective views at measurement station 4.

(a) BL-066-RRM-M. (b) BL-066-RRM-H.

(c) BL-066-RRM-VH.

Figure 6.10: Cross-plane mean streamwise vorticity maps at measurement station A.
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(a) BL-066-RRM-M. (b) BL-066-RRM-H.

(c) BL-066-RRM-VH.

Figure 6.11: Cross-plane mean streamwise vorticity maps at measurement station 2.

(a) BL-066-RRM-M. (b) BL-066-RRM-H.

(c) BL-066-RRM-VH.

Figure 6.12: Cross-plane mean streamwise vorticity maps at measurement station 3.
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(a) BL-066-RRM-M. (b) BL-066-RRM-H.

(c) BL-066-RRM-VH.

Figure 6.13: Cross-plane mean secondary shear stress maps at measurement station
5.

(a) BL-066-RRM-M. (b) BL-066-RRM-H.

(c) BL-066-RRM-VH.

Figure 6.14: Centreline evolution at measurement stations 2 through 6.

189



Chapter 6. 6.5. Figures

Figure 6.15: Streamwise vortex spacing. Included data by Bell & Mehta [88] and Ples-
niak et al. [104].

Figure 6.16: Primary structure growth for BL-066-RRM-M. Dashed line indicates
the visual thickness of the mixing layer. Filled symbols denote square root of time
growth.

Figure 6.17: Primary structure growth for BL-066-RRM-H. Dashed line indicates
the visual thickness of the mixing layer. Filled symbols denote square root of time
growth.
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Figure 6.18: Primary structure growth for BL-066-RRM-VH. Dashed line indicates
the visual thickness of the mixing layer. Filled symbols denote square root of time
growth.

(a) Downstream braid. (b) Structure core.

(c) Upstream braid.

Figure 6.19: Primary structure passage for BL-066-RRM-M at measurement plane 5.
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(a) Downstream braid. (b) Structure core.

(c) Upstream braid.

Figure 6.20: Primary structure passage for BL-066-RRM-H at measurement plane 5.

(a) Downstream braid. (b) Structure core.

(c) Upstream braid.

Figure 6.21: Primary structure passage for BL-066-RRM-VH at measurement plane
5.
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Figure 6.22: Typical spanwise averaged passive scalar concentration in a primary
structure core at measurement station 5.

(a) BL-066-RRM-M. (b) BL-066-RRM-H.

(c) BL-066-RRM-VH.

Figure 6.23: Entrainment ratio, Ev , and mixing layer centreline locus, y0, at measure-
ment station 4.

193



Chapter 6. 6.5. Figures

(a) BL-066-RRM-M. (b) BL-066-RRM-H.

(c) BL-066-RRM-VH.

Figure 6.24: Entrainment ratio, Ev , and mixing layer centreline locus, y0, at measure-
ment station 6.
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Figure 6.25: Standard deviation of the mixing layer entrainment ratio, Ev . Exper-
imental data of Bell and Mehta [47] for the standard deviation of the mixing layer
thickness.
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(b) BL-066-RRM-H.
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(c) BL-066-RRM-VH.

Figure 6.26: Mixed fluid probability, Pm , and average mixed fluid concentration, ξm

at measurement station 6.

(a) z/θi = 117. (b) z/θi = 364.

Figure 6.27: Probability density functions for BL-066-RRM-M at measurement sta-
tion 6.
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(a) z/θi = 253. (b) z/θi = 340.

Figure 6.28: Probability density functions for BL-066-RRM-H at measurement sta-
tion 6. For legend refer to Figure 6.27a.

(a) z/θi = 350. (b) z/θi = 30.

Figure 6.29: Probability density functions for BL-066-RRM-VH at measurement sta-
tion 6. For legend refer to Figure 6.27a.
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Figure 6.30: Local momentum thickness against downstream distance from the
splitter plate trailing edge.

Figure 6.31: Vorticity growth rate as a function of velocity ratio.
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(a) R = 0.39. (b) R = 0.52.

(c) R = 0.66.

Figure 6.32: Mixing layer centreline at measurement station 6 for varying inlet fluc-
tuation levels and velocity ratios. For clarity the centrelines have been shifted in the
vertical axis.

(a) BL-039-RRM-L. (b) BL-039-RRM-M.

(c) BL-039-RRM-H. (d) BL-039-RRM-VH.

Figure 6.33: Primary structure growth tracks for R = 0.39 with varying inlet fluctua-
tion magnitudes. Filled symbols denote square root of time growth.
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(a) BL-052-RRM-L. (b) BL-052-RRM-M.

(c) BL-052-RRM-H. (d) BL-052-RRM-VH.

Figure 6.34: Primary structure growth tracks for R = 052 with varying inlet fluctua-
tion magnitudes. Filled symbols denote square root of time growth.

(a) R = 0.39. (b) R = 0.52.

(c) R = 0.66.

Figure 6.35: Mixed fluid probability, Pm , and average mixed fluid concentration, ξm ,
at measurement station 6.
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(a) BL-039-RRM-L. (b) BL-039-RRM-M.

(c) BL-039-RRM-H. (d) BL-039-RRM-VH.

Figure 6.36: Probability density function for R = 0.39 at measurement station 6,
taken at an entrainment maximum.

(a) BL-052-RRM-L. (b) BL-052-RRM-M.

(c) BL-052-RRM-H. (d) BL-052-RRM-VH.

Figure 6.37: Probability density function for R = 0.52 at measurement station 6,
taken at an entrainment maximum.
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Chapter 7
Conclusions and Further Work

7.1 Conclusions

In this thesis, a Large Eddy Simulation (LES) code has been used to perform simu-

lations of the plane mixing layer at low and high Reynolds numbers. The focus has

been on the resolved scalar entrainment and mixing, large-scale coherent structures

and spatially stationary streamwise vortices.

A low Reynolds number mixing layer simulation has been performed based on a

dataset by Masutani & Bowman [59]. At the heart of these simulations stands the

investigation of the temporal and spatial correlation of inlet boundary layer fluctua-

tions. For this, a simulation using white noise (WN) type, idealised inlet conditions is

compared with a simulation based on the recycling-rescaling (RRM) inlet fluctuation

generation method by Xiao et al. [37]. It is shown how the temporal and spatial cor-

relation of the inlet boundary layer fluctuations leads to the development of spatially

stationary streamwise vortices in the RRM simulations. These streamwise oriented

structures strongly affect the momentum and passive scalar fields of the flow. The

probability density functions (p.d.f.’s) produced by the RRM simulations are of the

non-marching type with a preferred concentration that is very close to that reported

by the reference experiment while the WN simulations produce marching p.d.f.’s.
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In the latter parts of this study, the high Reynolds number mixing layer, based on

the experiments by Browand & Latigo [45], is studied using LES. In Chapter 4.2, the

effects of the correlation of the inlet boundary layer fluctuations are studied, similar

to what has been done for the low Reynolds number mixing layer in Chapter 4. The

observations made for the low Reynolds number mixing layer also hold true for the

high Reynolds number mixing layer. The RRM type simulations produce spatially

stationary streamwise vortices which are not found in the WN simulations. The data

suggest that the entrainment of the passive scalar in the RRM simulations is done

by the engulfment entrainment mechanism, proposed by Dimotakis [56]. The RRM

simulations show excellent agreement with passive scalar data for comparable mix-

ing layers by Meyer et al. [94]. The p.d.f.’s in the RRM simulations are of the non-

marching type, which is the p.d.f. type reported by Konrad [50] in their study of a

comparably high Reynolds number mixing layer. The presented RRM simulations

are the first three-dimensional LES to produce non-marching p.d.f.’s. The growth of

the primary structures is studied by tracking the size of individual coherent struc-

tures during their lifetime, and it is found that the structures grow as the square root

of time, in agreement with theoretical analysis [98, 99] and numerical simulations by

McMullan & Garrett [21].

The white noise type simulations do not produce spatially stationary streamwise

vortices and show overall worse agreement with the reference data. In particular,

the passive scalar measurements fail to capture the pattern of mixing reported by

Meyer et al. [94]. Passive scalar data suggests that entrainment in the white noise

type simulations is done by the Corrsin & Kistler [57] nibbling entrainment mecha-

nism.

The importance of the inlet fluctuation in the high Reynolds number mixing layer

has been shown when the effects of temporal and spatial correlation of the inlet

fluctuations have been studied in Chapter 4.2. In Chapter 5 mixing layer properties

such as the velocity ratio, boundary layer thickness and small changes in the inlet

fluctuation levels are investigated. The culminations of the results in Chapter 4.2

and 5 are the basis for a parametrised study of the inlet boundary layer fluctuation

magnitude in Chapter 6. It is found that an increase in the inlet fluctuation levels

increases the spanwise wavelength of the spatially stationary structures and reduces

their strength. If the spatially stationary structures are weakened sufficiently, the
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primary structures start to grow continuously and linearly. Simultaneously, the pri-

mary vortices go from a quasi-two-dimensional appearance in the low fluctuation

level simulations, as observed by Brown & Roshko [9], to helical type pairings and a

fully three-dimensional flow field in the high fluctuation simulations, as reported by

D’Ovidio & Coats [11]. This is the first time that the inlet fluctuation level has been

linked to the dynamics of the primary vortices.

Results show that passive scalar entrainment happens by engulfment, in agreement

with Dimotakis [56], if spatially stationary streamwise vortices are present. However,

in the high fluctuation level simulations, with a reduced number or complete lack

of spatially stationary streamwise vortices, passive scalar entrainment is the result

of the nibbling entrainment mechanism. This hypothesis is supported by passive

scalar statistics and probability density functions which change from non-marching

in the low fluctuation cases to marching in the higher fluctuation level simulations.

Similar observations have been made in experiments by Picket & Ghandhi [86]. The

marching p.d.f. shape for the high fluctuation magnitude simulations is in agree-

ment with marching p.d.f.’s produced by Batt [62] in an experiment with high fluc-

tuation magnitudes. The finding that the shape of the p.d.f. in the low and high

Reynolds number mixing layer can, effectively, be controlled using the inlet fluctua-

tion level is novel and potentially highly relevant to industrial applications.

The simulations present the following findings relevant to future numerical and ex-

perimental studies:

• Spatially and temporally correlated inlet fluctuations are a critical requirement

to produce accurate flow dynamics and passive scalar data.

• A lack of, or sufficiently weak, spatially stationary streamwise vortices changes

the large scale structure growth mechanism from square root of time growth

to continuous, linear growth.

• Very high boundary layer fluctuation magnitudes can weaken or prohibit the

generation of spatially stationary streamwise vortices.

• The presence of spatially stationary, streamwise vortices is shown to heavily

influence the mean momentum and passive scalar fields and result in a span-
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wise dependence of the passive scalar statistics. This is in agreement with Bell

et al. [103] who reported large spanwise variations in experiments and warned

that significant misinterpretations regarding the mixing layer may be drawn

on single span measurements.

• The inlet fluctuation magnitude can play a role in the explanation of the large

spread of growth rates reported by experiments.

The most critical finding of this work is the discovery of the links between the inlet

boundary layer fluctuation magnitude and spatially stationary, secondary stream-

wise oriented vortex presence, primary vortex growth mechanism and mixing layer

entrainment mode. It has been demonstrated that control of the inlet boundary

layer fluctuation magnitude effectively allows the control of the presence and num-

ber of secondary, spatially stationary, streamwise vortices. This control, in turn, can

be used to alter the entrainment mechanism between the engulfment or nibbling

type. Lastly, the ability to control the probability density function shape, resulting

from the entrainment mechanism control, is of particular interest to the field of

combustion modelling and prediction. Additionally the links established between

the presence of secondary, streamwise oriented vortices and the primary vortex growth

mechanism could help to explain some of the large spread of reported growth rates

in experiments.

7.2 Further Work

This research has shown that physically correlated inflow fluctuations are essential,

even for initially laminar flows. Initially turbulent plane mixing layers are also of

interest. However, resolving the near wall flow structure in the turbulent boundary

layer, combined with the large domain size requirement for turbulent mixing layers

make these types of simulations extremely computationally intensive.

A logical next step is to use spatially and temporally correlated inlet fluctuations in

LES of variable density mixing layers. This has been done by Wang et al. [108] for

round jets. Agreement with experimental data was good, and strong streamwise
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vorticity was observed in the helium jet case. LES of a variable density plane mix-

ing layers by McMullan et al. [109] used white noise type inlet conditions. The white

noise type inlet condition type lead to primary structures which grew continuously

and linearly, and no spatially stationary streamwise vortices were present. An LES of

a variable density plane mixing layer, based on recycling-rescaling inlet conditions

is currently outstanding.

Of particular interest to engineering applications are exothermically reacting mix-

ing layers. A plane mixing layer of this type has been studied by Hermanson et al.

[110]. However, the simulation of an exothermic mixing layer remains extremely

challenging. Some of the difficulties are the tracking of multiple species, modelling

of sub-grid scale reactant mixing, changing densities due to heat release, and oth-

ers. The variable density also affects computational stability and requires constant

adjustments of modelling constants.

The inlet or initial conditions are a critical and integral part of any mixing layer

experiment or simulation. Unfortunately, currently available experimental studies

do not report adequate data about their inlet conditions. Often only the veloci-

ties, boundary layer thickness and free-stream fluctuation magnitudes are reported.

These attributes are inadequate to fully describe the inlet conditions. Ideally, infor-

mation about streamwise vorticity or even complete cross-plane measurements of

the streamwise vorticity would be reported. The author appreciates the difficulty

of obtaining such measurements but if LES is to advance there has to be certainty

about what LES is trying to model. Further experiments which fully document the

initial conditions of the mixing layer are required.
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